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ABSTRACT

This report is the result of the collaboration and reseaffdrtenf the Quarkonium Working Group over

the last three years. It provides a comprehensive overvidiveostate of the art in heavy-quarkonium
theory and experiment, covering quarkonium spectrosadggay, and production; the determination of
QCD parameters from quarkonium observables; quarkoniagdiam and the effects on quarkonia of
physics beyond the Standard Model. An introduction to comtieoretical and experimental tools is
included. Future opportunities for research in quarkonplysics are also discussed.



FOREWORD

As the community of high-energy physicists impatiently dagvthe startup of the LHC and the opening of
the new energy frontier, it is very welcome news that so mietienging and exciting data are constantly
being produced in the field of quarkonium physics. The peddifion of puzzling measurements has led
over the past several years to new challenges for the thgoregjuiring the introduction of new ideas,

and providing new probes for the understanding of QCD atdtpeér levels.

Ten years ago, reports by the CDF Collaboration signalle@tid of an era in quarkonium physics,
but at the same time opened new windows on this field, whiclribomed so much to the development
of QCD. The observation of the top quark with a mass of aboGtG&V closed all hopes of including
toponium in the family of clean and useful quarkonium stakeparallel, the observation of an excess in
charmonium production by orders of magnitude over what wadipted in the then available theoretical
models gave birth to the modern theoretical understandirdharmonium production. Since then, in
addition to successful explanations, a large set of puxaes being generated by data obtained at the
Tevatron, at HERA, and in low-energy e~ colliders: the apparent violation of universality emeggin
when comparing data from the hadron anddheolliders, the poor agreement (at the limit of inconsis-
tency!) between the predictions for the polarization of ifié¢: produced in hadronic collisions and the
actual data, the excess of double charmonium productiarofiserved by Belle. The solution to these
puzzles still remains to be found, as new data keep pouring in

But the surprises and advances have not been limited to thplew issue of the production mech-
anisms. The spectroscopy of quarkonium has also receivakkeobing inputs from the observation
of new narrow states, whose understanding requires an atigedof sophistication in the theory, to-
gether perhaps with the need for inclusion of more exotitepas of bound states (hybrids, molecules,
tetraguarks). Progress in lattice calculations and effedield theories has turned quarkonium physics
into a powerful tool to measure the mass of the heavy quarlisttam strength of the QCD coupling,
providing accuracies comparable to or better than thosevatl by any other technique. The properties
of production and absorption of quarkonium in a nuclear m@dare beginning to provide quantitative
inputs for the study of QCD at high density and temperatuireng a unique experimental test bed for
analytical and lattice studies.

The interplay of solid theoretical work and of accurate aacsatile experimental techniques has
brought quarkonium physics to a renaissance, with a flomgsbf activity second only to the golden age
which followed the discovery of charmonium almost 30 yeas. & he appearance of this CERN Report,
which documents the state of the art through the contribstiof the leaders in the field, represents
therefore a timely and much needed publication. The inciusi both the theoretical and experimental
perspectives leads to a precious resource for the actigandser, as well as for the young newcomers to
the field.

I am happy to praise the organizers of the Quarkonium Wortdngup, the conveners and all the
participants, who have worked so hard over the past coupfeaf to produce this Report, which will
provide an essential guide to this ever-exciting area aaeh for years to come.

Michelangelo Mangano
CERN PH Department
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PREFACE

On the eve of the startup of the LHC and the search for new peiyglyond the Standard Model at energy
scales of several TeV, there is still a sector of the Staniardel that evades our control: the sector of
strongly interacting particles, i.e. quarks and gluons.Bakeve we have the field theory that describes
strong interaction, QCD, but we are not yet able to extrawtfit in a controlled way a great part of the
hadron properties. These same hadron properties obviplasiya relevant role in many searches for new
physics and new phenomena, CP violation being a strong nasanid. At the LHC hadron processes
will again take the stage. It is, therefore, relevant to géd lof the strong sector of the Standard Model.
For several reasons heavy quarkonium offers a unique appgrin this direction. Quarkonium systems
may be crucially important to improve our understanding &f3Q They probe all the energy regimes of
QCD, from the hard region, where an expansion in the couplorgstant is possible, to the low-energy
region, where nonperturbative effects dominate. Heawrgtantiquark bound states are thus an ideal,
and to some extent, unique laboratory where our understgradinonperturbative QCD and its interplay
with perturbative QCD may be tested in a controlled framédwor

Moreover, in the last few years a wealth of new experimemsiilts have become available. The
diversity, quantity and accuracy of the data currently geiollected is impressive and includes:

— data on quarkonium formation from BES at BEPC, E835 at HalbnwKEDR (upgraded) at VEPP-
4M, and CLEO Il at CESR,;

— clean samples of charmonia produced in B-decays, in phptwton fusion and in initial-state
radiation from the B-meson factory experiments BaBar at Glaind Belle at KEK, including the
unexpected observation of associateg)(cc) production;

— heavy quarkonia production from gluon—gluon fusiompinannihilations at 2 TeV from the CDF
and DO experiments at Fermilab, including the first obs@watf B, candidates;

— charmonia production in photon—gluon fusion from the ZEA8 H1 experiments at DESY,;

— charmonia production in heavy-ion collisions from the PHE and STAR experiments at RHIC,
and the NA60 experiment at CERN.

These experiments may operate as heavy quarkonium fagtpreducing quarkonium states in
large amounts. If properly analysed and interpreted, tha dan lead to surprising results and major
progress in our understanding of QCD. This is exemplifiedH®yuvery recent discovery of a new un-
expected narrow charmonium state, temporarily labeN&d872), which was announced by the Belle
Collaboration at the Lepton—Photon Conference 2003 anfiromd within a month by the CDF Col-
laboration at Fermilab, during the 2nd QWG Workshop.

In the near future, even larger data samples are expectedttim CLEO-c and BES Il upgraded
experiments, while the B factories, the Fermilab Tevateord the DESY experiments will continue to
supply valuable data for several years. New facilities idicome operational (LHC at CERN, Panda at
GSI, much-higher-luminosity B factories at KEK and SLAC, iméar Collider, etc.) offering fantastic
challenges and opportunities, which we must start facinyo Considerable efforts are also being
made to study deconfined quark matter, at SPS, RHIC and LHgiesefor which heavy quarkonium
is among the most crucial probes. The complexity of thesdiedurequires a close communication and
the exchange of ideas between experts in quarkonium phgsiseavy-ion collisions.

Effective field theories, such as Nonrelativistic QCD (NRQ)Cprovide new tools and definite
predictions concerning, for instance, heavy-quarkonimwdgpction and decays. New effective field
theories for heavy quarkonium, as potential NRQCD (pNRQ@BJ velocity NRQCD (VNRQCD),
have recently been developed and are producing a wealthwofemilts. The lattice implementation
of such effective theories has been partially carried odtraany more results with drastically reduced
systematic uncertainties are expected in the near fututee pfogress in the understanding of non-
relativistic effective field theories makes it possible  lgeyond phenomenological models and, for
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the first time, face the possibility of providing a unified degtion of all aspects of heavy-quarkonium
physics. This allows us to use quarkonium as a benchmarkufanderstanding of QCD, for the precise
determination of relevant Standard Model parameters, (eegvy quark masses;), and for new physics
searches.

It is crucial, now, to ensure an efficient communication kesw experimentalists and theorists,
within the broad quarkonium physics community. This hasittee main motivation for the creation of
an international research collaboration, the Quarkoniuonkilg Group, which constitutes the support
platform of this CERN Report (see alkotp://wuw.qug.to.infn.it)

The aim of the QWG is essentially twofold. First, to guarang@ intense and efficient exchange
of results and ideas between experimentalists and thgonistv that many new measurements are be-
coming available. Second, to overcome the dispersal ofabearch in this field and jointly study the
different approaches and techniques, by establishing mdfaborations and improving existing ones.
The concrete goals are:

— to achieve a better understanding of the dynamics of tbaginteraction and of strongly coupled
theories, using quarkonium systems;

— to gain detailed knowledge of the physics of confinementdénement;

— to improve the determination of the fundamental parareaiethe Standard Model and constrain
the allowed parameter space for new physics;

— to identify missing experimental information requiredngprove our understanding of QCD, and
to identify theoretical calculations needed for the intetation of current and future experiments;

— to make this information available to people working iratet fields.

This CERN Report presents the state of the art in heavy-guari physics at the end of 2004
and is a first step to achieving the goals of the QWG. The Répdddes experimental and theoretical
results by different approaches and different communitiegh-energy, perturbative, lattice, nuclear,
etc.) in a common language. The progress in the field and thadtrof such progress on other areas
are presented, open problems and outstanding puzzlessatessied, and the future opportunities of this
field are outlined.

Given the richness of the physics involved in the projed,réssearch goals have been pursued by
specifying seven main topics organized by theoretical apgrmental topic conveners:

— Quarkonium spectroscopy [Conveners: G. Bali, N. Brarapil Soto (TH); R. Mussa (EXP)];
— Quarkonium decays [Conveners: E. Eichten, A. Vairo (TH)P&trignani (EXP)];
— Quarkonium production [Conveners: G. Bodwin, E. Braatdn,Kramer (TH); A. B. Meyer,

V. Papadimitriou (EXP)];

— Precision determination of Standard Model parametersj@uers: A. Hoang, M. Jamin (TH);

S. Eidelman (EXP)];

— Quarkonium in media [Conveners: D. Kharzeev, M. P. Lombatd. Satz (TH); C. Lourenco,

M. Rosati (EXP)];

— Beyond the Standard Model [Convener: M. A. Sanchis-LoZdh9];
— Future opportunities [Conveners: S. Godfrey, M. A. Sasithizano (TH)].

The Quarkonium Working Group was initiated in 2002 by NoramBbilla, Roberto Mussa and
Antonio Vairo, who were, shortly afterwards, joined by AmBohrer and Michael Kramer as the QWG
conveners team. Most of the topic conveners listed abovengeio the initial group of people who
supported the QWG and contributed to its research progranithe CERN TH Division and CERN,
and especially Michelangelo Mangano, have played an irapbrble in the history of the QWG, by
hosting the first QWG meeting and by supporting the entaxgrisompiling the CERN Report.

The QWG has organized three international meetings, wheate Weld at CERN (2002), Fermilab
(2003) and IHEP Beijing (2004). Approximately 250 thearatiand experimental physicists participated
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in the meetings. The organizers, participants, and suipgoiistitutions are listed below. The third
meeting was preceded by the first QWG graduate school oeghwaizthe ITP Beijing with about 100
participating graduate students.

We would like to express here our sincerest thanks to allethdso have contributed to this en-
terprise and made this document possible, in particulatdpie conveners and the organizers and par-
ticipants of the three QWG meetings. We also gratefully askadge the support from the institutions
that hosted the QWG meetings. Finally, we would like to expreur deepest thanks to Armin Bohrer
who was of key relevance at the start of the QWG by producirdyhasting in Siegen the first QWG
Web page, designing the QWG logo, participating in the dagdion of the first two QWG workshops,
and supporting in all ways the development of the QWG. We #ilsok E. Berger, D. Kharzeev and
A. Zieminski for having been topical conveners of a topieadton later absorbed by other ones.

As of September 2004, Vaia Papadimitriou joined the QWG eners team. As of December
2004, Aldo Deandrea and Xiaoyan Shen agreed to join thedbpimveners team.

The Quarkonium Working Group has very quickly coalesced amt active, international commu-
nity of physicists working and collaborating on quarkonipmysics, QCD, and the related impact on
the Standard Model and physics beyond the Standard ModegénGe continuous flux of data and the
order-of-magnitude(s) improvement in the statisticallgsia coming and expected to come from present
and future accelerator experiments, this promises to remsgery rich research area for several years to
come. To fully benefit from it, we believe it is important thhe community of physicists working in
the field maintains a common area of discussion, transcgriddividual experimental and theoretical
collaborations. Itis our hope that this CERN Report willyade a basis for such future developments.

The QWG Conveners
Nora Brambilla, Michael Kramer, Roberto Mussa, Antonidrva
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Chapter 1

COMMON THEORETICAL TOOLS
Authors: G. Bali, N. Brambilla, J. Soto, A.Vairo

1 Qcb!

Quantum Chromodynamics (QCD) [1] is the sector of the Stahti#odel (SM) which is relevant for
the strong interactions. It is obtained from the full SM bitisg the weak and electromagnetic coupling
constants to zero and freezing the scalar doublet to itswacexpectation value. What remains is a
Yang—Mills (YM) theory with local gauge grougU (3) (colour) vectorially coupled to six Dirac fields
(quarks) of different masses (flavours). The vector fieldtham YM Lagrangian (gluons) live in the
adjoint representation and transform like connectionseunide local gauge group whereas the quark
fields live in the fundamental representation and transfoowariantly. The QCD Lagrangian reads

Lqcp = —iFﬁyF“ o Z gDy —my)q, (1.1)
{a}
where{q} = u,d,s,c,b,t, Fj, = 9,A% —0,A% + gf**°Ab AS, D, = 8, —iT*A%. fo* are the
SU (3) structure constants affid* form a basis of the fundamental representation ofhé3) algebra.
When coupled to electromagnetism, gluons behave as ngatritles whereas, ¢ andt quarks have
chargest2/3 andd, s andb quarks have chargesl/3.

The main properties of QCD follow:

— It is Poincaré, parity, time reversal and (hence) chamgugation invariant. It is in addition
invariant undei’ (1)¢ which implies individual flavour conservation.

— Being a non-Abelian gauge theory, the physical spectrunsists of colour singlet states only.
The simplest of these states have the quantum numbers dé-guriiquark pairs (mesons) or of
three quarks (baryons), although other possibilities ateercluded.

— The QCD effective coupling constani(q) decreases as the momentum transfer scalereases
(asymptotic freedom) [2, 3]. This allows to make pertunmtalculations iny at high energies.

— Atlow energies it develops an intrinsic scale (mass gagjally referred ad qcp, which provides
the main contribution to the masses of most hadrons. Atsgale Aqcp, as(g) ~ 1 and pertur-
bation theory cannot be used. Investigations must be dastieusing nonperturbative techniques,
the best established of which is lattice QCD.

Quarks are conventionally divided into light, < Aqcp, ¢ = u,d, s and heavymg > Aqcp,

Q=cbt

My =1.5+-40MeV, mg=4-+-8MeV, mgz=280-+130MeV,
(1.2)
me=115+135GeV, my=4.1+44GeV, m;=1743+5.1GeV.

These ar@IS masses at scaleGeV, m. andm;, for the light quarks, charm and bottom respec-
tively. All values are taken from [4]. The extraction of thalwes of the heavy quark masses will
be discussed in Chapter 6.

LAuthor; J. Soto
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— If light quark masses are neglected, i¢1)? flavour conservation symmetry of the QCD La-
grangian in this sector is enlarged t&/&3) ® U(3) group. The axial/ (1) subgroup is explicitly
broken by quantum effects (axial anomaly). The veétét) subgroup provides light flavour con-
servation. The remainin§U (3) @ SU(3) subgroup, known as chiral symmetry group, turns out
to be spontaneously broken down to the diagddl3) (flavour symmetry). This produces eight
Goldstone bosons, which, upon taking into account the exfireaking of the symmetry due to
the non-zero quark masses, acquire masses that are mudarsheAqcp.

— Hadrons containing heavy quarks have masses of the ordeg ohther than of the ordekqcp.
They enjoy particular kinematical features that allow foedific theoretical treatments. The study
of hadrons containing two heavy quarks is the aim of thismepo

2 EFFECTIVE FIELD THEORIES 2

From the point of view of QCD the description of hadrons conitey two heavy quarks is a rather chal-
lenging problem, which adds to the complications of the losiate in field theory those coming from
a nonperturbative low-energy dynamics. A proper reldiviseatment of the bound state based on the
Bethe—Salpeter equation [5] has proved difficult. Pertivbaalculations have turned out unpractical at
higher order and the method has been abandoned in recent gE&iDations. Moreover, the entangle-
ment of all energy modes in a fully relativistic treatmentrisre an obstacle than an advantage for the
factorization of physical quantities into high-energy tpevative and low energy nonperturbative con-
tributions. Partial semirelativistic reductions and mledeave been often adopted to overcome these
difficulties at the price to introduce uncontrolled approations and lose contact with QCD. The fully
relativistic dynamics can, in principle, be treated withapproximations in lattice gauge theories. This
is in perspective the best founded and most promising apprdss we will detail in the following, it is
not without difficulties at the present for heavy quarkonium

A nonrelativistic treatment of the heavy quarkonium dyrzsnwhich is suggested by the large
mass of the heavy quarks, has clear advantages. The vedbtitg quarks in the bound state provides a
small parameter in which the dynamical scales may be higicaity ordered and the QCD amplitudes
systematically expanded. Factorization formulas becoasieeto achieve. A priori we do not know
if a nonrelativistic description will work well enough foil daeavy quarkonium systems in nature. For
instance, the charm quark may not be heavy enough. The faciibst of the theoretical predictions
presented in the report are based on such a nonrelativegimegption and the success of most of them
may be seen as a support to the assumption.

On the example of positronium in QED, a nonrelativistic bibgitate is characterized by at least
three scales: the scale of the masgcalled hard), the scale of the momentum trangfer mwv (soft) and
the scale of the kinetic energy of the quark and antiquarkércentre-of-mass framé ~ p?/m ~ muv?
(ultrasoft). The scaleswv and mv? are dynamically generated, is the heavy-quark velocity in the
centre-of-mass frame. In a nonrelativistic systers 1, and the above scales are hierarchically ordered:
m > mov > mo?. In perturbation theory ~ og. Feynman diagrams will get contributions from
all momentum regions associated with the scales. Since timesnentum regions depend ag each
Feynman diagram contributes to a given observable withiassarag and a non trivial counting. For
energy scales close thgop perturbation theory breaks down and one has to rely on nampative
methods. The wide span of energy scales involved makes &tica calculation in full QCD extremely
challenging since one needs a space-time grid that is largpared to the largest length of the problem,
1/mv2, and a lattice spacing that is small compared to the smalestl /m. To simulate, for instance,
abb state wheren/mv? ~ 10, one needs lattices as largelas*, which are beyond present computing
capabilities [6] (see also the next sections of the chapter)

We may, however, also take advantage of the existence ofar ¢l of scales by substituting QCD
with simpler but equivalent Effective Field Theories (ERTEFTs have become increasingly popular

2puthors: N. Brambilla, A. Vairo
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in particle physics during the last decades. They provideafization of Wilson renormalization group
ideas and fully exploit the properties of local quantum fitelelories. An EFT is a quantum field theory
with the following properties: a) it contains the relevargtkes of freedom to describe phenomena that
occur in certain limited range of energies and momenta aritldgntains an intrinsic energy scale
that sets the limit of applicability of the EFT. The Lagrasagiof an EFT is organized in operators of
increasing dimension, hence, an EFT is in general non-nealirable in the usual sense. In spite of
this, it can be made finite to any finite orderlipA by renormalizing (matching) the constants (matching
coefficients) in front of the operators in the Lagrangiariluhat order. This means that one needs more
renormalization conditions when the orderlifA is increased. However, even if the only way of fixing
the constants would be by means of experimental data, thisdweduce but not spoil the predictive
power of the EFT. If the data are abundant, the constants edit tnce for ever and used later on to
make predictions on new experiments.

The prototype of EFT for heavy quarks is the Heavy Quark HffecTheory (HQET), which
is the EFT of QCD suitable to describe systems with only oreveuark [7]. These systems are
characterized by two energy scales: and Aqcp. HQET is obtained by integrating out the scale
and built as a systematic expansion in powers\gt:p/m. As discussed above, bound states made
of two heavy quarks are characterized by more scales. httegrout only the scalen, which for
heavy quarks can be done perturbatively, leads to an EFTrdidivistic QCD (NRQCD) [6, 8, 9], that
still contains the lower scales as dynamical degrees ofitnee Disentangling the remaining scales is
relevant both technically, since it enables perturbatadlewdations otherwise quite complicate, and more
fundamentally, since it allows to factorize nonpertunmttontributions into the expectation values or
matrix elements of few operators. These may be eventuadliuated on the lattice, extracted from the
data or calculated in QCD vacuum models. In the last few ydlaesproblem of systematically treating
these remaining dynamical scales in an effective theomdxaork has been addressed by several groups
and has now reached a solid level of understanding (a ligtfefences to the original literature can be
found in [10-12]). In one approach an additional effectiveary (pNRQCD) very close to a quantum-
mechanical description of the bound system, containing thd heavy quarkonium field and ultrasoft
degrees of freedom, is matched to NRQCD [13-15]. An altermatpproach, formulated only for the
weak coupling casew? > Aqcp, does not involve matching from NRQCD, but instead matches a
different effective theory (vNRQCD) to full QCD directly #ie hard scale [16—18].

In the next section we will give a brief general introducttoNRQCD, since this is the framework
for many applications reviewed in this report. More spegiiesentations of NRQCD can be found in
Chapter 3, Section 2.2, Chapter 4, Section 3.1 and Chap8adiion 1.1. NRQCD on the lattice will be
presented mainly in the following Section 3.2.3 and in Caaft Section 2.1. In Chapter 4, Section 4.2
a short presentation of SCET, an EFT suited to describenealtifields interacting with soft degrees of
freedom, in combination with NRQCD may be found.

2.1 Nonrelativistic QCD

NRQCD is obtained by integrating out modes of energy and nmbumer. from QCD Green functions
describing heavy quark—antiquark pairs. Itis characterizy an ultraviolet (UV) cut-offnr = {vp, vs}
that satisfied”, p, Aqcp < vvr < m; v, is the UV cut-off of the relative three-momentum of the heavy
quark and antiquarky, is the UV cut-off of the energy of the heavy quark and antiguand of the four-
momenta of the gluons and light quarks. NRQCD is, therefdesjgnated to describe the dynamics of
heavy quark—antiquark pairs (not necessarily of the sameuinat energy scales in the centre-of-mass
frame much smaller than their masses. At these energiek-eardiquark pairs cannot be created so it is
enough to use Pauli spinors for both the heavy quark and they/tentiquark degrees of freedom. Other
degrees of freedom of the theory are gluons and light quér®io momentum smaller tham.

The high-energy modes that have been integrated out havevame effect on the low-energy
physics. This effect is not lost, but encoded into the matglioefficients: and new local interactions of
the NRQCD Lagrangian. In principle, there are infinite suaimis to be included, in practice only few of

2
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them are needed. Each operator can be countedTihe velocityv andag (in the matching coefficients)
are the two small expansion parameters of NRQCD. If we ainm aicauracy of ordefa” v™) we have

to keep in the Lagrangian only terms and matching coeffisigmat contribute up to that order to the
physical observable under study. The couplingg, c are determined by the requirement that NRQCD
reproduces the results of QCD up to ordef v™)

If the quark and antiquark have the same flavour, they carhdaia into hard gluons. In NRQCD
their effect is encoded in the imaginary parts of the fourdien matching coefficients (denoted Iy
in the following). Their role in the description of heavy gkanium annihilations in NRQCD will be
discussed in Chapter 4.

In general, at each matching step the non-analytic behawiothe scale that is integrated out
becomes explicit in the matching coefficients. Since in tlaise we are integrating out the mass, it be-
comes an explicit parameter in the expansion in powetgof in the Lagrangian, while the dependence
inIn(m/v) is encoded into the matching coefficients.

Up to field redefinitions the NRQCD Lagrangian for one heawodila of mass» andn ; massless
quarks at0(1/m?), but including the kinetic energy terid?/(8m?), reads [8,9,19-21]:

Lynrep = Lg+ L+ Ly + Ly + Ly, (2.3)
1
L, = —ZF‘“’“F" +c-— 9 Fave Ff FHOQ FC, (1.4)
g 9
L = Z%Zﬂ)% +dg Z G4 GT Yty + i g Z GT V" y50; GT V545
,j=1 i,j=1
09 g
tag3 5 D T G + 8 5 Z G 59 Qi VY545 (1.5)
7] 1 7j 1

D2 D* oc-B
— »iD - -
Ly P {Z o+ C22m+c48m3 terg—

+cpg

D-E-E-D . o-(DxE-ExD)
—— 5 ticsy 3 P
8m 8m

hlg

2
A ZMT W @07 qi + b’ 8 = wa 5T GiyuysTa;

gl 89 2 ZT/) Y @ivoqi + C4 8 ) ZT;NV Y5 Qi V545s (1.6)

L, = c.c.ofly, a.7)

fs(®S1)

m?2

fs(*So)

m?2

f1(351)

m2

f1(1S0)

Ly = — 01(*Sp) + 0:(381) + 0s(Sy) +

01(*Sp) = »Tx Xy, 0:1(381) = vlax x'ay,
Os('Sp) = ¥ T X[ T%,  0s(3S1) = i T x x T,

0s(3S1),  (1.8)

where is the Pauli spinor that annihilates the quatkis the Pauli spinor that creates the antiquark,
iDy = i0y — gALT?, iD = iV + gA*T* E = F09T B! = —¢;;,F/%2T?/2 and c.c. stands for
charge conjugate. The allowed operators in the Lagrang@eanstrained by the symmetries of QCD.
However, due to the particular kinematical region we arai$otg, Lorentz invariance is not linearly

A
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realized in the heavy quark sector. In practice, Lorentariance is realized through the existence of
relations between the matching coefficients, &g+ ¢4 = 1, cg = 2cp — 1[19, 22-26].

The matching coefficients may be calculated in perturbat@ory. For the heavy quark (anti-
quark) bilinear sector as well as for the purely gluonic eeap toO(1/m?) the matching coefficients
have been obtained at one loop in [19]. The complete LL rumointhese coefficients in the basis of
operators (1.4)—(1.6) has been calculated in [2C°.2Epr ¢ a NLL evaluation can be found in [28].
In the four heavy fermion sector the matching coefficieftsf the 1/m? operators have been obtained
at one loop in [29]. As discussed above, in this sector theay coefficients have a non-zero imag-
inary part. Due to their relevance in heavy quarkonium dgmagesses, the calculation of corrections
of higher order i has a long history [9, 30—36]. We summarize it in Section13df.Chapter 4. An
updated list of imaginary parts of four fermion matchingfticents may be found in [37].

Since several scales remain dynamical in NRQCD, it is noipesto give a homogeneous power
counting for each operator without extra assumptions,the.power counting im is not unambiguous.
To obtain a better defined power counting one should go to EFlIsver energy. It should be noticed
that the importance of a given operator for a practical datmn does not depend only on its size, but
also on the leading power of; of the corresponding matching coefficient.

Finally, since modes of energy have been removed from the Lagrangian, NRQCD lattice simu-
lations may use lattices that are coarser by about a fa¢tdr (~ 100 in the bb case) than those needed
by full QCD [6]. We will come back to this in Section 3.2.3.

2.2 Lowerenergy EFTs

Effective field theories suited to describe the low energylesoof the heavy quarkonium dynamics that
will be used in this report are pPNRQCD and vNRQCD. Here we moli give details on these EFTs since
specific introductions to pPNRQCD can be found in Chapter 8fi8e 2.2.1 and Chapter 4, Section 3.1.3,
and to vNRQCD in Chapter 6, Section 5. For detailed receiigwnes/on effective field theories for heavy
quarkonium we refer the reader to [10] and [11], which areniyailevoted to pNRQCD and vNRQCD
respectively.

What we want to point out here is that in all these EFTs objéaspotentials show up. For short
range (or weakly coupled) quarkonia the potentials may lié dmaler by order in perturbation theory.
At higher order the pure potential picture breaks down amdititeraction of the heavy quark fields
with the low-energy gluons has to be taken into account (segogNRQCD Lagrangian of Chapter 3,
Eq. (3.9) and the yYNRQCD Lagrangian of Chapter 6, Egs. (€86d)(6.21)). For long range (or strongly
coupled) quarkonia the potentials are nonperturbativeabjthat may be expressed in terms of gluon
fields expectation values. Noteworthy, the pNRQCD Lagramdn the strong coupling regime reduces
exactly, under some circumstances, to the simple case of\gy lgpiarkonium field interacting with a
potential (see Chapter 3, Eq.(3.11)).

The potential picture that emerges from these EFTs is qiffiereht from the one of traditional
potential models and superior. Not only the potential isvéerfrom QCD, but higher-order corrections
can be systematically included without being plagued bgmignces oad hoccut-offs; these are ab-
sorbed in the renormalization procedure of the EFT. Neede#s, traditional potential models, which so
much have contributed to the early understanding of theyhg@aarkonium properties, may be still useful
and will often appear in the report. First, a potential madeai be seen, in absence of competitive lattice
data, as a specifignsatzon the form of the low-energy QCD dynamics encoded in theristedefined
by an EFT. Second, potential models still provide the onbilable tool to describe physical systems for
which a suitable EFT has not been built yet. This is, for inséga the case of systems coupled to open
flavour channels.

SAfter correcting a few misprints in the anomalous dimensiaatrix [27], the results of [21] agree with those of Ref. [20]
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3 LATTICE INTRODUCTION *

Low energy nonperturbative QCD can either be modelled oulsitad on the Lattice. Lattice gauge
theory methods are particularly powerful in heavy quarkgitsy when combined with effective field
theories (EFTs). Lattice QCD input significantly increati®es predictive power of EFTs as more and
more low energy parameters can be calculated reliablyttirfrom QCD and less fits to experimental
data are required for this purpose. Past lattice QCD reswdte often obtained within the quenched
approximation (neglecting sea quarks) or with unreakfficheavy up and down quarks ang = 2,
rather tham = 2 + 1. At present these limitations are gradually being removed.

We shall only describe general aspects of lattice gaugenth@mulations. Recent reviews of
different aspects of Lattice QCD can for instance be founReifs. [38—48]. Several books [49—-54] on
the subject have been written and the summary talks of thdyym@ceedings of lattice conferences (see
Ref. [55] for the most recent ones) provide an overview offtbkel. Ref. [56] contains collections of
early papers.

Obviously there are infinitely many gauge invariant waysiszigttize the continuum QCD action.
We will summarise and define the actions most commonly usddaddress limitations of the method,
before we discuss extrapolations and sources of systesratics.

3.1 General aspects

Lattice simulations rely on stochastic (Monte Carlo) metthdHence all results inevitably carry statistical
errors which however are no problem of principle as they aamhbde arbitrarily small on (arbitrarily)
big computers or by means of algorithmic and methodologiogrovements. In order to carry out path
integral quantisation in a mathematically sound ways, theretisation of space—time appears necessary.
This also enables us to map continuous problems onto a fimibgater. Discretisation, i.e., for instance
replacing derivative®; ¢(t) by [¢(t + a) — ¢(t — a)]/(2a) with “lattice spacing”a and, in this example,
lattice “errors” of O(a?), inevitably carries the smell dhexactness We stress however that the very
nature of QCD itself requires us to introduce an ultra-tioggulator and, as we shall see below, lattice
discretisation is one possible choice. Continuum resultsttien obtained by removing the regulator,
a— 0.

Observables are calculated (“measured”) taking their @ggien values in the path integral ap-
proach: this amounts to calculating averages over all plessconfigurations” of gauge fields on the
lattice, weighted with the respective exponent of the actim simulations with sea quarks, producing
these configurations is costly and the ILDG [57] (InternadioLattice Data Grid) is due to be set up,
with the aim of standardising formats of organising and llaigesuch lattice data, in a way that allows
for easy distributed storage, retrieval and sharing of slegosits among different lattice groups.

The typical observables arepoint Green functions. In order to determine a hadronit messs
one has to construct an operator with the respective quantunbers: spin/, parity P, charge con-
jugation C', isospin, flavour content etc. This is then projected ont@ zeomentum and the 2-point
Green function calculated, creating the particle at tiimend destroying it at time. For larget this
will then decay exponentiallyx exp(—mt), with m being the ground state mass within the channel in
guestion. There exist numerous “wave functions” with tigliriqguantum numbers, some with better and
some with inferior overlap to the physical ground states lairefined art to identify spatial “smearing”
or “fuzzing” functions that maximise this overlap and alléavextract the mass at moderdtealues,
where the signal still dominates over the statistical noldee multi-exponentiat-dependence of Green
functions complicates the identification of excited states, sub-leading or sub-sub-leading exponents.
By working with very precise data, realising a variationalltinstate basis of test wave functions [58],
and employing sophisticated fitting techniques [59, 60jad however in some cases become possible to
calculate moderately low lying radial excitations.

“Author: G. Bali
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Lattice QCD is formulated in Euclidean space time: in theticmum, this amounts to replacing
Lorentz boosts and(3) rotational symmetry by)(4) rotations. The reason for this is that a real (and
bounded) action is required to allow for a probabilisticenprretation of the path integral measure and
computer simulation. As an analytical continuation to Miniski space time of a finite number of finite-
precision data points is impossible, the predictive powearonfined to quantities that have a Euclidean
space time interpretation such as masses and matrix element

Lattice discretisation unavoidably breaks rotatiotdl) invariance, on the scale of the lattice
spacinga. As the continuum limita. — 0 is approached, any fixed physical correlation lengthill
become much larger than the lattice spacing. Provided tiegaiction ranges that appear within the
action are localised in space time, all physics will becomiependent of the underlying discretisation
and a universal continuum limit will be reached, in whi€t{4) invariance is restored. Asymptotic
freedom implies that such a continuum limit is approachethasattice coupling constang, — 0.

ReplacingO(4) invariance by its hypercubic subgroup means that in pdaticuigher spin states
are hard to identify. For instancé = 4 cannot easily be distinguished froth= 0 on a hypercubic
lattice. At finite lattice spacing, only discrete translations in space and imaginary timepassible.
This results in the maximum modulus of Euclidean four-motuencomponents of /a, providing the
required ultraviolet regularisation. Although an infrdreut-off is not necessary in principle, on a finite
computer only a finite number of lattice points can be redlisgypically toroidal boundary conditions
are taken in all directions for the gauge fields while ferrsiobeing Grassmann-valued fields, are an-
tiperiodic in time. This results in quantisation of momentaomponents in steps @fr/(La) whereL
denotes the number of lattice points along the dimension@stpn: not all momenta can be realised and
this leads to kinematic constraints when it comes to cditigalecay matrix elements or to extracting a
particle mass from a dispersion relation.

The temporal extent L, of the lattice can also be interpreted as an inverse temperétee e.g.,
Ref. [61]) and in this case QCD matter at high temperaturebessimulated. There are some subtleties
related to this approach. For instance the limit of infinitecktlean time cannot be taken anymore.
Details of thermal field theory are discussed in Chapter 7.

While the lattice regulator inevitably violates Poincam@ariance it preserves gauge invariance
and most global symmetries of QCD. The exception was chyrahsetry which, one had to hope, would
become restored in the continuum limit. However, withinpiast 10 years, formulations of chiral lattice
fermions [62, 63] have evolved that implement an exactdatthiral symmetry, which in the continuum
limit corresponds to the continuum chiral symmetry. Thesekmown as overlap fermions or domain
wall fermions (which in some sense are a special case of theefd and in some literature (somewhat
inaccurately) as Ginsparg—Wilson fermions since theckbirac operator used obeys the so-called
Ginsparg—Wilson relation [64]. We shall refer to these iempéntations as chiral fermions.

At presently available light quark masses chiral fermiorestgpically two orders of magnitude
more expensive to simulate than traditional formulatioksthe quark mass is decreased chiral fermions
become more competitive. Obvious advantages of chiral dtations are the applicability of chiral
perturbation theory also at finite lattice spacing and a morginuum-like mixing between many lattice
operators. With respect to quarkonia in which both valengarks are heavy these new developments
are at present of limited significance as light quark masceffare usually sub-leading.

Lattice QCD is dfirst principlesapproach. No parameters apart from those that are inhaerent t
QCD, i.e., strong coupling constant at a certain scale aagkguasses, have to be introduced. In order
to fix thesen s + 1 parametersi; + 1 low energy quantities are matched to their experimentalesl
In simulations of quarkonia the lattice spaciag’, m; ), that corresponds to given values of the inverse
lattice strong coupling3 = 6/ and lattice quark masses;, is frequently obtained by matching to
spin-averaged experimental level splittings. In simolagi with un-realistic sea quark content one might
hope that this increases the reliability of other preditdias the systematics are partly correlated. With
realistic sea quark content the predictive power with resfmequarkonium physics can be enhanced by
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using independent input such as the experimental protosmgaer the pion decay constant,, instead.
A scale that cannot directly be accessed by experiment highvalwes its popularity to the accuracy and
ease with which it can be calculated is the Sommer s¢a]65], implicitly defined through,

—1.65, (1.9)

T=T0

whereV (r) denotes the static quark—antiquark potential and the noatelue on the right hand side
is adjusted such that fits of the bottomonium spectrum to @imemological or lattice potentials yield
ro ~ 0.5 fm. ry is also well-defined in the theory with sea quarks and its rhddpendence is much
smaller than that of the string tension. Within the quendiggroximation scale uncertainties cannot be
avoided anyway and hence such model dependence is admisBibsimulations with sea quarks this
is different butrg still provides a convenient reference scale, that can be teseclate different lattice
results with each other.

3.2 Actions and finitea effects

We shall discuss the gauge and heavy quark actions that @alyusmployed. In simulations with sea
guarks, in addition a light quark action needs to be specified

Results from lattice simulations are inevitably obtained é&nite lattice spacing. Ideally, they
are then extrapolated to the physically relevant (and wsale continuum limita — 0. Within the
guenched approximation, such extrapolations have bechenstéandard while in simulations with light
sea quarks a sufficient variation of the lattice spacing tisrotill prohibitively expensive in terms of
computer time. The leading ordetbehaviour depends on the choice of the discretisation.

One can follow Symanzik [66] and use a continuum effectiviel fileeory to show that the cutoff
effects have the form™(In Aa)™, whereA denotes a low energy scale of the order of a few hundred
MeV andm > 0. The leading power is usually (see below)= 1 or 2 and within this leading term,

m = 0. By changing the discretisation, the leading terms can teced or eliminated. This strategy is
called “improvement”, and it is used to hasten the approad¢héd continuum limit.

In a classical mechanical system improvement is straigh#iod. However, even in this case there
exists a break-even point at which further improvement besocomputationally more expensive than
the equivalent reduction of the lattice spacing, due to tmoeling number of terms and interaction
range. Typically this point is reached around= 5. In a quantum field theory the situation is more
complex. In QCD the (Wilson) coefficients of improvemenhtsrobtain quantum corrections which can
be obtained perturbatively as a power series in the strongliog constant?, in a suitable scheme.
Following an effective field theory philosophy, such casttidns can be done and the size of next order
corrections estimated. However, at sufficiently smadiny c; %" (a)a + cza® expression will be domi-
nated by the first term that, in this example, is proportidoal. To eliminate such terms the coefficient
has to be determined nonperturbatively. Otherwise liglgained in a continuum limit extrapolation,
other than a reduction of the slope of the leading order téxha given finitea value there is however
still some gain from improvement as the results will be manmetimuum-like. Examples for a systematic
nonperturbative improvement programme exist [67].

In the lattice literature often the word “scaling” is meaatimply that an effective continuum
limit is reached: within the “scaling region” mass ratiogpagr to be independent of within statistical
errors. Ifa is reduced even further, eventually one will encounter figsiptic scaling”, i.e., lattice
masses:(g)m will depend on the coupling? in the way expected from the perturbative two-lo8p
function. It is quite clear by now that “asymptotic scaling’terms of the bare lattice coupling might
never be achieved on large lattices. However, asymptatiingchas been verified for a particular choice
of the coupling, as a function of the linear extent of tinyitas, see e.g., Ref. [68].

Q
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3.2.1 Gauge actions

In lattice simulationsSU(3) group element#/,. , are typically represented as complex 3 matrices
that live on directed links connecting a lattice sitevith the neighbouring site + a/i. Traces of products
of such “link variables” or “links” along closed paths (Wbls loops) are gauge invariant. The simplest
non-trivial such example is hx 1 square, an elementary “plaquette”. The lattice action Ehpreserve
gauge invariance which means that it can be expressed as evsursuch loops. Fermion fields, and

1), are living on the lattice sites and a quark can be “transgdftem sitez + a/i to sitez by means of

a left multiplication withU,, ,,: the combinatioanUx7M¢$+aﬂ is gauge invariant.

The simplest gauge action is the so-called Wilson actiof [@Bich is proportional to the trace of
the sum over all elementary plaguettes:

Sw=-8> Retrll,,,, (1.10)

T, u>v

wherez runs over all lattice sites and,, ., = Uz uUsz+a0U, 4 4p,,Uz,p- Up 10 @n irrelevant constant

the Wilson action agrees with the Euclidean continuum adta) (a?):

8
Sym = /d4ac 4—;2 Z o, (2)Fi,(z) = Sw + const.+ O(a?), (1.11)
a=1
where we identify3 = 6/g2. Asymptotic freedom tells us that— 0 as3 — co. In simulations without
sea quarks it has been established that 6 corresponds to a lattice spacinge 0.1fm ~ (2 GeV) ™.
With sea quarks (using the same gluonic action) the samedatpacing will be obtained at a somewhat
smaller-value as the running af( g) with the couplingg will be somewhat slower. As mentioned above,
perturbation theory in terms of the lattice coupligrgis not yet reliable aroung? ~ 1, to describe the
running ofa(g?) (asymptotic scaling).

The O(a?) artifacts within Eq. (1.11) can be replaced®ya*) lattice corrections, by adding two
paths consisting of six links, for instancelax 2 rectangle and a “chair”. The result is known as the
Symanzik—Weisz action [70] and the coefficients of the ilial terms have been calculated to one
loop [O(g?)] accuracy [71]. At tree level, only the coefficient of the tagle assumes a non-trivial
value. One (somewhat arbitrary) choice in the space of r&tie the lwasaki-action [72], again the
sum of plaquette and rectangle, but with the relative weligled to a constant, originally motivated by
demanding invariance of physical mass ratios under nualerg@normalisation group transformations,
within a certaing window. In addition to simulations with these gauge actipf3-75], there have
also been simulations employing a combination of the plagua the fundamental and in its adjoint
representation [74] as well as simulations on anisotradtcks, using an anisotropic Wilson action [76—
78] or anisotropic variants of actions including Syman¥ileisz style terms [79].

The main motivation for adding such extra terms to the adda achieve a more continuum-like
behaviour already at finite lattice spacing. It also turristbat simulations with chiral fermions benefit
from such a choice which implies a “smoother” gauge field baaknd.

In order to achieve fulD(a?) improvement the coefficients of the extra terms would haveeto
determined nonperturbatively, for instance by imposingtiomum relations: in the pure gauge theory
example above one could impose rotational invariance oftidtec quark potential at two distances, e.qg.,
V(3,0,0) = V(2,2,1),V(5,0,0) = V(3,4,0) to fix the two coefficients, or use dispersion relations
of glueballs or torelons. This is laboursome and in gendéralférmions will not be nonperturbatively
improved beyond(a?) anyway. So in practice, only approximate improvement has i@plemented,
either by using the perturbative coefficients at a given oaddoy employing a so-called “tadpole” im-
provement prescription.

The latter is motivated by two observations. The first onddd short-distance lattice quantities
differ considerably from their continuum counterpartgresat lattice spacings at which one would, based

(o]
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on theMS scheme continuum experience, assume perturbation thedry valid. For instance around
a~! = 2GeV the numerical value for the plaquette with Wilson actieads’] = %(tr IT) ~ 0.6 while

atg = 0 this should obviously be normaliseddoe This is closely related to the breaking of continuum
rotational symmetry on the scale of a lattice spacingParisi [80] hypothesized that such ultra-violet
effects could largely be factored out and put into commugirgtfactors. This mean-field improvement
amounts to dividing links that appear within lattice operatby constant factors, e.giy = ['/4. An
independent observation is that lattice perturbationriyechose convergence behaviour in terms of the
lattice couplingg? is well known to be quite bad, differs from continuum peratibn theory largely
by a class of lattice-specific tadpole diagrams which areerigally large. By normalising everything
with respect to other “measured” observables likethese contributions cancel at one loop order and
one might hope that tadpole dominance and cancellatiorogippately generalises to higher orders as
well [81].

Finally, there is the idea of (classically) “perfect” act®[82]. If one found an action that lies right
on top of a renormalisation group trajectory then, indepahaf the lattice spacing, one would obtain
continuum results. Such actions can be identified by demgriddependence of physical results under
a change of the underlying scale. An action that containsite et of couplings is suggested and these
are then optimised with respect to such constraints. Intigggcone can of course at best construct an
action that is close to such a trajectory in which case deargahe lattice spacing still helps to reduce
deviations of the nearly perfect action from a real renorsaiibn group trajectory which one attempts
to approximate. An example of such an (approximately) pedetion and its construction can be found
in Ref. [83].

3.2.2 Light quark actions

The Dirac action is bi-linear in the quark fields. In the laage of perturbation theory this amounts to
the non-existence of vertices containing an odd number aflgfields. This means that the quark part
of a lattice calculation can to some extent be separated tihengauge field evaluation: the gluon fields
contain all information of the QCD vacuum, including searuaops, provided these are unquenched
(see below). Hadronig-point functions can be obtained from contractions of cofalds, '-matrices
and quark-propagators, calculated on this gluonic backgto

We denote a discretisation of the continuum Euclidean Dingerator[D,,~y, + m;| as M;[U].
Each quark flavoui now contributes a factor,

Sy = (¢, Mi[UT), (1.12)

to the action, where the scalar prodygt) is over allV = L3I, sites of Euclidean space time, colour
and Dirac-spinor index. Note thatl; depends on the gauge fieltls Components oMZ.‘1 correspond

to quark propagators. Often it is sufficient to calculateppigators that originate from only one source
point. In this case only one space—time row of the otherwiZé x 12V matrix Mi‘1 needs to be
calculated. As the non-diagonal contributions to the Dperator all originate from a first order co-
variant derivative,M; will be a sparse matrix with non-vanishing elements onlyhe vicinity of the
(space time) diagonal. This tremendously helps to redueedmputational task. Quark propagators can
be contracted into hadronic Green functions, expectatalnes (over gauge configurations) of which
will decay with the mass in question in the limit of large Edehn times.

One complication arises from the fermions as these aresepied by anti-commuting Grassmann
numbers. Realising these directly on a computer impliec@ffial (with the number of lattice points)
complexity [84] but fortunately they can be integrated aqudlgtically as,

/ (] [diple MV = det Mi[U] = / [de][det]e@™ M 1WIo), (1.13)

10
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where¢ and ¢t are auxiliary Boson (pseudo-fermion) fields. The price oagspis that calculating
det M;[U] (or M; ') involves effective interactions over several lattic@sit This renders simulations
containing sea quark effects two to three orders of magaitadre expensive than using the quenched
(or valence quark) approximatiodet M;[U] = const..

As one would expect ratios of light hadron masses from Egimulations of quenched QCD have
been found to be inconsistent with the observed spectruin [B8wever, the differences are typically
smaller than 10 %, suggesting that the quenched approximhatis some predictive power if cautiously
consumed. Apart from the obvious shortcomings like a stalléS), the consequences of violating
unitarity at light quark mass can become dramatic in somarala [86]. Roughly speaking as the
axial anomaly does not exist in quenched QCD#hwill be a surplus light Goldstone Boson or, more
precisely, a ghost particle. The impact of this can be imgattd in quenched chiral perturbation theory.

Ultimately, one needs to include sea quarks and there age ttlasses of light quark actions:
staggered, Wilson-type, and chiral.

After trivially rescaling the quark fields), — a=3/2¢,,1 — a=3/24,, to allow for a representa-
tion as dimensionless numbers, a naive discretisatiomeobtrac action would read,

SN = Z {m(ﬂz)m?/):p + % Z’V}ﬂz)m [Uz,uwxﬁ-aﬂ - U;—aﬂ,pwl’—aﬂ} } . (1.14)
I

xT

This action corresponds to the continuum action, u@(oQ) terms, however, it turns out that it corre-
sponds to 16 mass-degenerate species of Dirac fermions wotitinuum limit, rather than to one: the
famous fermion-doubling problem [89, 90]. In the latticeefature these species are now often called
tastes, instead of flavours, to emphasize that they are sigathy

It has been noted however that by means of a unitary transt@m the naive action can be diag-
onalised in spinor-space, into four identical non-intérecterms, each corresponding to four continuum
tastes. The result is the so-called Kogut—Susskind (K$ra¢®1], in which 16 spin-taste components
are distributed within @* hypercube, a construction that is known in the continuum zslé¢ fermions.
The advantage is that one taste of KS fermions corresponds te 4 continuum tastes rather than
ny = 16. Another nice feature is that even at finite lattice spacing of the 15 (zfc — 1) pions will
become exactly masslessras— 0. The price that one pays is strong spin-taste mixing at fiaitece
spacing and large coefficients accompanying the leadifigf) lattice artifacts. KS-type fermions are
referred to as “staggered” and there are improved versibti'em, most notably the Naik action [92],
the AsgTad [93] ¢ squared tadpole improved) action and HYP actions [94, $5lvtiich parallel trans-
porters are smeared “iteratively” within hypercubes). Tdtéer two choices notably reduce the tastes
mixing interactions.

In order to bring dowm; = 4tony = 1, as required to achieve; = 2 + 1, sometimes the
determinant within Eq. (1.13) is replaced by its fourth g@siroot [96, 97]. It can be shown that within
perturbation theory this indeed corresponds to repladieg:-factors accompanying sea quark loops
by ny/4. However, some caution is in place. The operatdd is non-local [98] and if its non-locality
alteredv/det M = det /M, universality could be lost in the continuum limit. One mighigue that
A is not the only operator with the properdet A = +/det M but also in the Schwinger model there
exist some discouraging results for the behaviour of theltmpcal winding number at small quark
masses [99]. Moreover, the valence quark action autontigtidéfers from the one used for the sea
guarks as each taste of sea quarks will correspond to 4 tafstatence quarks [100].

Nonetheless, large scale simulations with this action arsyed at present as the computational
costs of going to light sea quark masses appear much snialemtith other actions. Moreover, as long
as the sea quark masses are not too small, this approximat@&D is not completely wrong and in
fact likely to be more realistic than quenched QCD. Indeadjuarkonium physics where light quark

11
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mass effects are sub-leading, first results appear veryueagiog [97]. There also exist first theoretical
attempts of constructing a local representation ofithe< 4 staggered action [101, 102].

Another “solution” to the fermion doubling problem are Wdits fermions [90]: the lattice ana-
logue of the term,—%aDMDM, is added to the\/ of Eq. (1.14). This increases the masses of the 15
doublers by amounts that are proportionaktd’, removing the unwanted modes. Like in the case of
staggered fermions the chiral symmetry that QCD classgiesjoys atn = 0 is explicitly broken at any
finite lattice spacing:. In addition, one encounters additive mass renormalisatial a rather awkward
eigenvalue spectrum of the lattice Dirac operator as welD&s) lattice terms. The latter can be re-
moved by adding yet another counterterm\fo oc —ics,,0 ., F),,. The resulting action is known as the
Sheikholeslami—Wohlert (SW) or clover action [103]. Theg coefficient is known to one loog](g?)]
in perturbation theory [103, 104] but has also been detexchimonperturbatively in quenched QCD with
Wilson gauge action [67], imy = 2 QCD with Wilson [105] andn; = 3 QCD with lwasaki gauge
actions [106]. Another variant is the FLIC (fat link irrekavt clover) action [107]. Finally, there exists
twisted mass QCD [108], in which an imaginary mass term isthtced into the Wilson action. Un-
fortunately, in this case there will be mixing between gapi&rtners within Green functions, something
that one also encounters in staggered formulations. Hawthe changed eigenvalue spectrumidéf
renders smaller quark masses accessible. Moreover, imleeof a purely imaginary renormalized mass
parameter()(a) improvement holds.

Finally, formulations of chiral lattice fermions exist. @&$e are automaticall{)(a) improved
and do not suffer from the fermion doubling problem. Redéilises of these fall into three categories:
overlap fermions, based on the Neuberger action [62], domaill fermions, which live on a five-
dimensional lattice and become chiral as the size of thedifttension is sent to infinity [63] and perfect
actions [82, 87, 88]. As always there is no free lunch and asemtly accessible sea quark masses
these formulations are around two orders of magnitude mgpersive than the “traditional” quark
actions, described above. For this reason, these forrontatiave not yet been applied to quarkonia
(although one quenched study with “chiral” charm quarkstsxi109]) but in the future as algorithmic
and hardware development will reduce costs, gauge confignsawith chiral sea quarks will become
increasingly available, in particular also because attdiglquark masses chiral fermions will become
more competitive.

3.2.3 Heavy quark actions

To a very good approximation bottom quarks can be neglected the sea as their presence will only
affect the theory at very short distances. This is also toneliarm quarks but, depending on the phe-
nomenology one is interested in, to a somewhat lesser exteqrinciple nothing speaks against em-
ploying the same quark actions as above to the heavy quarrsecwell. With a naive treatment of
cutoff effects, lattice corrections (ma)” arise. This suggests that to make contact with the continuum
limit, the conditionm < a~! has to apply: as» becomes large the lattice spacing has to be made finer
and finer, the number of lattice points larger and larger amdputational costs will explode, if not for
charm then certainly for bottom.

One possible way out would be to introduce an anisotrgpy; a,/a, with a temporal lattice
spacinga, < m~! while the spatial lattice spacing can be kept coarser. Arioolsvapplication of
anisotropic actions is finite temperature physics [110]dutanisotropy has also been employed suc-
cessfully in investigations of pure gauge theories [79] Hklwell as in charmonium physics [76, 78].
Obviously, the anisotropy of the gauge action has to be madttdthat of the light quark and heavy quark
actions, in order to obtain a sensible continuum limit. Thstching certainly becomes very expensive
when sea quarks are included and even more so in the presangeravement terms.

Another starting point are effective field theories, in matar NRQCD which relies on a power
counting in terms of the relative heavy quark velocity, In addition, EFTs automatically provide the
framework for factorisation of physical processes intopenturbative low energy QCD and perturba-
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tive high energy QCD contributions. The fermionic part of th(v*) Euclidean continuum NRQCD
Lagrange density with quark fieldsand antiquark fieldg reads [6, 8],

L=—¢"[Dy+ HJY — x'[Dy — Hix + Lyy, (1.15)
with

D2 -B D22
H = m—i—ém—cQ——chU —04( ) (1.16)

2m 2m 8m3

D-E-E-D -(DxE—-ExD
Z.CDg( — )+nga ( ; )+...,
m 8m

where the matching coefficients(m/u, g%) = 1+ O(g?), dm = O(g?) are functions of the matching
scaley and couplingg?®. In the continuume, = ¢4 = 1, however, this is in general different on the
lattice, where rotational invariance is broken andx@?) an additional termx a2 Y, D}/m appears.
There are many obvious ways of discretising the above amuaii the lattice and often the published
expressions involve “tadpole” improvement factags= 1 + O(g?). On a lattice with infinite temporal
extent it is possible to use a discretisation of the aboveildfaman within the kernel of a time-symmetric
evolution equation [112] such that fields at time a can be computed entirely from fields at tim@nd
vice versa). This turns the computation of propagatorsqudarly economical. In reality, computations
are performed on a finite torus but as long as propagatorsffalfficiently fast in Euclidean time, the
resulting error of this approximation will be small.

In addition there are the four-fermion interaction terfhs, which (in the case of flavour singlet
quarkonia) are accompanied by factersy, and have to be considered@tv?). In principle it is known
how to do this in lattice simulations [112]. For tli& system, where annihilation is not possible, there
will be further suppression of these terms by an additionetidro. Finally, due to integrating out heavy
quark loops, two new purely gluonic operators are encoadtfr9, 29], accompanied by factargm?.
This “unquenching” of the heavy quark can in principle gabié implemented in lattice simulations
too. However, this is obviously an effect, less importaaintlachieving a realistic light flavour sea quark
content.

Starting from a latticized NRQCD action there are in priteigifferent ways to calculate quark
propagators. Usually the full fermionic matrix that appeaithin a lattice discretisation of Eq. (1.16) is
inverted, as described above, exploiting a Hamiltoniariugiam equation. As an alternative one could
also analytically expand the Green functions of interegpawers ofl/m and calculate the resulting
coefficients individually. It is worthwhile to mention thatthe continuum the expression “HQET” refers
to heavy-light systems and “NRQCD” to quarkonia. In theidattiterature however, NRQCD is used for
both, heavy-heavy and heavy-light system, indicating t@propagator is obtained as the inverse of the
lattice NRQCD quark matrix. The term HQET implies an expansif heavy quark propagators about
the static limit. As these are somewhat smeared out in S(NRECD propagators can be determined
more accurately than HQET ones, however, with the inverdfamew “fat” static quark actions [94] that
reducedm within Eq. (1.16) above this has recently changed.

The m/u dependence of the matching coefficientshas been calculated in tAdS scheme to
various orders in perturbation theory but so far no resuthema dependence exists in lattice schemes.
This seems to be changing, however [113]. Such correctimngrgortant as in the Coulomb-limit, in
which NRQCD power counting rules are formulated, = O(v). The differenceym between kinetic
and rest mass can be determined nonperturbatively fronf ttiepersion relation.

The Fermilab method [114] constitutes a hybrid betweenyhgaark and light quark methods. It
is based on an expansion in terms of the lattice spacingingtdrom the Wilson quark action that encom-
passes the correct heavy quark symmetry.7kar< 1 this is equivalent to the Symanzik-improvement
programme, the lowest order correction resembling the 8&cterm. However, atha > 1 the result
is interpreted in terms of the heavy quark terms that oneirmbfeom al/m expansion. Evidently, the
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light-quark clover term has the same structure asothe fine structure interaction, in particular on
anisotropic lattices, where the difference can be attithud the matching coefficients.

An extension of the Fermilab method is an effective field thfeamework for describing dis-
cretization effects [115]. This theory lumps all discratinn effects into short-distance coefficients of
the NRQCD/HQET effective Lagrangian. Compared to the coniin HQET or NRQCD, the coef-
ficients now depend on both short distanc;ez%1 anda. This theory is also a natural extension of
Symanzik’s theory of cutoff effects into the regimeya < 1 [116]. The theory of heavy-quark cutoff
effects is not limited to the Fermilab method and can be usedimpare the relative size of cutoff effects
in various ways of discretising the heavy-quark action [117

Finally, it is possible to solve NRQCD on the lattice by coripg static propagators with field
strength insertions, in the spirit of tHgm HQET expansion. This can either be done on the level of
quarkonium Green functions (an approach that so far has meen attempted) or within the frame-
work of static potentials and relativistic correctionsided from NRQCD [15, 118]. When constructing
Green functions one has to keep the power counting in mindedisas the fact that the lowest order
NRQCD Lagrangian goes beyond the static limit as the kintetim is required. It is also possible to
put pNRQCD [14] onto the lattice. In the limit < mv? quarkonia are represented as colour singlet
or colour octet states, propagating in the QCD vacuum [1T%]is condition is only met for would-
be toponium and to some extent for the lowest lying bottomnonstates. However, this approach is
conceptionally interesting and reduces the number of aekedecay matrix elements.

3.3 Extrapolations

In lattice simulations there are in general three kinds fefat$: finite volume effects, lattice artifacts and
errors due to wrong light quark masses. Within NRQCD theeeaaiditional error sources due to the
truncation of the effective field theory at a fixed order in Hedocity v and determination of matching
coefficients to a given accuracy iny. In addition to these controlled errors there are errorcsithat
are not controlled by a small parameter like quenching ouseeof ill-defined light quark actions. The
statistical analysis of lattice data is not trivial but weakmot discuss the possible errors, caveats and
pitfalls here as this would be too technical.

Due to the confinement phenomenon and screening of coloite $ize effects are usually quite
benign and —once the lattice is sufficiently large —fall offl@ast like1/(La)?. Because of this it
is often sufficient to repeat simulations on 2-3 differentumees to check if finite size effects can be
resolved within statistical errors, rather than to atteprpper infinite volume extrapolations. Obviously,
higher lying states and charmonia are spatially more exigridan lower lying states and bottomonia.
In simulations with sea quarks the lattice size has to bezJargmpared to the pion mass. For instance
the conditionLa > 4/m, yields La > 5.7 fm at physical pion mass. There are no large-volume lattice
results as yet obtained at such light quark masses. To drsglet possible finite volume from other
systematic effects, sequences of lattice simulationsferent lattice spacings are often obtained at a
volume that is fixed in physical units.

The powern of the dominant finite lattice spacing effe€t(a™) is in general known and can
be fitted to lattice data if sufficient leverage danis provided. In the context of “improvement” (to a
given order of perturbation theory @d hog sometimes the coefficient of the leading order term is
small since it is suppressed by powersgdfsuch that the sub-leading term has to be accounted for as
well. Within the context of effective field theories one cahextrapolate to the continuum limit as the
lattice spacing provides the cut-off scale but one can cliwed&pendence of the results with respect
to variations ofa. Once thema dependences of the short range matching coefficients agentlaed,
the scaling should improve. A notable exception is the Fatmaction which has a continuum limit.
However, the functional form in the cross-over region bemea > 1 andma < 1 is not as simple as
a"(Ina)™.
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As computer power is limited, lattice sea quark masses guiedally not much smaller than the
strange quark mass but with the so-called AsqTag = 2 + 1” action valuesm ~ 0.2 m, have been
reported [97]. Lattice results have to be chirally extraped to the physical limit. Chiral corrections
to quarkonium mass splittings are to leading order propoai tom?2 [120]. While within present-day
lattice calculations of light hadronic quantities as weallad B and D physics, such finite mass effects
are frequently the dominant source of systematic errohércase of quarkonia, the dependence appears
to be much milder, due to the absence of a light valence quartent.

If effective field theories are realised or simulations anky @vailable at very few lattice spacings
cut-off effects can be estimated by power counting rulegaru varying the action(s). In the absence
of fully unguenched results, some experience can be ganedinparing to experiment, on the likely
effect of implementing a wrong number of sea quarks but thisr esource is not controllable frofirst
principles. A real ab initio study must go beyond the valence quark approximation.
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COMMON EXPERIMENTAL TOOLS
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X. H. Mo, V. Papadimitriou, E. Robutti, G. Stancari, P. WaBg,yabsley, C. Z. Yuan

1 OvVeRviEw?

This chapter aims to provide an overview of the experimefatzilities which are contributing to pro-
vide the wealth of data on heavy quarkonia during the cumdectde. The experiments can be sorted
in 7 broad classes, according to the accelerator which rsgbesed. The world laboratory on heavy
quarkonium can count on dedicated experiments workinganmrbst important HEP facilities, such as:

— Threer-charm factories, described in SectionBES, which provided record samples df)’s
and+ s in the last years, and will run a new intensive program as¢henergies from 2006 on
(BES IlI), CLEO, which after 25 years of running &t(n.S) energies is presently involved in a
3 years program (CLEO-c) across open charm threshold, batkd#DR which, exploiting the
polarimeter in the VEPP-4 collider, has recently providéghiprecision measurements &f
andiy) ' masses;

— Three B-factories: after CLE@aBar andBelle, described in Section 3, have proved to have a
large physics potential also as charmonium factoriesutitia rich variety of reactions (B decays
to charmonium;~ , ISR, doublecc), and can easily be exploited to study bottomonium physics;

— Onepp charmonium factory: the Antiproton Accumulator of the Tewa, at Fermilab, was ex-
ploited by theE835 experiment, described in Section 4, to scan all known nagioarmonium
states in formation frompp annihilation.

In these last years, clean record samples of all the narroteveesonances have been accumu-
lated. Table 2.1 shows the record samples of charmonia peadior formed) in:

— one B-factory (via B decaysyy, radiative return) with 25@b~! (such quantity is continuously
increasing at present);

— the highest statistics runs recently done bystheharm factory BES (58 M¢'s and 14 My (25))

— the data samples formed in thg charmonium experiment E835

In 2003, CLEO IIl accumulated the largest data sample¥ df, 2, 35) states: 29 M, 9 M, 6 M
respectively. If the production of states may now stop for a while, the available samples omubar
nium are expected to boost in the future years, not only asutref the steady growth in data from
B-factories, but mainly from the dedicated efforts of theEQ-c project, which aims to take 1 billion
J/4’'s in 2006, and the BES Il upgrade, from 2007 on. Anothgcharmonium factory is going to start
data taking at GSI in the next decade.

LAuthor: R. Mussa
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Table 2.1: This table summarizes the numbers of charmortiatessproduced or formed , not necessarily detected,
in the B-factoriesy-charm factories and ipp.

Particle P(2S)  1.(25)  Xe2 Xel X0 J/ ne(ls)
B decays 0.8M 0.4M 0.3M 0.9M 0.75M 2.5M 0.75M
Ay - 1.6M 1M - 1.2M - 8.0M
ISR AM - - - - oM -

¥ (25) decays| 14M ? 09M 12M 12M 8.1M 39K
J/1¢ decays | — — — — - 58M 0.14 M
D 28M 2 M M 1.2M  0.8M 7M

Beside the dedicated experiments, many other facilitiegige not just valuable information on
the mechanisms of heavy quarkonium production, but havethefess a high chance to discover new
states:

— A Z-factory: the four LEP experiments, described in Sechostudied heavy quarkonium produc-
tion in v+ fusion.

— 2 Hadron Colliders, described in Section 6: Tevatron, wi@&DF and DO can investigate the
production mechanisms of prompt heavy quarkonium at higinggnand RHIC, where Star and
Phenix can search in heavy quarkonium suppression thetsignaf deconfined quark—gluon
plasma.

— 1 ep Collider: HERA, described in Section 7, where the e@rpemts H1 and ZEUS can study
charmonium photoproduction, attERA-B studies charmonium production in pA interactions.

The list of available sources of new data is far from complether Fixed Target Experiments,
such as NA50, NA60, study charmonium production in pN, NMifattions.

At the end of the chapter, a set of appendices give detailpme ®f the experimental techniques
which are widely employed in this field, for the determinatf narrow resonance parameters such as
masses, widths and branching ratios. These appendice® donus on some of systematic limits that
the present generation of high statistics experimentsédylito reach, and give insights on the future
challenges in this field:

— Appendix 8.1 explains the physical principle of resonapalarization, which provides the abso-
lute energy calibration of the narrow vector states of clwiom and bottomonium.

— Results from alk™e~scanning experiments crucially depend on the subtractisadiative cor-
rections on the initial state: a detailed and comprehensview of the analytical expression
which connects the experimental excitation curve to plsjaantities such as partial widths and
branching ratios is given in Appendix 8.2.

— Scanning techniques usipg annihilations are less affected by radiative correctidims;physical
limits of the stochastic cooling on antiproton beams aréewesd in Appendix 8.3.

— Appendix 8.4 reviews the available software tools to daleuthe luminosity iny+y fusion exper-
iments, an issue which may become relevant as we hope to meagwidths with accuracies
better than 10% with the current high statistics sample® fBefactories.

— Recent evidences both ite~ and pp formation experiments have shown that the interference
between continuum and resonant amplitudes can be obsertleel charmonium system and may
soon lead to a better understanding of some experimentalgaizand therefore to a substantial
reduction on systematic errors on branching fractionss ®sue is addressed in Appendix 8.5.
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2 T-CHARM FACTORIES
2.1 BES

BES is a conventional solenoidal magnet detector that isribesl in detail in Ref. [1]; BES Il is the
upgraded version of the BES detector, which is describedeiin [R] and shown in Fig. 2.1. In BES II,
a 12-layer vertex chamber (VC) surrounding the 1.2 mm thaxylbium beam pipe provides trigger and
track coordinate information. A forty-layer main drift anaer (MDC), located radially outside the VC,
provides trajectory and energy los&H/dx) information for charged tracks ov86% of the total solid
angle. The momentum resolutionds/p = 0.017/1 + p? (p in GeV/c), and thedE /dx resolution
for hadron tracks isv 8%. An array of 48 scintillation counters surrounding the MD@amsures the
time-of-flight (TOF) of charged tracks with a resolution-of200 ps for hadrons. Radially outside the
TOF system is a 12 radiation length, lead—gas barrel shosatter (BSC), operating in self-quenching
streamer mode. This measures the energies of electronshamonp over~ 80% of the total solid
angle with an energy resolution of; /E = 22%/v/E (E in GeV). Surrounding the BSC is a solenoidal
magnet that provides a 0.4 Tesla magnetic field over theitrgalolume of the detector. Outside of the
solenoidal coil is an iron flux return that is instrumentedhtiree double layers of counters that identify
muons of momentum greater than 0.5 GeVWhe BES Il parameters are summarized in Table 2.2, and
a summary of the BES data sets is given in Table 2.3.

Muon Counters

Vertex

Chamber Magnet Yoke

TOF Counters

End view of the BES detector

Fig. 2.1: End view of BES (BES Il) detector.

2.2 The CLEO detector
2.2.1 The CLEO lll and CLEO-c detectors

In the twenty-five year history of the CLEO Collaborationriadad been a succession of detector up-
grades that led from CLEO I to CLEO 1.5 to CLEO Il [3] to CLEOVI.In preparation for its last running

2Author: F. A. Harris
SAuthor: R. Galik
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Table 2.2: Summary of BES Il detector parameters.

Detector | Major parameter; BES I
VC Tzy(pm) 100
Tzy(pm) 190-220
MDC Ap/p (%) 1.7/1 + p?
04E/de () 8.4
TOF ot (ps) 200
Lotten (m) 35-55
BSC AE/VE (%) 22%
o,(cm) 2.3
14 counter o,(cm) 5.5
DAQ dead time (ms) 8

Table 2.3: Summary of BES data sets.

Detector Physics Eoy (GeV) Sample
J/P 3.097 7.8 x 108
BES | my, 3.55 scan 5pb!

Dg, D 4.03 22.3pb!

$(2S) 3.686 3.8 x 106

R-scan 2-5scan | 6+ 85 points
BES I ¥ (2S5)-scan ~ 3.686 24 points
J/ 3.097 58 x 10°
¥ (3770) para.| ¥(3770) scan

$(28) 3.686 14 x 108

P(3770) ~3.770 ~ 27 pb!

continuum 3.65 6.4 pb!

at theY' (4S)* there was a large scale modification, primarily aimed atginig the hadron identification
capabilities up to the same high level as the tracking anctreilmagnetic calorimetry. This configura-
tion, described below, was called CLEO lII. All of thé resonance data((1S), Y(2S), Y(3S)) and the
T(5S) running of 2002—3 were taken with this CLEO Il confidioa. A conference proceeding on the
commissioning and initial performance evaluation of CLEh&s been published [4].

The transition to running in thec region called for rethinking the optimization of variousnco
ponents, particularly tracking, in that the magnetic fieloldd be lowered from 1.5 T to 1.0T to accom-
modate CESR having to handle the solenoid compensatiorchf‘soft” beams. A thorough study was
completed and available as a Laboratory preprint [5], ofefarred to as the “CLEO-c Yellow Book”.
The modifications are described below and the cut-away vidiveodetector is shown in Fig. 2.2

2.2.2 CLEOII

As noted above the thrust of the upgrade to CLEO IIl was tothyremhance hadronic particle iden-
tification without sacrificing the excellent charged paetitacking and electromagnetic calorimetry of

“The last suchBB running was in June 2001.
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Fig. 2.2: CLEO-c.

CLEO Il [3]. CLEO chose to accomplish this withriag-imaging Cherenkov (RICH) detector which
has an active region of 81% dfr, matching that of the barrel calorimeter. Details of thestarction
and performance have been published [6]; a summary follows.

The RICH construction has LiF radiators of thickness 1crofedd by a nitrogen-filled expansion
volume of 16 cm. The Cherenkov photons then pass through a @miow into the photo-sensitive
gas, for which a mixture of triethylamine (TEA) and metha@d() is used. Readout is done on the
250,000 cathode pads that sense the avalanche of eledberatédd in the TEA-Cldand accelerated to
anode wires. To minimize effects of total internal reflectibe LiF radiators in the central region, i.e.,
nearest the interaction region (IR), have a sawtooth patietr on their outer surface.

From Bhabha scattering calibrations, the single photomnlangesolution ranges from 13 (nearest
the IR) to 19 mrad (furtherest from the IR). The numbedefectedohotons averages 12 in the central,
sawtooth region and 11 in the outer, flat radiator regionss Tads to a Cherenkov angle determina-
tion of resolution better than 5 mrad, except at the veryroetiges along the beam direction, in good
agreement with simulations of the device.

As always, the performance is a trade-off between fake{rais-ID) and efficiency. Charged
kaons and pions in the decay ofla meson in the chaiD*— Dr—(Kx)r can be identified using
kinematics. Such a sample shows that befow 2GeV/c even 90% efficiency for kaon identification
has less than a 2% fake-rate for pions pAt 2.6GeV /¢, the kinematic limit forB decay, 80% efficiency
still has only a fake-rate of 8%. These identification caliigds are enhanced by using dE/dx in the drift
chamber (described next). The ultimate efficiency/fakégperance is very specific to the decay channel
of interest.

The RICH takes up some 15 cm in radius more than the previauidistor system from CLEO II.
This meant a newlrift chamber was to be built that would have the same momentum resoluichad
of CLEO Il but with reduced radius, spanning 12—82 cm fromiieam line. Again, a detailed document
has been published [7], of which a summary follows.
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Accomplishing this meant minimizing mass (use of a heliuseoegas, namely 60%He—-40%4x;
thin inner support cylinder, 0.12% radiation lengths; alwm field wires with gold-plating), carefully
monitoring hole and wire positions, and paying close aitvanto field wire geometry. The innermost
16 layers are axial while the outer 31 layers are stereo \eiffusntial superlayers (of four layers each)
alternating in the sign of the stereo angle. Both the axidlstareo sections participate in the CLEO Il
trigger. The end plates consist of a highly tapered assefoblihe axial layers (allowing full tracking
coverage over 93% of the solid angle) and a slightly conio&iosection that minimizes end plate mass
(greatly improving the energy resolution of the end cap Ustteomagnetic calorimeter). The outer
cylinder is instrumented with cathode strips for additionaneasurements.

Spatial resolution within the cells is parametrized by twauGsians with the narrower constrained
to have 80% of the fitted area. Averaged over the full cell tiasrow component is 8@m with the
middle of the cell being as good as 1. Some figures of merit from 5 Ge¥Bhabha tracks are a
momentum resolution of 55 Me¥/, a z resolution of 1.2 mm from the cathodes and of 1.5 mm from
the stereo anodes, and dE/dx resolution of 5.0%, which m&gnsseparation to 700 MeV/of hadron
momentum. All measures of performance are beyond the dspegifications.

To provide extremely accurate track position measuremaritgth the azimuthal and coordi-
nates, CLEO had installed a three layer, double s&liécbn vertex detector[8] which was the dis-
tinguishing feature of CLEO II.V. For CLEO Il this was upgied to a four layer device [9] with the
smallest radius being 2.5 cm. While thereadout sides performed well throughout the lifetime of
CLEO lll the » — ¢ side quickly showed declining efficiency, in unusual paserthat has never been
explained. This led us to rethink this innermost trackehuwliie advent of CESR-c (see below).

The other hardware components of CLEO Il were the same a€li&O Il. The ~8000 Csl
crystals of theelectromagnetic calorimeterstill perform very well; the endcap regions were re-stacked
to allow for better focusing quadrupoles and greatly bemgfitom the reduced material in the drift
chamber endplate. Thmuon systemwas unchanged as was theperconducting solenoidwith the
exception of some reshaping of the endcap pole pieces. Theeta field for all theY region running
was 1.5 T. Thdrigger anddata acquisition systems were totally revamped for CLEO I, allowing
CLEO to be extremely efficient and redundant for even low iplidity events and have minimal dead
time up to read out rates of 1 kHz.

2.2.3 CLEO-c

Very few changes were needed in preparing for the transiti€®LEO-c data collection in thez region.
Both the average multiplicity and average momenta of clthigeks are lower, so particle identification
via the RICH and dE/dx becomes even better than at CLEO lligeg®e The lowered magnetic field
strength of 1.0T means recalibration of the drift chambet actually improves the ability to trigger on
and find low momentum tracks. The muon chambers become lefd @igr identifying leptons from
the interaction region in that such muons range out in th& inowever, the chambers are still a useful
veto of cosmic rays. The Csl calorimeter routinely idengifhowers down to 70 MeV, so it needed
no modification, other than changing the thresholds in itggér hardware to accommodate lowered
energies of Bhabha scattering events.

The premature aging of the CLEO Il silicon meant that we hadither replace it or substitute
a small wire chamber. The CLEO-c program does not have tigstrt vertexing requirements of
CLEO lll (the D mesons are at rest in CLEO-c!). Further, track reconstsndgs optimized by having
fewer scattering surfaces. After detailed studies of massnstruction and other figures of merit, it was
decided to build a six-layer stereo chamber with similaigtesss the main drift chamber. In this case
the outer skin is very thin ¢ 0.1% of a radiation length), so that this small chamber ardatger one
look as much as possible like a single volume of gas. Thestwmes (strung at 10-15 degrees) are
needed to get information for low-momentum tracks that do not reach beltre axial layers of the
main chamber.
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This new wire chamber has been installed, calibrated, cesiomed and fully integrated into
CLEO hardware and software; it is highly efficient and hasrg l@v noise occupancy. The first CLEO-
¢ data uses this new device in its track fitting algorithm#halgh work continues in areas such as
calibration and alignment to optimize its contributiondrecking.

2.3 KEDR®
The KEDR detector described in detail elsewhere [67] is shiowFig. 2.3.

Fig. 2.3: Layout of the KEDR detector: 1 — beam pipe, 2 — vedigbector, 3 — drift chamber, 4 — TOF scintillation
counters, 5 — LKr barrel calorimeter, 6 — superconductiriy €e- muon tubes, 8 — magnet yoke, 9 — Csl endcap
calorimeter, 10 — Aerogel Cherenkov counters

It consists of the vertex detector, the drift chamber, threetof-flight system of scintillation coun-
ters, the particle identification system based on the ak®berenkov counters, the calorimeter (the
liquid krypton in the barrel part and the Csl crystals in tinel @aps) and the muon tube system inside
and outside of the magnet yoke. In this experiment the magfield was off and the liquid krypton
calorimeter as well as aerogel counters were out of operatio

The detection efficiency, determined by the visible peaklieand the table value of the leptonic
width, is about 0.25 for thd /) (~ 20 - 103 events) and about 0.28 for thé (~ 6 - 10° events).

Luminosity was measured by events of Bhabha scatteringt@eten the end-cap Csl calorimeter.

SAuthor: S. Eidelman
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3 B-FACTORIES
3.1 BaBar

BaBar is a general-purpose detector, located at the ordyaation point of the electron and positron
beams of the PEP-1l asymmetric collider at the Stanford &tifeccelerator Center. Although its design
has been optimized for the study of time-dependéRtasymmetries in the decay of neutf@imesons,

it is well suited for the study of a broad range of physics cteds of interest, taking profit from the large
samples of data made available by the high luminosity.
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Fig. 2.4: BaBar detector longitudinal section.

The PEP-IIB-factory operates at an energy of 10.58 GeV, equal to the ofdhe Y'(4.5) meson;
the colliding electron and positron beams have an energyaoid®3.1 GeV, respectively, corresponding
to a Lorentz boost of the centre of mass/f= 0.55. The maximum instantaneous luminosity now
exceed® x 1032 cm~2s~!, well above the design value 8fx 1032 cm~2s~!. The peak cross-section
for formation of theY (45) (which then decays exclusively " B~ orBOEO) is about 1 nb; at the same
energy, the total cross-section fere™ — ¢g (¢ = u,d, s, c) is about 3 nb: in particulag(eTe™ —
cc) ~ 1.3 nb. Of particular interest for the study of charmonium statesadso events where the effective
ete™ energy is lowered by the initial emission of a phottmit{al State Radiationor ISR), andy~ fusion
processes, where the two photons are radiated by the ogllimtams: both of them occur at substantial
rates in the energy range of the charmonium spectrum.

A longitudinal section and an end view of the BaBar detecterstiown in Fig. 2.4 and Fig. 2.5.

SAuthor: E. Robultti
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respectively. The structure is that typical of full-covgeadetectors at collider machines, except for a
slight asymmetry irx, with a larger acceptance in the positive direction of tleetbn beam (“forward”),
which reflects the asymmetry in the beam energies.
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Fig. 2.5: BaBar detector end view.

The inner part of the apparatus is surrounded by a superctingwsolenoid providing the 1.5 T
magnetic field used for the measurement of particle chargdsneomenta. It includes the tracking,
particle identification and electromagnetic calorimeygtems.

The tracking system is composed obdicon Vertex Tracke(SVT) and aDrift CHamber(DCH).

The SVT is a five-layer, double-sided silicon strip detectahnich is used for precision measurements
of the primary and secondary decay vertices, as well as d-glane tracking device for particles with
low transverse momentund@ — 120 MeV/c). The DCH is a 40-layer cylindrical drift chamber with a
helium—isobutane mixture as the sensitive gas, and is iheapr device used for the measurement of
particle momenta; it is also used for the reconstructionegosdary vertices outside the outer radius
of the SVT. Both detectors provide redundalit /dx samplings for particle identification of charged
hadrons with momenta below 700 MeV/c.

The tracking reconstruction efficiency exceeds 95% forkgagith transverse momentum above
200 MeV/e. The resolution for the track impact parameters is aboutri2b4D ym in the transverse
plane and along the detector axis, respectively. The mamergsolution is well described by the linear
relation: oy, /pe =~ 0.45% + 0.13% - p;( GeV/c). ThedE/dz resolution atl GeV/c is about 7.5%.

Separation of pions and kaons at momenta aboueMeV/ ¢ is provided by the DIRCQetector of
Internally Reflected Cherenkov lightThis is a novel kind of ring-imaging Cherenkov detectomvhich
Cherenkov light is produced in bars of fused silica and parted by total internal reflection, preserving
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Table 2.4: Overview of the coverage, segmentation, ansbpaence of the BaBar detector systems. The notation
(©), (F), and (B) refers to the central barrel, forward andkvaard components of the system, respectively. The

detector coverage in the laboratory frame is specified msesf the polar angle®; (forward) and), (backward).
Performance numbers are quoted IOGeV/02 particles, except where noted.

System 01 No. ADC TDC No. Segmentation Performance
(62) Channels (bits) (ns) Layers
SVT 20.r 150K 4 - 5 50-10Qum r — ¢ Ody = 55 pm
(—29.8) 100-200 pum z 0z = 65 pm
DCH 17.2 7,104 8 2 40 6-8 mm o4 = 1 mrad
(-27.4) drift distance Otanx = 0.001
opr/pr = 0.47%
o(dE/dx) = 7.5%
DIRC 255 10,752 - 0.5 35¢ 17 mn? 09, = 2.5mrad
(-38.6) (rAg x Ar) per track
144 bars
EMC(C) 27.2 2 x 5760 17-18 - 47x 47 mn? og/E =3.0%
(-39.2) 5760 cystals 04 = 3.9 mrad
EMC(F) 15.8 2 % 820 820 crystals og = 3.9 mrad
(27.1)
IFR(C) 47 22K+2K 1 0.5 19+2 20-38 mm 90%" eff.
(-57) 6-8%7* mis-id
IFR(F) 20° 14.5K 18 28-38 mm (loose selection,
(47°) 1.5-3.0 GeV/c?)
IFR(B) -57 14.5K 18 28-38 mm
(=26)

the angle of emission, to a water tank viewed by an array ofgholtipliers tubes. The pion—kaon
separation obtained after association of signals to tlv&dreanges from abouto at1 GeV/c to about
30 at4d GeV/e.

TheElectroMagnetic CalorimetefEMC) is a finely segmented array of Csl(TI) crystals withpro
jective geometry. Its energy resolution is well describgdhe relations /E ~ 2.3% - E(GeV)~/* @
1.9%; the angular resolution ranges from about 12 mrad at longée®to about 3 mrad at high energies;
the width of the reconstructed® mass peak is abot MeV/c?.

Outside the superconducting coil is the detector for muarts reeutral hadrons, callelastru-
mented Flux ReturflFR): the iron return yoke of the magnet is segmented inyer& of increasing
thickness from the inside to the outside, interspersed Réhistive Plate Chambers as the active ele-
ments. Muons are identified by criteria exploiting the de¢penetration of their tracks into the iron:
a typical efficiency for a selector was about 90% in the mommantangel.5 < p < 3 GeV/c with a
pion fake rate for pions of about 6—-8%. The RPC have suffededsaof efficiency since the beginning
of operation, causing a small degradation in the performarienuon selectors. In the barrel section of
the IFR, they will be substituted by Limited Streamer Tulstarting from Summer 2004.

Table 2.4 summarizes parameters and performances of fleeedif subsystems composing the
BaBar detector.

The trigger system includes a first hardware level, L1, ctiltg information from the DCH, EMC
and IFR, and a software level, L3, selecting events for gifie classes of processes of physics interest.
Output rates are currently around 3 kHz for L1 and 120 Hz for IBe combined efficiency exceeds
99.9% for BB events, and is about 99%, 96% and 92%dgruds andrT events.

20



COMMON EXPERIMENTAL TOOLS

3.2 Belld

The purpose of the Belle experiment is to study time-depein@® asymmetries in the decay BFf
mesons, such aB’—.J /1 Kg 7tr~, and ¢>Kg. The experiment is therefore designed to provide
boostedB°BP pairs, allowing decay-time differences to be measured fsrelices inB-meson de-

cay position; vertex resolution of ordé6 ;m, to measure those decay positions; and high-acceptance
tracking and electromagnetic calorimetry, to measure #wayl products. Efficient electron and muon
identification are required to reconstruct tfigy), and kaon/pion separation is required to distinguish
kaons (e.g., foB-meson flavour tagging) and pions (e.g., for separatioBbf>nt7~ from K7~
decays). Detection ok mesons is also desirable, to allow measuremerbf:J /1 K9 and g K9
modes as a complement gy K2 andpK 2.

QC2RE

BH1LE

5 10 15 20 25 30m

Fig. 2.6: Layout of the KEKB interaction region.

Belle is therefore suited to a wide range of other physicdyana, particularly in thete™—ce
continuum, and in the production and decay of charmoniutestalrhe experiment has an active pro-
gramme of study in both of these fields.

The detector is located at the interaction point of the KEKB:~ collider [10] at K.E.K. in
Tsukuba, Japan. KEKB consists of an injection linear acatde and two storage rings 3 km in cir-
cumference, with asymmetric energies: 8 GeV for electrams &5 GeV for positrons. TheTe™
centre-of-mass system has an energy afltfeS) resonance and a Lorentz boost®f = 0.425. The
interaction region is shown in Fig. 2.6: the lower-energgipon beam is aligned with the axis of the
Belle detector, and the higher-energy electron beam csasaéan angle of 22 mrad. This arrangement
allows a dense fill pattern without parasitic collisionsd afso eliminates the need for separation bend
magnets. KEKB's luminosity is the world’s highest, excerpihe103* cm~2s~! design value: with the
introduction of continuous beam injection, a record lursihoof 13.9 x 1033 cm~2s~! was achieved in
June 2004; further improvements are foreseen with thedntition of crab cavities.

The Belle detector [11], shown in side view in Fig. 2.7, islbinito a 1.5 Tesla superconducting
solenoid magnet of 1.7 metre radius. (Compensating saleraid final-focus quadrupole magnets can
also be seen on the beamline, inside the main solenoid voluiiee design is that of a classic barrel
spectrometer, but with an asymmetry along the beam axisowds roughly uniform acceptance in the
ete™ centre-of-mass.

"Author: B. Yabsley
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Fig. 2.7: Side view of the Belle detector.

Precision tracking and vertex measurements are providealdantral drift chamber (CDC) and
a silicon vertex detector (SVD). The CDC is a small-cell wgical drift chamber with 50 layers of
anode wires including 18 layers of stereo wires. A l@ngas mixture (He (50%) an@>Hg (50%)) is
used to minimize multiple Coulomb scattering, ensuringcdgommentum resolution for low momentum
particles. The tracking acceptanceli® < 6 < 150°, where the laboratory polar angles measured
with respect to the (negative of the) positron beam axis. I¥B consists of double-sided silicon strip
detectors arranged in a barrel, covering 86% of the solideanghree layers at radii of 3.0, 4.5 and
6.0 cm surround the beam-pipe, a double-wall berylliumngdgr of 2.3 cm radius and 1 mm thickness.
The strip pitches aré¢2 um in the thez (beam-axis) coordinate ara ;m for the azimuthal coordinate
r¢; in each view, a pair of neighbouring strips is ganged togretbr readout. The impact parameter
resolution for reconstructed tracks is measured as a imaf the track momenturp (measured in
GeV/c) to beo,, = [19® 50/(pAsin®? 0)] um ando, = [36 © 42/ (pB sin®?2 §)] pm. The momentum
resolution of the combined tracking systemjs/p;, = (0.30/3 & 0.19p; )%, wherep; is the transverse
momentum inGeV /c.

The subdetectors used in kaon/pion separation are showig.i2.8: the CDC, a barrel arrange-
ment of time-of-flight counters (TOF), and an array of aetdgjgerenkov counters (ACC). The CDC
measures energy loss for charged particles with a resolaofie (dE /dx) = 6.9% for minimume-ionizing
pions. The TOF consists of 128 plastic scintillators viewadoth ends by fine-mesh photo-multipliers
that operate stably in the 1.5 T magnetic field. Their timelgsn is 95 ps {ms) for minimum-
ionizing particles, providing three standard deviation)(& = /7* separation below 1.0 Ge¥/and 2
up to 1.5 GeV¢. The ACC consists of 1188 aerogel blocks with refractivedesd between 1.01 and 1.03
(see Fig. 2.8) depending on the polar angle. Fine-mesh phattipliers detect the Cherenkov light: the
effective number of photoelectrons4s6 for 5 = 1 particles. Information from the three subdetectors
is combined into likelihood< -, £, etc. for various particle identification hypotheses, akdlihood
ratios such a® i/ = Lk /(Lk + L) are used as discriminators. A typical selection iRt . > 0.6
retains about 90% of the charged kaons with a charged piadenification rate of about 6%.
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Fig. 2.8: Half-section of the inner region of the Belle détecshowing the layout of the subdetectors used in
kaon/pion separation.

Photons and other neutrals are reconstructed in a Csl(Tjirweeter consisting of 8736 crystal
blocks in a projective geometry, 16.1 radiation lengthspd@evering the same angular region as the
CDC. The energy resolution is 1.8% for photons above 3 Ge&ttEin identification is based on a
combination ofdE/dx measurements in the CDC, the response of the ACC, the positid shape of
the electromagnetic shower, and the ratio of the clustemgrte the particle momentum. The electron
identification efficiency is determined from two-photehe™ — eTe~ete™ processes to be more than
90% forp > 1.0 GeV /c. The hadron misidentification probability, determinedhgsiagged pions from
inclusive K — m*x~ decays, is below.5%.

Outside the solenoid, the flux return is instrumented to iplm\aKg and muon detector (KLM).
The active volume consists of 14 layers of iron absorber ¢mhick) alternating with resistive plate
counters (RPCs), covering polar angl#8 < 6 < 155°. The overall muon identification efficiency,
determined by using a two-photon process:~ — eTe up~ and simulated muons embedded in
BB candidate events, is greater than 90% for tracks withh 1 GeV /c detected in the CDC. The
corresponding pion misidentification probability, detered usingKg — w7~ decays, is less than
2%.

The Belle trigger and event selection are essentially operhd&dronic events, with over 99%
efficiency for BB and somewhat less farte~—cc and light-quark continuum processes. Analysis
of such events is performed using a common hadronic event; skpecial provision is made to re-
tain events with a//¢ or ¢(2S) candidate but otherwise low multiplicity. Tau-pair and tpleoton
(ete”—eTe yy—eTe™ X) events are studied using dedicated triggers and data skims

154fb~! of data were taken in the configuration described above. Amage in summer 2003
replaced the SVD and the innermost drift-chamber layerks aifour-layer silicon detector covering the
same range in polar angle as the CDC. The beam-pipe radiussahased to 1.5 cm and the inner SVD
layer to 2.0 cm, placing the first reconstructed hit of eaabKrcloser to the interaction point. Position
resolution is similar to that of the original SVD, with stijitches of75 ym (z) and50 pm (r¢); every
strip is read out. A furthet24fb~! has been collected in this configuration through the midéEuoe
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2004. Possible future upgrades to the particle identiboagystem, and further upgrades to the vertexing,
are currently under study.

4 pp CHARM FACTORIES 8
4.1 E835

The E835 experiment was located in the Fermilab Antiprotooumulator, where a stochastically cooled
(Ap/p ~ 10~*) beam intersects an internal jet target of molecular hyeinogrhep beam was injected
in the Accumulator with an energy of 8.9 GeV and decelerateth¢ 3.7-6.4 GeV energy range, to
form the charmonium states. Stochastic cooling allowedettuce RMS spreads oyfs to less than
250 keV. The E835 experiment was the continuation of the EBGieriment, that took data in years
1990-91, at a typical instantaneous luminogity~ 0.5 - 103'. The E760/E835 detector, described in
detail in [12], was a non-magnetic cylindrical spectrometgh full azimuthal coverage and polar angle
acceptance from 2 to 70 degrees in the lab frame. It considtetbad-glass EM calorimeter divided into
a barrel and a forward section. The inner part of the barral mstrumented with a multicell threshold
Cerenkov counter, triggering hodoscopes and chargeditigachhambers. The plastic scintillator ho-
doscopes and th@erenkov were used for triggering: pulse heights from tlieséces allow to identify
electrons/positrons and to distinguish them singly froecebn—positron pairs due toconversions and
to 70 Dalitz decays.

The E835 detector was a major upgrade of the E760 detector:

— The variable target density allowed to keep a constanamtsheous luminosityd ~ 2 - 103!)
throughout each stack.

— In order to withstand the-3 MHz interaction rate, all detector channels were instriee with
multi-hit TDCs.

— The inner tracking detector, a proportional multiwireftdthamber, was replaced by an increased
number of straw tubes and scintillating fibers, which weredulor measuring the polar angle
and providing trigger information based on this coordinate

The calorimeter had an energy resolutiep/E = 0.014 + 0.06/+/ E(GeV) and an angular
resolution (r.m.s.) of 11 mrad i®n and 6 mrad irf. The angular resolution of the inner tracking system
was 11 mrad i, whereas irf it varies from 3 mrad at small angles to 11 mrad at large angtesinated
by size of the interaction region, and by multiple scatigidhlower momenta.

Table 2.5: Integrated luminositiggit (in pb~!) taken by E760, E835-I, E835-II

State Decay Channels E760 E835-1 E835-II
Ne ¥y 2.76 17.7 -
J/ ete 0.63 1.69 -
Xc0 J /3y, vy, 270, 2n - 2.57 32.8
Xel J /1y 1.03 7.26 6.3
h.(1P) search| J/¢m% n.y 159  46.9 50.5
Xe2 /oy, vy 1.16 124 1.1
n.(25) search | vy 6.36 35.0 -
¢ ' €+€_, XeJVs J/¢7T07

J/prta=, Jpr’70 J/ym | 1.47  11.8 15.0
above J/1)p+X - 2.6 7.5

8Author: R. Mussa
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Fig. 2.9: The E835 detector in year 2000.

Table 2.5 summarizes the data taken by the two experimariigj\véded in energy regions. The
h. search region extends from 3523 to 3529 MeéVie., 6 MeV/é around the centre of gravity of P
states (located at 3525.3). Theg2S5) was searched between 3575 and 3660 MéWExperiment E835
took data in 1996-7 (phase 1) and 2000 (phase Il). During dhg khutdown between the two runs,
substantial changes in the Antiproton Source allowed toothiy scan they . region but prevented to
take new data down td/v andr, energies.

5 EXPERIMENTS AT LEP?®

At four of the eight straight sections of the LEePe~-collider at CERN [13] four collaborations have
installed their detectors: ALEPH [14], DELPHI [15], L3 [16nd OPAL [17]. The design of the detec-
tors is guided by the physics of interest. The detectorsisbokseveral subdetectors each dedicated to
special aspects of the final state under investigation.

The main physics goal at LEP is the test of the Standard Motleé mass and width of thg
boson are being measured to a high precision. The couplintie deptons and quarks tg/Z are in-
vestigated. Special emphasis is put on the study-décays. Ther-polarization gives a good insight
into the couplings. The high production probability of theakry flavours, charm and bottom, allows
for investigations of effects, such as branching ratioslréia masses, time dependent mixing etc. Indi-
rect information on the top mass is extracted and the inflidran the Higgs mass is studied. Direct
Higgs-search is one of the most important topics in the neysiph area. Supersymmetric particles, if
they exist in the accessible range, should not be able tpesbetection. The strong interaction, with
confinement and asymptotic freedom still not understoodo ise investigated. The perturbative part
(e.g.,as-determination) and the non-perturbative part, fragnteriaand particle production, guided the
design of the detectors as well.

SAuthors: A. Bohrer, M. Kienzle
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In addition, the general features of the detectors havedp ke systematic uncertainties for their
measurements very small to profit from the excellent eneatjpration of LEP and to efficiently use the
high event statistics.

All LEP detectors have therefore in common, a good hernyt&s well as a good efficiency. The
total (hadronic) energy has to be measured as completelpssibte. The total absorption guarantees
that all particles except neutrinos are seen. Muons alsositepnly a small fraction of their energy, but
are detected in special muon chambers and by their chastictesignature in the hadron calorimeter.
Care for efficient detection and identification of leptondaken. In general particle identification is
provided. Good two-track resolution is possible insides jeft hadrons; energy loss measurements on
more than hundred samplings, high granularity of the caletérs are needed. High precision tracking
and vertexing of secondary vertices guaranties good deteand momentum resolution for charged
particles, even in the case when they do not come from thegpyiimteraction point.

The trigger system ensures that all events of interest ame wéh low background. The triggers
of the four LEP detectors have a high redundancy. For exarhptironic events are found when the en-
ergy exceeds a few GeV in the electromagnetic calorimetéal(gnergy trigger), or two tracks are seen
together with energy deposition in the hadron calorimetbich exceeds the energy expected for a min-
imum ionizing particle (-trigger). The efficiency for hadronic eventsts99.99% with an uncertainty
of 0.01%.

These requirements lead to four LEP detector designs witmias general outline, while the
detectors differ in their details (see Table 2.6, [18]). Te¢ectors show a cylindrical symmetry around
the beam pipe. In the forward direction, calorimeters asailed for the measurement of the luminosity
with high precision. The main body has closest to the beama gipertex detector mounted, with pre-
cision measurements of the hits from tracks crossing; argktracking system, which may consist of
separate tracking devices; an electromagnetic calorm@teneasuring electrons and photons; a coil of
a magnet in order to bend charged particles for the momentaasonement in the tracking devices; a
hadron calorimeter for hadronic showers absorbing strotegacting particle, but passed by muons; the
latter are detected in the muon chambers, surrounding fheriexents.

In the following all four detectors will be described. The BPH detector will be presented
in some detail. For the other three detectors, special &spelevant for the subject of this paper are
discussed.

5.1 ALEPH detector

The ALEPH detector (Fig. 2.10) [14] shows the typical cyhiodl symmetry around the beam pipe. The
interaction point of the electron and positron beams iseatémntre of the detector. The tracking chambers
and the electromagnetic calorimeter are immersed in a @dlahmagnetic field ofi.5 T produced by
the superconducting coil (with a length @4 m and a diameter 05.3 m). Outside the coil the hadron
calorimeter is used as return yoke.

The beam pipe inside ALEPH, with a length®5 m extends between the two ‘low-quadrupo-
les, which focuses the electron and positron beams ontatisction point. The tube is madelof mm
thick aluminium, with an inner diameter 806 mm. The central partd60 mm length), however, is made
of beryllium, 1.1 mm thick.

Closest to the interaction point, the silicon vertex dete¢VDET) is installed. It consists of
two concentric rings with average radi6i$ cm and11.3 cm. The inner layers has 9 silicon wafers in
azimuth, the outer layer has 15 wafers; both layers are faiens 6.12 x 5.12 x 0.03 cm?) long in
z-direction. The arrangement in azimuth is such that the mafeerlap by5%. This allows an internal
relative alignment with tracks passing through adjacerierga The point resolution in the — ¢ and
r — z view is 12 um. The hit association of VDET hits to tracks extrapolatedrfrihe TPC is found by
Monte Carlo to be98% for tracks in hadronic events with two vertex hits in the gtaace of the vertex
detector:|cos 0] < 0.85.
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Table 2.6: Characteristics of the four LEP experiments{148].

Fig. 2.10: ALEPH detector [14].
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Around the vertex detector the inner tracking chamber (liB@®uilt with the same polar geomet-
rical acceptance as the vertex detector. This conventigylaidrical drift chamber is filled witt80%
argon and20% carbon dioxide with ethanol. The chamber provides eightsuesments i — ¢ in
a radial range betweelt cm and 26 cm, with the wires stretched in-direction and arranged in eight
concentric layers of hexagonal drift cells. 1tn- ¢ the position of hits is measured 160 ym; in z the
position is obtained by the measurements of the differeftieeoarrival time of the pulses at both ends
of the2m long wires. The precision reachedism. However, only the: — ¢ measurements are used
for the tracking; the information of can be used for track association with the tracks recortstiua
the TPC. An important aspect of the ITC is that it is the ondcker used for the trigger.

The time projection chamber (TPC) serves as the main trgaltiamber in ALEPH. In a volume
extending in radius from.3 m to 1.8 m, with a length of4.4 m up to 21 space points are measured. The
ionization charge is recorded in proportional wire chamalaoth ends of the drift volume, reading out
cathode pads arranged in 21 concentric circles; up tod¥381z samples are used for particle identifi-
cation. Thez coordinate of the hits in the TPC is calculated from the dirifie of the electrons collected.
For this, the magnet field, electric field both pointing inikontal direction (and their distortions), and
the drift velocity must be known perfectly. These quarditige determined from a measured magnetic
field map, by laser calibration and study of reconstructedks and their vertices. The resolution is
found inr — ¢ as173 ym and inz as740 pym.

In hadronic events)8.6% of the tracks are reconstructed, when they cross at leasbfdaof 21
pad rows,|cos 8| < 0.966. The momentum resolution has been determined with di-mwents. The
transverse momentum resolutiefil /p;) is 1.2 x 1073 (p; in GeV /c) for the TPC alone; including ITC
an VDET the resolution is(p;)/p: = 0.0006 - p; & 0.005 (p; in GeV /c); @ implies that the two errors
are added in quadrature.

The TPC is surrounded by the electromagnetic calorimet&A(g, which consists of a barrel
part and two endcaps, in order to measure electromagnegigyeim an angular rangeos 0| < 0.98.
With its fine segmentation in projective towers of approxieha3 cm by 3cm, i.e., 0.9° by 0.9°, the
angular resolution isg , = 2.5/vE +0.25 (E in GeV; 0y 4 in mrad). The towers are read out in three
segments in depth called storeys of 4, 9, and 9 radiatiorthendrhis lead-proportional tube chamber
has an energy resolution for electromagnetic showerg:g# = 0.18/vE + 0.009 (E in GeV).

The outer shell used as return yoke, is the hadron calorir(ld@AL). It is made from iron plates
of 5 cm thickness, interleaved with 22 layers of plastic streamabes$ and one layer of tubes in front.
The towers are arranged in projective direction to the priynvartex with a solid angle a3.7° by 3.7°,
corresponding ta x 4 of the electromagnetic calorimeter towers. Both the cathpalds defining the
towers (pads of different tubes forming one tower are cotetegalvanically within one storey) and
wires in thel cm wide tubes are read out. The latter are used for muon idetidit and as a trigger.
The energy resolution can be parameterizgd £ = 0.85/+/E (E in GeV). In addition, two double
layers of streamer tubes are installed around the hadroniro&ter outside the magnetic field and serve
as muon detectors.

5.2 DELPHI detector

The layout of the DELPHI detector [15] is shown in Fig. 2.1heTsubdetectors are arranged in a cylinder
symmetrical arrangement with only the hadron calorimetet tae muon chambers being outside the
superconducting coil. The vertex detector closest to tlagrbgipe is made of silicon wafers. It provides
measurements in three layers with information in botlandr — ¢-direction. The single hit resolution
is found to bed ym and7.6 um. The vertex detector is surrounded by the inner detectoy ¢fia jet-
chamber geometry with five multi wire proportional chaml@8VPC) layers. The main tracking device
is a Time Projection Chamber (TPC) measuring up to 16 spaogsgeer track. Together with the outer
detector (OD) with 5 layers of drift tubes the four trackifgpmbers provide a momentum resolution of
a(p)/p = 0.0006 - p (p in GeV /c).
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Fig. 2.11: DELPHI detector [15].

A specialty of the DELPHI detector is the Ring Imaging Chémndetector (RICH) enclosed by
the outer detector. The particle identification in the RIGHhplements the identification with% /dz in
the TPC. The DELPHI collaboration has chosen to use a gas kouddRICH (CsF12 and GF14), hav-
ing two different refractive indices. While th&F/dz measurement is most powerful in the momentum
range belowl GeV /¢, the liquid radiator allows for particle identification fro0.7 GeV /c to 8 GeV /¢
and the gaseous radiator frdld GeV /c to 25 GeV /¢, with angular resolution between2 mrad and
5.2mrad.

The high density projection chamber (HPC) consists of kyd#rTPCs, which are separated by
lead wires. These wires separate the drift cells and prawidedrift field, but also serve as converter
material for the electromagnetically interacting paescl The energy deposits on the pads are monitored
with 7’s, where one decay photon converted in the matémi&lont of the HPC and the momentum is
precisely measured: with the mass as a constraint, the energy resolution is measuredty £ =
0.33/VE & 0.043 (E in GeV).

Outside the magnet coil a layer of scintillators is inst@llmainly for trigger purposes. The hadron
calorimeter (HCAL) made from iron interleaved with limitstteamer tubes, serves as return yoke and
muon filter, as well. Muon identification is supported by aiddial muon chambers. The resolution of
the HCAL iso(E)/E = 1.12/vVE @ 0.21 (E in GeV).
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5.3 L3 detector

The subdetectors in the detector of the L3 collaboratiog.(Eil2) [16] are mounted inside a support
tube with a diameter of.45 m with the exception of the muon detection system. The muombleas are
only surrounded by a very large low field air magn@6(I'). The coil has an inner diameter bf.9 m.
The size of the magnet allows a long lever arm for the muon nmbume measurement. This requires a
high precision alignment and monitoring of these chambers.

. Magnet Yoke L3
o

=il

il t Coil
el T Magne
i <]

i
L
:

Magnet Pole

L Muon Chambers

Fig. 2.12: L3 detector [16].

The tracking system consists of a silicon vertex detectdraacentral track detector. The latter is
a Time Expansion Chamber (TEC) providing 37 points on stahdédres for ther — ¢ measurement;
in addition 14 wires resolving left-right ambiguities. Thecoordinate is measured on 11 wires by
charge division. The surrounding two cylindrical propomnial chambers are designed to provide a good
z measurement. With a total lever arm @B2m the momentum resolution is(p;)/p? = 0.0206 +
0.0006 (p; in GeV /¢).

Muons inete™ — uTu~ are measured with the high precisionadp) /p ~ 2.5%, with the long
lever arm to the muon chambers. Apart from the muon detecsipecial emphasis was put on a high
precision measurement for electromagnetic showers. Theynaasured in a crystal calorimeter read
out by photomultipliers. The crystals of bismuth germanioxide (BGO) have a shape of a truncated
pyramid,24 cm long and of2 x 2 cm? at the inner and x 3 cm? at the outer end. The energy resolution
varies from5% at 100 MeV to 1.4% at high energy.

A layer of scintillation counters is used for time-of-flighteasurement. Besides its trigger task,
it efficiently rejects cosmic shower events. A uranium dadeter with proportional wire chambers
measures hadronic showers and absorbs most particlest emaeps. Around this calorimeter a muon
filter is mounted, made of brass plates interleaved with fiyells of proportional tubes.
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5.4 OPAL detector

The OPAL detector (Fig. 2.13) [17] comprises a tracking exysinside a solenoidal magnet@#35 T,
which consists of a vertex detector a jet-chamber anechamber. The new vertex detector of OPAL
with two concentric layers of silicon wafers is placed atiiradl 6.1 cm and 7.5cm. The single hit
resolution inr — ¢ is 5 um, in z 13 yum. The main tracking with the jet-chamber provides up to 159
space pointsd;,., = 135 um, o, = 6 cm) per track. It allows good particle identification with theesegy
ionization lossdE'/dz. The z-direction of tracks is substantially improved with infoation from the
z-chambers, which are made of modules of drift chambers witlaggered anodes strunggirdirection.
The momentum resolution is measuredtgp? = 0.0022 GeV 1.
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Fig. 2.13: OPAL detector [17].

A time-of-flight system, consisting of scintillation coens, allows particle identification in the
momentum range fror.6 GeV /c to 2.5 GeV /c. It is used for triggering and for cosmic shower rejec-
tion.

Electromagnetic showers are measured with an assemblpalass blocks, with0 x 10 cm?
and37 cm in depth, read out with photomultipliers. The energy resotuis abouir (E)/E = 0.05/VE
(E in GeV), when combined with a presampler mounted in fronhef¢alorimeter. Hadrons are mea-
sured with nine chambers, limited streamer tubes, intesldavith eight layers of iron plates, where
the hadrons may shower. Muons are detected in addition inléyers of drift chambers, the muon
chambers.
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6 EXPERIMENTS AT HADRON COLLIDERS
6.1 CDFinRun Il

The CDF Run Il detector [19], in operation since 2001, is amathally and forward-backward symmet-
ric apparatus designed to stugy collisions at the Tevatron. It is a general purpose soleaiadtector

which combines precision charged particle tracking witht farojective calorimetry and fine grained
muon detection. Tracking systems are contained in a supducting solenoid, 1.5 m in radius and
4.8 min length, which generates a 1.4 T magnetic field partalldne beam axis. Calorimetry and muon
systems are all outside the solenoid. The main featuresafdtector systems are summarized below.

The tracking system consists of a silicon microstrip sysf2@j and of an open-cell wire drift
chamber [21] that surrounds the silicon. The silicon mitipdetector consists of seven layers (eight
layers forl.0 < |n| < 2.0) in a barrel geometry that extends from a radius ef 1.5 cm from the beam
line tor = 28 cm. The layer closest to the beam pipe is a radiation-handjesisided detector called
Layer 00 which employs LHC designs for sensors supportigf-bias voltages. This enables signal-
to-noise performance even after extreme radiation dodssrdmaining seven layers are radiation-hard,
double sided detectors. The first five layers after Layer @0mse the SVXII system and the two outer
layers comprise the ISL system. This entire system alloacktreconstruction in three dimensions. The
impact parameter resolution of the combination of SVXII 484 is 40 um including a 30um contri-
bution from the beamline. Thg) resolution of the SVXIl and ISL is 7@m. The 3.1 m long cylindrical
drift chamber (COT) covers the radial range from 40 to 137 owh grovides 96 measurement layers,
organized into alternating axial antH2° stereo superlayers. The COT provides coveraggrfor1.
The hit position resolution is approximately 14t and the momentum resolutier{pr)/p3 =0.0015
(GeV/c)t. The COT provides in additiodE /dz information for the tracks.

A Time-of-Flight (TOF) detector [22], based on plastic sitiators and fine-mesh photomultipli-
ers is installed in a few centimeters clearance just outsidé€COT. The TOF resolution is 100 ps and
it provides at least two standard deviation separation et = andz* for momentay < 1.6 GeV/c.

Segmented electromagnetic and hadronic sampling caltmssurround the tracking system and
measure the energy flow of interacting particles in the pseagdidity rangeln| < 3.64. The central
calorimeters (and the endwall hadronic calorimeter) ctiverpseudorapidity rande| < 1.1(1.3). The
central electromagnetic calorimeter [23] (CEM) uses ldakts interspersed with polystyrene scintilla-
tor as the active medium and employs phototube readoutétg)g resolution i43.5% //E1T®2%. The
central hadronic calorimeter [24] (CHA) uses steel abgoitterspersed with acrylic scintillator as the
active medium. Its energy resolution7s% //E1®3%. The plug calorimeters cover the pseudorapidity
region 1.1< |n| < 3.64. They are sampling scintillator calorimeters whiaghraad out with plastic fibers
and phototubes. The energy resolution of the plug electyowiic calorimeter [25] i86% /v E @ 1%.
The energy resolution of the plug hadronic calorimetéui® /v E @ 4%.

The muon system resides beyond the calorimetry. Four layfeptanar drift chambers (CMU)
detect muons witlpr > 1.4 GeV/c which penetrate the five absorption lengths ofrcakter steel. An
additional four layers of planar drift chambers (CMP) instient 0.6 m of steel outside the magnet return
yoke and detect muons wigly > 2.0 GeV/c. The CMU and CMP chambers each provide coverage in
the pseudo-rapidity range| < 0.6. The Intermediate MUon detectors (IMU) are covering theaeg
1.0< |n| <1.5.

The beam luminosity is determined by using gas Cherenkonteesi located in th8.7 < |n| <
4.7 region which measure the average number of inelagticollisions per bunch crossing [26].

The trigger and data acquisition systems are designed tmranodate the high rates and large
data volume of Run II. Based on preliminary information fronacking, calorimetry, and muon systems,
the output of the first level of the trigger is used to limit ttede for accepted events to 18 kHz at

©author: V. Papadimitriou
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the luminosity range of 3—7 $0 cm=2s~!. At the next trigger stage, with more refined information
and additional tracking information from the silicon ddtecthe rate is reduced further te 300 Hz.
The third and final level of the trigger, with access to the plate event information, uses software
algorithms and a computing farm, and reduces the outputoater5 Hz, which is written to permanent
storage.

The CDF Run | and Run 0 detector, which operated in the time@er987-1996, is described
elsewhere [27]. Major differences for Run Il include: thplemement of the central tracking system; the
replacement of a gas sampling calorimeter in the plug-foiwegion with a scintillating tile calorimeter;
preshower detectors; extension of the muon coverage, a B@€tdr and upgrades of trigger, readout
electronics, and data acquisition systems.

6.2 DO detector in Run I111

The DO Run |l detector, in operation since 2001, is made ofdHewing main elements. The central
tracking system consists of a silicon microstrip trackev {3 and a central fiber tracker (CFT), both lo-
cated within a 2 T superconducting solenoidal magnet [28 $SMT hasx 800, 000 individual strips,
with typical pitch of50 — 80 m, and a design optimized for tracking and vertexing cafiglat || < 3.
The system has a six-barrel longitudinal structure, eath avset of four layers arranged axially around
the beam pipe, and interspersed with 16 radial disks. Thel@sTeight thin coaxial barrels, each sup-
porting two doublets of overlapping scintillating fibers®o835 mm diameter, one doublet being parallel
to the collision axis, and the other alternating b$° relative to the axis. Light signals are transferred
via clear light fibers to solid-state photon counters (VLRG@Y havex~ 80% quantum efficiency.

Central and forward preshower detectors located justaritsi the superconducting coil (in front
of the calorimetry) are constructed of several layers ofugldd triangular scintillator strips that are
read out using wavelength-shifting fibers and VLPCs. The laser of detection involves three liquid-
argon/uranium calorimeters: a central section (CC) cagdrj| up to~ 1, and two end calorimeters
(EC) extending coverage tg| ~ 4, all housed in separate cryostats [29]. In addition to thesipower
detectors, scintillators between the CC and EC cryostaigige sampling of developing showers at
1.1 < |n| < 14.

The muon system resides beyond the calorimetry, and cersfisd layer of tracking detectors
and scintillation trigger counters before 1.8 T toroidd|diwed by two more similar layers after the
toroids. Tracking atn| < 1 relies on 10 cm wide drift tubes [29], while 1 cm mini drift efare used at
1<n<2.

Luminosity is measured using plastic scintillator arraysated in front of the EC cryostats, cov-
ering2.7 < |n| < 4.4. A forward-proton detector, situated in the Tevatron turoreeither side of the
interaction region, consists of a total of 18 Roman pots dsedneasuring high-momentum charged-
particle trajectories close to the incident beam direstion

The trigger and data acquisition systems are designed toranodate the large luminosity of Run
Il. Based on preliminary information from tracking, caloetry, and muon systems, the output of the
first level of the trigger is used to limit the rate for acceptvents tox~ 1.5 kHz. At the next trigger
stage, with more refined information, the rate is reducethéurto~ 800 Hz. The third and final level
of the trigger, with access to the complete event infornmatises software algorithms and a computing
farm, and reduces the output ratextcdb0 Hz, which is written to permanent storage.

The DO Run | detector is described elsewhere [29]. Majorediifices for Run Il include: the
replacement of the central tracking system, optimizedHerabsence of a central magnetic field, by a
magnetic tracking system; preshower detectors; and upgrafitrigger, readout electronics, and data
acquisition systems.

"author: Arnd Meyer
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7 EXPERIMENTS AT HERA 12

The electron positron storage ring HERA (Fig. 2.14) at theSWHaboratory in Hamburg collides
27.5 GeV electrons or positrons with 920 GeV profdn he storage ring has a circumference dfkm
and consists of two separate accelerators with a maximun@@fcalliding bunches each, providing a
bunch crossing rate of 10 MHz. Four experiments are situatétERA. The two collider experiments
H1 and ZEUS have been in operation since 1992. In 1995 the HER&kperiment started data taking
using the polarized electron beam on a fixed polarized ggsttf80]. The HERA-B proton proton fixed
target experiment was operated between 1998 and 2003. HERWAkes use of the proton beam halo
using a wire target and is described in Section 7.3.

Hall North

Volkspark
tadion

S
1

ZEUS

Fig. 2.14: The HERA collider with the four experiments H1,Z& HERMES and HERA-B on the left and its
pre-accelerators on the right.

The H1 and ZEUS detectors are typical multi-purpose calledgeriments. A schematic view
of the ZEUS detector is shown in Fig. 2.15. The physics pmograomprise the full spectrum of QCD
studies, measurements of the proton structure functiodseadlusive hadronic final states, as well as
electroweak physics and searches for new physics phenof@ghawith anep centre-of-mass energy
of 320 GeV the HERA collider experiments H1 and ZEUS are closthe present energy frontier for
accelerator based experiments. Only the Tevatron expetamn@DF and DO (described in section 6)
have access to higher centre-of-mass energies. Eventsjirirtelasticp scattering have been measured
down to values ofc as low as~ 107 and up to values of)? of 30,000 GeV2. In QCD, measure-
ments of exclusive final states comprise jet physics, heavp(ir production, processes in hard and soft
diffraction and hadron spectroscopy.

In the years between 1992 and 2000 the collider experimehtmid ZEUS collected an integrated
luminosity of 100 pb! each. The bulk data were taken in the years 1996 through 200Me years
2001/2 a major luminosity upgrade was put in place. The a@wtdyn points were equipped with new
focusing magnets which allow for substantially increageetcdic luminosities. Since 2003/4 the HERA
collider is running and an integrated luminosity of 700 plis expected to be produced for each of the
two experiments [32].

The designs of the H1 and ZEUS detectors were chosen to bend@mneomplementary, with
emphasis on the reconstruction of the scattered electroheirtase of H1 and on the precise calori-
metric measurement of the hadronic final states in the cag&0fS. Both experiments are capable of

2author: Andreas B. Meyer
13Until 1998 the proton energy was 820 GeV.
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Fig. 2.15: Schematic view of the ZEUS Detector.

the triggering and reconstruction of charmonium and botteiom events down to very low transverse
momentap, ,, ~ 0. A candidate charmonium event is displayed in figure 2.1@hénfollowing the ex-
periments are described in detail, emphasizing those coemte that are most relevant for the triggering
and reconstruction of quarkonium events with two decayolepin the final state.

7.1 H1

The design of the 2800 ton H1 detector [33], schematicalywshin Fig. 2.16, emphasizes charged
particle tracking in the central region as well as high dadetric resolution for electromagnetic energy
depositions.

The primary components of the H1 tracking system are twoiabexindrical jet-type drift cham-
bers (CJC) covering the polar angle region betweeénalisl 165. The two chambers consist of 30 (60)
drift cells respectively with 24 (32) sense wires strungafial to the beam axis. The sense wires are read
out at both ends, and thecoordinate is measured by charge division with a resaiuticr, = 22 mm.
The spatial resolution of the CJC in the plane iso,, = 170 um. The momentum resolution in
the coordinate transverse to the 1.2 Tesla solenoidal ffelda-) /pr = 0.01 pr[GeV] @ 0.015. The
magnetic field is produced by a 5 m long superconducting sadesf 5.8 m in diameter which encloses
the calorimeter. Two further inner drift chambers and twdtiwire proportional chambers (MWPC),
serve to measure the longitudinal track coordinates anddeide trigger information. The Forward
Tracking Detectors cover a polar angular range betvi€eand30°. The system consists of three super-
modules composed of three planar drift chambers, a mudtiprioportional chamber, a transition radiator
and a radial drift chamber. The MWPCs serve for trigger psiegoand complement the polar angular
coverage of the central proportional chambers.

The H1 main calorimeter employs a fine-grain liquid argon (L#andwich structure in the bar-
rel and forward (proton-beam) region (with angular rangamfr4 to 155 in polar angle). In the
backward region (with angular range from 5% 177.%) a lead/scintillating-fiber calorimeter [34]
provides an excellent energy resolutionodfE)/E = 0.07//E[GeV] @& 0.01, and a time resolution
better than 1 ns. The electromagnetic section of the liquijdra calorimeter uses lead plates as ab-
sorber material. In the hadronic section (which provide pthi®f 4 to 6 nuclear interaction lengths)
steel plates are used. Both sections are segmented trsgigvier cells of4 x 4 cn? in cross-section
and are further segmented in longitudinal shower directiototal there are 31,000 electromagnetic and
14,000 hadronic readout channels. The electromagneticalarimeter achieves an energy resolution of
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Fig. 2.16: Display of a charmonium event candidate in the tefebtor.

o(E)/E = 0.12//E[GeV] @& 0.01. The high degree of segmentation allows for a distinctidmwben
hadronic and electromagnetic energy depositions in theffeconstruction, resulting in a hadronic
energy resolution of (E)/E = 0.55/+/E[GeV] & 0.01.

Muons are identified as minimum ionizing particles in both talorimeters and in the magnetic
field iron return yoke surrounding the magnetic coil. Thenigystem is instrumented with 16 layers
of limited-streamer tubes of 1 éncell size. Altogether the muon system consists of 100k cbiann
Up to five out of 16 layers are used for triggering. In order tovide a two-dimensional measurement
five of the 16 layers are equipped in addition with strip efedts glued perpendicular to the sense wire
direction.

The H1 trigger and readout system consists of four levelsaadware and software filtering. The
triggering of charmonium event candidates relies on tratkepn recognition in the central jet chambers
and timing information in the MWPC. For the detection of tieattsered electron calorimeter triggers are
used. For the muon decay channel coincidences of hits inailme sector of the instrumented iron (in
different layers) are required at the first trigger level.

7.2 ZEUS

The ZEUS detector [35, 36] makes use of a 700 ton compensatargum sampling calorimeter, with
equal sampling fractions for electromagnetic and hadrsinisver components. The calorimeter is made
up of layers of 2.6 mm SCSN-38 scintillator and 3.3 mm stasHsteel-clad depleted-uranium plates.
One layer corresponds to 1.0 radiation lenglfy) and0.04 interaction lengths. This choice of layer
thicknesses results in a sampling fractiont&f for electromagnetic and hadronic shower components,
and hence compensation, arf@d for minimume-ionizing particles. The compensation resuita very
good hadronic energy resolution of E)/E = 0.35/,/E[GeV] & 0.02. The resolution for electro-
magnetic showers is(E)/E = 0.18//E[GeV] & 0.01.
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The ZEUS solenoidal coil of diameter 1.9 m and length 2.6 nvigies a 1.43 T magnetic field
for the charged-particle tracking volume. The trackingteysconsists of a central wire chamber cov-
ering the polar angular region from 1% 164 , a forward planar tracking detector frorfi ® 28 and
a second planar tracking chamber in the backward directiovering the region from 1580 170.
The momentum resolution attainedi§r)/pr = 0.005pr @ 0.015 and a track is extrapolated to the
calorimeter face with a transverse resolution of about 3 famization measurements from the central
tracking chamber also serve to identify electron—posiprains from.J /¢ decays.

The muon system is constructed of limited streamer tubadarsnd outside of the magnetic
return yoke, covering the region in polar angle fron? 1@ 171°. Hits in the inner chambers provide
muon triggers fot/ /¢ decays.

The ZEUS trigger algorithm is primarily calorimeter-basedploiting the excellent time resolu-
tion of the calorimeter, while that of H1 emphasizes traglafgorithms for reconstruction of the inter-
action vertex. The shaping, sampling, and pipelining dligor of the readout developed for the ZEUS
calorimeter and used in modified form for the silicon and @negler systems permits the reconstruction
of shower times with respect to the bunch crossings with @luten of better than 1 ns, providing es-
sential rejection against upstream beam—gas interactaang/ell as allowing Sus for the calculations
of the calorimeter trigger processor. For the triggeringhef charmonium production channels a muon
track candidate in the central drift chamber with one or nim®in the muon chambers can be validated
by energy in the calorimeter above a threshold of 460 MeV.

7.3 HERA-B

The fixed target experiment HERA-B is located at the HERAajerring at DESY (see Section 7), The
data taking took place in the years between 2000 and 2003.E/RA4B, wire targets are inserted into
the halo of the 920 GeV HERA proton beam to spawn inelasficollisions in which charmonium and

other heavy flavour states are produced. phe(N = p, n) centre-of-mass energy {gs = 41.6 GeV.

A side view of the HERA-B spectrometer is shown in Fig. 2.17deailed description of the apparatus
is given in Ref. [37-39].

The wire target [40] consists of two wire stations, each aimimig four target wires of different
materials. A servo system automatically steers the targeswluring the data taking in order to maintain
a constant interaction rate. The spectrometer has a geoateiverage from 15 mrad to 220 mrad in
the horizontal plane and from 15 mrad to 160 mrad in the \@rtitane. The instrumentation emphasises
vertexing, tracking and particle identification. The @licvertex detector system [41] is realized by a
system of 20 Roman pots containing seven planar stations ¢$tereo views) of double-sided silicon
micro-strip detectors which are operated in a vacuum vessid to 15 mm distance from the proton
beam. An additional station is mounted immediately behired3 mm thick Aluminium window of the
vacuum vessel. The tracker is divided into a fine grainedritnaeker using micro-strip gas chambers
with gas electron multipliers and a large area outer trackasisting of honeycomb drift cells with wire
pitches between 5 mm near and 10 mm [42—44]. Particle ideatiifin is performed by a Ring Imaging
Cherenkov hodoscope [45, 46], an electromagnetic calteinjé7] and a muon detector [48,49]. The
calorimeter is divided into three radial parts with decieggranularities. The muon system consists
of four tracking stations. It is built from gas-pixel chambén the radially innermost region and from
proportional tube chambers, some with segmented cathpdéds) everywhere else.

The detector components used for charmonium analysesianthe tracking and vertex detectors,
the calorimeter and the muon system. A complex trigger aad-ouit chain [50] allows for a reduction
of an initial interaction rate of several MHz to a final outpate of order 100 Hz. A dedicated/«)-
trigger is based on the selection of 1~ ande™e™ pairs and subsequent reconstruction of invariant
masses.
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Fig. 2.17: Side view of the HERA-B Spectrometer.

8 APPENDICES
8.1 Resonant depolarization for absolute mass measuremesit

Electrons and positrons in storage rings can become pethdae to emission of synchrotron radiation
according to the Sokolov—Ternov effect [54]. The spins @ piolarized electrons precess around the
vertical guiding magnetic field with the precession frequyef, which in the plane orbit approximation
is directly related to the particle energyand the beam revolution frequengy

Q=147 p'/po=1+v, (2.1)

wherey = E/m,, m, is the electron masg, and; are the anomalous and normal parts of the electron
magnetic moment. Theis a spin tune, which represents the spin precession freguemhe coordinate
basis related to the particle velocity vector.

The precession frequency can be determined usingegmnant depolarizatianTo this end one
needs a polarized beam in the storage ring which is affegtetidoexternal electromagnetic field with
the frequency)p given by the relation

QO+Qp=w-n (2.2)

with any integem (for VEPP-4M in theJ /¢ (1S) regionn = 3).

The precession frequency is measured at the moment of thezatlon destruction detected by
the polarimeter while thedepolarizerfrequency is being scanned. The process of forced de patianiz
is relatively slow compared to the period of the synchrotosgillations of the particle energy. This
allows to determine the average spin tum¢ and corresponding average energy of the particles
with higher accuracy than the beam energy sprgad

Formula (2.1) gives the value ofaveraged over the beam revolution time. Thus, for a symmetri
machine, it corresponds to the energy in the interactiontpoi

The method described has been developed in Novosibirsk estdfiplied to thes meson mass
measurement at the VEPP-2M storage ring [55]. Later it wasessfully used to measure masses of

¥author: S. Eidelman
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the ¢- [51] and Y-meson family [56-58], see also Ref. [59], in which the valwé the masses were
rescaled to take into account the change of the electron vaass The relative mass accuracy achieved
in these experiments was 10~° for the Y-family and3 - 10~° for the y)-family. The resonant depolar-
ization experiments on bottomonium masses were also peefibwith the CUSB detector at CESR [60]
(T(1S)) and with the ARGUS detector at DORIS [61I (25)). The accuracy of thg/«(1S) meson
mass measurement was improved in the Fermifabxperiment E760 [62] td.2- 1075 using they(2S5)
mass value from Ref. [51]. The resonant depolarization otkttas also successfully applied to the high
precision measurement of the Z-boson mass at LEP [63]. Timpahensive review of this technique
and its application to particle mass measurements can bne fio64].

8.2 ete™ scanning, radiative corrections®
8.2.1 Introduction

The measurement of the mass and total widthof resonances by e~ colliding experiments is done
by scanning the resonance curve and fitting the data withhiharétical cross-section as a function of
these parameters. Thee™ partial width is also determined from this fitting, i.€. is measured as the
coupling of the resonance to the incomiaige—, instead of decaying process; while most other decay
modes are measured as branching ratios by dividing the nmuohtiee observed events decaying into this
mode by the total number of resonance events. Such fittingiresgprecise calculation of initial state
radiative corrections. This is done by the structure fuamcpproach [69—71]. It yields the accuracy of
0.1%. In this scheme, the radiatively corrected cross-seci@xpressed as

1—sm/s
o(s) = /0 dzx 5(s(1 —x))F(x,s), (2.3)

where/s is the C.M. energy of the colliding beanys,, is the cut-off of the invariant mass in the event
selection, and

5(s) = % (2.4)

with o5 (s) the Born order cross-section aflds) the vacuum polarization. In Eq. (2.3)

F(x,s) = P16V 5 468, (2.5)
with
8 = 2—O‘<1ni2— ) (2.6)
™ mg

5V+5=1+§5+9 1 + B S (2.7)
47T\ 3 2 32 12)° '

H _ _g(1_%

o= ﬁ<1 2)

1 1 1+3(1—1)?
+§5 [4(2—95)111;——

In(l—2z)—6+ w] . (2.8)
Here the conversion of bremsstrahlung photons toaeal pairs is included in the cross-section which

is the usual experimental situation. Thus there is carteatidetween the contributions of virtual and
reale™e™ pairs in the leading term [71].

BAuthor: P. Wang
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Since this note discusses resonances, dikand)”. soop(s) is expressed by Breit—Wigner
formula. For narrow resonances, likgy andv’, it is

12719, T
s—M?)2+T2M?%

op(s) = ( (2.9)

whereM andI" are the mass and total width of the resonarigk;andI’; are the partial widths to the
ete™ mode and to the final state respectively. Usually to meaafir& andl.., f is inclusive hadrons.

Herel'?, describes the coupling strength of the resonaneé ¢o through a virtual photon. For example,
in potential modell'%, is related to the wave function at the origirf0) in the way

) _ 402Q2y(0)

ce 12 (2.10)

whereQ), is the charge carried by the quark in the quarkonium@imsithe QED fine structure constant.
Since the decay of a quarkoniuht ~ state toe™e™ pair is through a virtual photon, there is always
vacuum polarization associated with this process. So therarentally measured™ e~ partial width,
denoted explicitly ag'ce?, is related td™%, by the expression
FO

reeP = — € 2.11
Particle Data Group adopts the convention of Ref [73] thatmeansl'c.”. The radiatively corrected
resonance cross-section is

127TEET
s — M2)2 + T2M2

Ores(S) = /01 dz F(:U,s)( (2.12)

For resonances, as long ¢s — /s, > I, the integral of Eq. (2.12) is insensitive {fs,,,, because the
Breit-Wigner formula behaves likedfunction. One can put the upper limit of integralito

8.2.2 Analytical expression

For the practical purpose of fitting, the expression of rdacorrected resonance cross-section in
Eqg. (2.12) is integrated analytically [74]. To get the bestumacy, one rewrite$’(z, s) in Eq. (2.5)
in terms of a series expansion:

F(z,5) = pz’! {1+%ﬁ+a (W—Q—l> + 3 (%—W—Zﬂ

m\3 2 12
e Rl DR
— /81-5—15‘/4—5 + 5H’
with )
sH _ xﬁ(_ﬁ_%>+wﬁ+1 <§_§52>- 2.14)

Notice that here the omitted terms start fraffi-252, while the three terms which are kept all have
G term in their coefficients. Equation (2.13) differs from E2.5) in thes” term. Their equivalence can
be verified if one writes” = 1+ 3Inz, 277! =z + prlnz andin(l — z) = —z — 22/2+ ...
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With F'(z, s) in the form of Eq.( 2.13), the radiatively corrected resa®across-section of Eq. (2.12)
can be expressed as

127l I
Oresls) = ——5L{8"*5[a" 2 (cos b, 9)
1 2(s — M?)  3(s— M?)? — M?T?

B—3)s (8 —4)s?

aP1®(cosh, 5+ 1)

)]

(2.15)
]

1 2(s — M?)  3(s — M?)? — M°T?
17 G=s T (599

3
-0

5
8
(3

_|_
1. 14 2acosf+ a?

+ —In

2 a?

l14+acosf =

— cot f(arctan —usnd 2 +0)]},

with _ ;
O(cosb,v) = WV.SIH[(l.—I/) ]; (2.16)
sin @ sin 7w

M2\?%  MPr?
a? = <1——> +—; (2.17)
S S

2
cosf = B <% — 1> . (2.18)
a\ s

8.2.3 Narrow resonances

Below the open charm or bottom threshold, the resonancasamv with widths from tens to hundreds
KeV, while the beam energy resolution ©f e~ colliders is of the order of MeV. If the resonance width
is comparable or smaller than the beam energy resolutienpltserved resonance cross-section is the
cross-section by Eq. (2.15) folded with the beam energylugsao function G(W, W’). Also in the
observed cross-section, there is always a continuum et direct virtual photon annihilation which is
usually treated as/s dependence. So the experimentally observed cross-séstion

R o0
o) = g / G(W, W' )oyes (W)W, (2.19)
0
In the aboveR is a fitting parameter an@ (W, W') is usually taken as a Gaussian function:

GW,W') = (2.20)

1 [ (W — W’)Q]
eXp |[———F5r5 | >
V2T A 2A
with A the standard deviation of the Gaussian distribution.
In the fitting of the experimental data with the theoretiaave, M, T', ', R andA are obtained.

8.2.4 u*pu~ final state

Usually thept ™ curve is also fitted, to extradt,,. The fitting of inclusive hadron can be combined
with the 1~ curve to obtainM, T', T, ', R andA. Here unlike for an inclusive hadronic final
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state, the continuum™ .~ cross-section is calculated by QED [79], and the interfezdretween virtual
photon and the resonance must be included. The cross#s@ttid e~ — p* .~ at Born order is

4ra? 9
op(s) = 3 [1 4+ 2ReB(s) + |B(s)|*] (2.21)
where
B(s) = — 5 ee/Ma (2.22)

(s — M?)+iMT"
With radiative correction, it can be expressed as

1 4 6] 3 a (7 1
au+;r(8) = 1 —Ti(s)]? { 3 [1+§ <2lnxf —In(1 —xy) +§ —xf> +; <? — 5)}

B—2 5-3 B—4
+C16V 5 [P 2D(cos 6, B) + 5 Ty + xf_R2 + mf_Rg
’ -2 (-3 B—4

2 B8—1 21 52 283
+[—55V+302+< 5—5—> } C0eos. 5+ 1) + L+ SR+ Lo,

-1 [p-2 g3

32 g 3, 1 w?+2axfcosﬂ+a2
- — = =1
Kﬂ iy 2 57 )G g a2
0
—cot 0 (t&m_1 w . + 9)} } (2.23)
asinf 2
where
”I‘OI‘O FSFO
C, = [Brat——(s— M?) + 12x( Mz”)s]/sz,
\/ T
Cy = [8ra + 127 /s,
2(s — M?
Ry = M = —2acosf (2.24)

s
Ry = a*(4cos’6—1)

1- 2

S
®(cosd,v), a andf are defined previously in Eq. (2.16),(2.17) and (2.18). Heméike the resonance
term, the continuum term depends on the invariant masy/ggtin the ™ 1.~ event selection. Als®',,
is defined similar td".., in the way

wf:

FO
’ - ( res)’2
For 1 pair final state, unlike the inclusive hadrons, the vacuuharation cannot be absorbed into the
definition of T, in all terms, so it must be calculated explicitly. The leptgpart of I1(s) is well known.
(For example, in Ref [77], although there the definitionlkfs) has a minus sign relative to the more
common convention used here.) The hadronic part was firstileééd in Ref [78], and a more recent
treatment is found in Ref [80].

For narrow resonances, thepair cross-section also need to be folded with the beam gnerg
resolution function.

T, =6 = (2.25)
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8.2.5 Very narrow resonances

For the narrow resonances with< A, (e.g.,I" is an order of magnitude smaller tha), then Eq. (2.19)
is insensitive td", the fitting becomes impractical. In such case, the areaoddit2, 75] can be used to
extract
672 el

M2
together withM, R and A from the fitting. Here the final statg is inclusive hadrons. This method
requires additional information on the leptonic branchiatip 5(I(~), which is obtained from counting
the 1 pair events on top of the resonance. With the assumption3fwdte™) = B(utp~) andTyqq =
I'(1 — 2B(I"17))(If the resonance is above theproduction thresholdl,.q = T'(1 — 3B(IT17)). A
phase space correction is needed#¢2.5), for it is close to ther threshold.)I" andT.. can be solved
from (Area)o andB(IT17).

Both of the original papers on the area method in Ref. [72][@Bfmistreated radiative correction.

This was pointed out later on by Ref[73]. For the conveniarfdbe readers, here the complete formulae
of area method are presented.

The experimentally observed cross-section is

(Area)y = (2.26)

oops(W) = § + (Area)oéerSGr(W — M), (2.27)
wheresV+5 is defined in Eq. (2.7), and the radiatively corrected Gausginction
oriw) = (22) Lr® g (2.29)
r(w) = W AR P .

The functionF'(z, 3) is approximated [75] as

T
F(Zaﬂ) ~ L\/;—ﬂ_ﬂ)ﬁ_z2/2 0.31 — 0.73z : +22
1+ (rvm)
22.18
+0()32" <W>
i a-pe-ppe | -

4 2
[(z - ) 2444 1.54

whereI'(1 + ) is the Gamma function angl z) is the step function. Notice that to derive Eq. (2.27),
5 term in Eq. (2.5) is neglected, and the Breit-Wigner is apipnated as a@ function compared with
A. These limit the accuracy of the results.

For large positive or negative there are asymptotic expansionsifz, 3) [75], which are useful
to calculate the resonance cross-sections away from the @eg, radiative tails.

8.2.6 Resonance near threshold

¥(3770) and Y (4S) are near the threshold @D or BB production. They decay predominately into
DD or BB. The line shape is cut off at the threshold. In the radiatiwgection expressed by the
integral of Eq. (2.3), the cut off/s,,, = 2mp, with mp the mass of the pseudoscalar mesbf ¢r B%)

[=5e]
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produced at the threshold. (If the resonance is well abavéhtieshold, i.e.,/s—2mp > T, the integral
is not sensitive to the upper limit.) The line shape of thenasices is

R 1-4M% /s 127D EEPT
—+ dx F(x,s) e 2/

. 2.30
S 0 (s — M?)2 +T2M? ( )

Ures(s) =
In the above, the first term is the continuum cross-sectiantdulirect virtual photon annihilation. This
term could be greater than the resonance itself. For exarfgple (3770), the continuum cross-section
is 13nb; while the radiatively corrected resonance cross-@edsi about 8nb.

8.2.7 The energy dependent width

Above the open charm or bottom threshold, the resonancewides usually over 10MeV. For such
wide resonances, the energy dependence of its width needdonsidered. Such dependence cannot be
derived from first principle, and the formula is model depamtd For example, in the MARK Ill scan of

¥ (3770), itis in the form:

pgpo pgDi
I'FE 2.31
() o 1+ (rppo)? 14 (rpp+)? (2:31)
and the width listed by PDG is defined as
Fww = F(E = M, H) (232)

In the abovep 0 andpp+ are the momentum ab® and D* produced.r is a free parameter. Usually
the fitting is not sensitive te. So in EqQ. (2.30),

1—\ pSDO _|_ p;i
L 1+(TPDO)2 1+(7'pD:l:)2

L) = 00 Ve (2:33)
1+(rp) )2 1 14 (rp) 1 )2
where
L [ 2
Ppo =5 E? — 4mi; (2.34)
1
Ppt =3 E? —4m? (2.35)
1
o = 3 M? — 4mi; (2.36)
and )
Phe = S\ M= Am? (2.37)

The width of Y'(4.5) and the states above are expressed similarly.

The Breit—Wigner with the energy dependent width cannohtegrated analytically witlk'(x, s).
In the fitting, the cross-section is numerically integrat€oh the other hand, for these wide resonances,
usually the finite beam energy spread can be neglected.

8.2.8 The shift and scale down of the maximum height

With the radiative correction, the maximum height of theoremce is shifted from the mass of the
resonancé/ to [76]

M+ A5, (2.38)
where
AVipas ~ 200 (2.39)
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and the maximum height of the resonant peak is reduced bya {@é]

T\ s
PR (H) 1) ; (2.40)

wheres andsV +° are defined in Eq. (2.6) and (2.7). For the narrow resonatfeeshift of the maximum
height due to radiative correction is small, due to the mamadths. On the other hand, the finite beam
resolution also shifts the maximum height of the observedmance shape. It is roughly at the order
of one-tenth ofA. This needs to be taken into account in the precision meamunts of the branching
ratios.

8.3 pp scanning techniques and limits®
8.3.1 Introduction

The pp formation technique, where the antiproton beam annitsilatgh a hydrogen target, has been
thoroughly exploited to scan all known charmonium stategrapming the limitations of the*e™,
which can actually form only vector states. A successfumm was carried out at CERN’s ISR by
R704 [82,83] and at the Fermilab Antiproton Source by E78B-8&6] and E835 [87—90]. All detectors
used so far were non-magnetic. Experiment PANDA at the éu@®l facility also includes a program
of charmonium studies [91] and will be the first provided watimagnetic field.

Many aspects of antiproton beam conditioning for charmmonétudies are discussed in Ref. [92].
The antiproton beam energy is scanned across the resomasteps appropriate for the width of the
resonance under study. The observed cross-section istgiven,(W = \/s) = ocont + fooo GW,W")
opw (W') dW'. The mass, width and peak cross-sectony (Mp) are determined by the number of
observed events, after deconvoluting the beam energyrapeGt(WW, 1W') and subtracting the continuum
cross-sectiom..,,; from the observed cross-sectiop,s(W = \/s) = ocont + f0°° GW,W") opw (W')
dW’'. They are not directly influenced by the detector resolution

For instance, Fig. 2.18 shows a 16-point scan ofitHeresonance. The bottom plot shows the
normalized beam energy distributions as the beam was datmle The top plot indicates the mea-
sured cross-sections (red circles) compared with the bedigtions (green triangles) from a maximum-
likelihood fit to the convolution of the beam distributiort®oftom plot) with a Breit—Wigner resonance
curve (solid line).

An important role is played by the beam energy distributidhis function can be measured from
the Schottky revolution frequency spectrum, the bunchadjafrequency, the orbit length of particles
in the rf bucket and the slip factor of the machine [86, 93]eTimly quantity that needs external input
is the orbit length. It needs to be calibrated with the scaa oarrow resonance whose mass is well
known. Typically, they)’ is chosen, because the absolute value of its mass is measitinegixtreme
accuracy (25 keV) by the resonant depolarization methad #T [94, 95], described in Section (8.1).
Using they ’ for calibration, the other masses are determined with aentaiaty < 200 keV. The main
contribution to the uncertainty comes from the orbit length value is obtained by comparison of the
reference orbit with the beam-position monitor readingsngduthe scan of the resonance under study.

8.3.2 Signal extraction in hadronic annihilations

The rate of charmonium formation formed depends on the augyipketween the initial state and the reso-
nance. IreTe~ annihilation, the couplings ef" e~ to both.J/¢» andY (15) are of the order of0—2. The
branching fractiongp—cc are of the order ot0~*~10~2 for charmonium, but probably much smaller
for bottomonium:~ 10~7 is the theoretical prediction [96], and 5 x 10~* is the experimental upper
limit for pp—Y(1.5) [97]. The relatively low intensity of antiproton beams igtlly compensated by

18author: G. Stancari
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(nb)

Mass = 3636.000 + 0.013 — 0.013 MeV
Width = 0.340 + 0.040 — 0.038 MeV
Pkc.s.= 5954+ 059 —-0.51nb
Bkgc.s. = 0.138 + 0.037 — 0.036 nb
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Fig. 2.18: (colour) Resonance scan atth{es).

the availability of jet targets; typical luminosities wete< 103! cm=2s~! for E835; at GSI, an increase
of a factor 10 is expected.

Formation cross-sections for charmonium statgssiannihilations range between 10 and b,
but only a small fraction can be detected. In antiprotontgur@nnihilations, the limiting factor is the
large total cross-section (70 mb). This implies that a clg@rmonium signal (pb—nb) can be extracted
only by identifying its inclusive or exclusive electromagic decays to a high-invariant-masse™~ or
vy pair, such agp—x.—J/¢ + X—ete™ + X.

Hadronic channels such a87° andnn have recently been investigated. Using data taken in 2000,
E835 has provided the first evidence [98] of a charmoniumadigrploiting the interference between
resonance and continuum at thg energy.

8.3.3 Limits on energy and width resolution

A small beam energy spread is desirable because it redueestiertainty on the mass by sharpening
the resonance peak. However, efforts to make the beam muothwea than the resonance are obvi-
ously not necessary. For antiproton beams, the minimunmatie momentum spread is determined
by longitudinal stability (Keil-Schnell criterion [99])ather than stochastic cooling power. Typically,
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with a beam currenf = 50 mA, one can achieve a momentum spreggdp = 10~*, which translates

too ;= 0.2 MeV in the centre-of-momentum frame. As the beam intensityeiases, the minimum
attainable momentum spread increaseg/asin ete~ machines there is no need for stochastic cooling,
but the energy spread is dominated by initial state radiatig,; = 1 MeV at theJ /v, o5 =4 MeV

at theY (19).

8.4 Luminosity of photon photon scattering’

The cross-section forgy process is related to the cross-section atthe level, which is measured in
the laboratory, by the formula

d2’I’L1 d2’I’L2

dzdP} dzodP} dz1dzydPldPy (2.41)

do(ete” —weTe " X) =o(y172 — X)—rs5

where z; is the scaled photon energy in the laboratory frame BAds the photon mass. This is the
equivalent photon approximation (EPA) [100] where the lardjnal polarization component as well as
the mass of the incoming photons are neglected(iny — X). The P? integration can be carried out
to give the photon "density” in the® (the photon flux)

P2 2
mznaPmax = dP2 =
Fre(z, ) /]32 dzdP?

min

a [1+(1—-2)% P2 o (1 1
In 24 _ 9 . 2.42
~ o 2 Bpr T et \p2 T 2 (2.42)

For untagged experiments (the scatterécare undetected ¥,,;,, is the kinematic limit:

P2 = (2.43)

min 1— 2

andPox = Eveam.-

For resonance production, Eq.(2.41) simplifies since ortbef; integrations can be performed
with the constraintyzy = 7 = M?/s.+.- where M is the resonance mass. It is then customary to
define luminosity functions:

ac 2t

FIARNY; dz1dzafryje(21) fy e(22)0(2122 — 7) (2.44)

so that
do(ete™ — eTe™ X) /M—a(’y’y—>X) (2.45)

This luminosity curve makes it easy to determine the cogntaie for resonance production knowing
the width of the resonance in ther channel.

The most accurate Monte Carlo computation of two-photomyction ine*e™ collisions is the
program GALUGA [101] widely used to extract the luminositynttion and the photon structure func-
tion in various kinematical regions.

7Author: M. Kienzle

57



CHAPTER 2

8.5 Interference with continuum in ete— experiments'®
8.5.1 Introduction

It is well known that thee*e™ experiments have lots of advantages in the study of the ahraum
physics: large cross-section, small background, and eetfrmined initial state (both four-momentum
and quantum numbers). However, there is an inevitable &ndpli—the continuum amplitude

ee” — 4* — hadrons
accompanied with the production of the resonances. Thiditarig does not go through the resonance,
but in general it can produce the same final hadronic statehasionia do. This amplitude has been
overlooked in many previous studies.

8.5.2 Experimentally observed cross-section

We know that//+ and«(3686) (shortened ag’) decay into light hadrons through three-gluon and one-
photon annihilation of which the amplitudes are denotedfyanda., respectively. This is also true for

1 (3770) (shortened ag”) in its OZI suppressed decay into light hadrons. In genévakhe resonance
R (R = J/v, ¢ ory”), the cross-section at the Born order is expressed as

Arsa?
op(s) = |azg + a|*, (2.46)
3

where/s is the C.M. energy is the fine structure constant. If th&'), 1)’ or «/" is produced irete™
collision, the process

+

e"e” — " — hadrons (2.47)

could produce the same final hadronic states as charmonioaysl€o [102]. We denote its amplitude
by «., then the cross-section becomes

4 2
oy (s) = ”;O‘ lasg + ay + acl® . (2.48)

So what truly contribute to the experimentally measuredssisection are three classes of Feynman
diagrams, i.e., the three-gluon decays, the one-photagydeand the one-photon continuum process, as
illustrated in Fig. 2.19. To analyze the experimental rssuve must take into account three amplitudes
and two relative phases.

+

e

e+
e v(c9) e

Fig. 2.19: The Feynman diagramsfe~ — light hadrons at charmonium resonance. From left to right are of
three-gluon annihilation, of one-photon annihilation afidne-photon continuum.

hadron

y (€'€)

For an exclusive mode,. can be expressed by

ac(s) = @ewl , (2.49)

BAuthors: C.Z. Yuan, P. Wang, X. H. Mo
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Table 2.7: Estimated amplitudes.Aty, ¢’ andy” peaks

NG | myy My My
lasg(m%)]? o 70%0';573 v 19%0'%,// ~ 1% Jﬁ,ﬂ )
|ay (m%)]? o 13%0';/7’0 1.6%0’% 2.5 x 10_50'%

|ac(m%)]? o 20 nb 14 nb 14 nb

where¢’ is the phase relative t@;,; F(s) depends on the individual mode, and for simplicity, the phas
space factor is incorporated int&(s)|?. The one-photon annihilation amplitude can be written as

_ 3leeF(5)/(ay/s) i¢
a(s) = s—ml+ imRFte , (2.50)

wheremz andI’; are the mass and the total widthf I'... is the partial width tae*e™, ¢ is the phase
relative toas,. The strong decay amplitudg, is defined byC = |as,/a,|, which is the relative strength
toa, SO

¢ 3LeeF(5)/(aVs) (2.51)

2 : :
s —mp +imgly

asg(s) =

For resonances, can be taken as a constant.

In principle, asq, a, anda,. depend on individual exclusive mode both in absolute vatuekin
relative strength. In this note, for illustrative purpogalowing assumptions are used for an exclusive
hadronic modeF(s) is replaced by,/ R(s), whereR(s) is the ratio of the inclusive hadronic cross-
section to the:* .~ cross-section measured at nearby energy [103]; in Eqg.)2.51

c_ \/B(R — ggg — hadrons) (2.52)

B(R — v* — hadrons)

Here B(R — ~* — hadrons) = B,+,-R(s), whereB,. - is the u*p~ branching ratio; while
B(R — ggg — hadrons) is calculated as following: we first estimate the branchiatiprof B(R —
v99) + B(R — ggg) by subtracting the lepton pairs; — hadrons, and the modes with charmonium
production from the total branching ratio (100%). Then g$QCD result [L04B(R — ~vgg9)/B(R —
999) =~ 6% we obtainB(R — ggg — hadrons). Table 2.7 lists all the estimations used as inputs in the
calculations, where§ is the total resonance cross-section of Born orderﬂtmg2 obtained from

1277I‘eeft
s — m%)2 + m%F? ’

OB (2.53)

The cross-section byte™ collision incorporating radiative correction on the Bonmer is ex-
pressed by [105]

Tm

Ore(s) = / doF(z, 5)—2031 = 2))

1 —T(s(1 =)’

(2.54)

whereo is o or 0’5 by Eq. (2.46) or (2.48)F(z, s) has been calculated in Ref. [105] afds) is the
vacuum polarization factor [106]; the upper limit of thedgtationz,,, = 1 — s,,/s where,/s,, is the
experimentally required minimum invariant mass of the fstatef after losing energy to multi-photon
emission. In this note, we assume tRat,,, equals t@0% of the resonance mass, i.e,, = 0.2.
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For narrow resonances lik&/1) andt)’, one should consider the energy spread functiostef
colliders:

(V5 Vs)?
G(V/s,Vs') = \/%Ae——z—m , (2.55)

whereA describes the C.M. energy spread of the accelergtoand/s’ are the nominal and actual C.
M. energy respectively. Then the experimentally measureskesection

o0

Genp(s) = / 010 (8)G(V5, VIV . (2.56)

0

The radiative correction reduces the maximum cross-sectid./ /1), 1" and«)” by 52%, 49%
and29% respectively. The energy spread further reduces the sext®ns of//1) andy)’ by an order of
magnitude. The radiative correction and energy spreadshiifothe maximum height of the resonance
peak to above the resonance mass. Takas an example, from Eq. (2.53),}5 = 7887 nb at’
mass; substitute(s) in Eq. (2.54) byo(s) in Eq. (2.53),0,... reaches the maximum dh46 nb at
Vs = my + 9 keV; with the energy spread = 1.3 MeV at BES/BEPC, combining Egs. (2.52.56),
oezp reaches the maximum 60 nb at\/s = my + 0.14 MeV. Similarly, at.J/+, with BES/BEPC
energy spreadh = 1.0 MeV, the maximum ob,,, is 2988 nb. At CESRc [5], the maximum of.,,, at
J/ is 1270 nb (A= 2.5 MeV), and at//, it is 250 nb (A= 3.6 MeV). In this note, we calculate.,, at
the energies which yield the maximum inclusive hadronissteections.

To measure an exclusive modeeihe ™ experiment, the contribution of the continuum part should
be subtracted from the experimentally measwfggp to get the physical quantity.,,, whereo.,,
anda’ew indicate the experimental cross-sections calculated #gs(2.54-2.56) with the substitution
of o ando’; from Egs. (2.46) and (2.48) respectively fa§ in Eq. (2.54). Up to now, most of the
measurements did not include this contribution afig, = 0., is assumed at least dfy» andy’. As
a consequence, the theoretical analyses are based on pimbuton from the resonance; on the other
hand, the experiments actually measure quantities withctimtribution of the continuum amplitude

included.

We display the effect from the continuum amplitude and spoading phase fof /v, v’ andy”
respectively. To do this, we calculate the ratio

k(s) = Teap($) = Teap(s) (2.57)

Teup(S)

as a function ob and¢’, as shown in Fig. 2.20a far’ at/s = my,+0.14 MeV for A = 1.3 MeV. It can
be seen that for certain values of the two phasedgviates from 0, or equivalently the rawq,,,/oc.)p
deviates from 1, which demonstrates that the continuum iudplis non-negligible. By assuming there
is no extra phase between anda, (i.e., setp = ¢’), we also work out thé values for different ratios
of |asg| to]a, |, as shown in Fig. 2.20Db: line 3 corresponds to the numbeesilia Table 2.7, line 1 is for
pure electromagnetic decay channels, and others are clmsener the other possibilities of the ratio
|asg| to [a|.

8.5.3 Dependence on experimental conditions

Here we emphasize the dependence of the observed crosisrett e~ collision on the experimental
conditions. The most crucial ones are the accelerator grsgmgad and the beam energy setting for the
narrow resonances liké/«) andy’.

Figure 2.21 depicts the expected cross-sections of ivelusadrons angi™x~ pairs at)’ in an
experimental setting under BEPC/BES condition. Two arrimwhe figure denote the different positions
of the maximum heights of the cross-sections. The heightdsiced and the position of the peak is

A0



COMMON EXPERIMENTAL TOOLS

0.8

0.6 - 1

04

’////A “

\\\ \\““
S W

m
0"

I T I I I I
0 50 100 150 200 250 300 350

@(degree)

Fig. 2.20: Left:k as a function ofy and¢’ for +)’, with input from Table 2.7. Rightt as a function ofp (¢ = ¢’)
for different ratios ofjasy| to |a,|: line 1 to 5 foras, = 0, |asg| = |ay|, lasg] = 3.4|ay|, lasg| = 5la,| and
|asy| = 10|a, |, respectively.

shifted due to the radiative correction and the energy sippé#he collider. However, the energy smear
hardly affects the continuum part of the cross-section. Etg~ channel is further affected by the
interference between resonance and continuum amplitudea @onsequence, the relative contribution
of the resonance and the continuum varies as the energyehdngctual experiments, data are naturally
taken at the energy which yields the maximum inclusive haidroross-section. This energy does not
coincide with the maximum cross-section of each exclusieglen So it is important to know the beam
spread and beam energy precisely, which are needed in tbatddhsk to subtract the contribution from
Qe.

It is worth noting that in principle if.. is not considered correctly, different experiments willegi
different results for the same quantity, like the excludivanching ratio of the resonance, due to the
dependence on beam energy spread and beam energy settingestitis will also be different for dif-
ferent kinds of experiments, such as productioo’ 6f and+’ in pp annihilation, or inB meson decays.
This is especially important since the beam spreads ofrdifteaccelerators are much different [107] and
charmonium results are expected frdifactories.

8.5.4 Implications to charmonium physics

With the non-resonance virtual photon amplitude taking tcount in the analysis of the data from
Te~ experiments, some important conclusions in the charmomibysics could be changed. In this
section, we discuss th¢, ¢ and.J /v decays.

In the pure electromagnetic decays/df like 7+ 7~ orwn?, depending on the energy resolution of
thee™e™ collider, a large fraction (e.g., about 60% far= 1.3 MeV) of the observed cross-section is due
to non-resonance continuum contribution. With the sulitvacof this contribution, the electromagnetic
form factors (e.g.7x 7~ andwn®) are changed substantially [108].

It has been known from experimental data that in two-bégdy decays, the relative phase between
the strong amplitude:s, and electromagnetic (EM) amplitude, is orthogonal for the decay modes
170~ (90°) [109], 170~ ((106 + 10)°) [107, 110, 111],0-0~ ((89.6 &+ 9.9)°) [107,111,112]1 1~
(138 £ 37)°) [107] and NN ((89 £ 15)°) [111, 113]. It was argued that this large phase follows
from the orthogonality of three-gluon and one-photon attprocesses [114]. But at first glance, the
1 — 170~ data does not seem to support the extension of such orthiityotwas)’ decays. Here
very small branching fractions are reported farand K *+ K~ modes (at?(10~°) ) while much larger
branching fraction fors** K0 mode (at®(10~4)) [115, 116]. Since the amplitudes of these three decay
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Fig. 2.21: Cross-sections in the vicinity ¢f for inclusive hadrons (a) and™ .~ (b) final states. The solid line
with arrow indicates the peak position and the dashed litie &rrow the position of the other peak. In (b), dashed
line for QED continuum#©), dotted line for resonance ), dash dotted line for interfereneg(), and solid line
for total cross-section(’ °*).

modes are expressed as [117]

ApT( = Q3g + Gy,
Agsv - = azg+ €+ ay, (2.58)
Apwoggs = a3g+€—2ay,

with e a SU(3) breaking parameter, it suggests cancellation leetwg anda, in A, and Ay« ;-
This means the phase betweejy anda, is around180°. But since the available data are frame™
experiments, the amplitude must be included. To explain the data, Eq. (2.58) should placed by:

Apr = agg +ay+ac,
Agsrg- = agg+e+ay+ae, (2.59)
AK*OF = a3q +€— 2(&7 —+ ac)7

Instead of cancellation between, anda. in A, and Ag-+ -, the observed cross-sections could
be due to the destructive interference betwegnanda, for these two modes. On the other hand, the
interference between these two amplitudes is construftive ** K9, Such interference pattern happens
if the phase betwee, anda., is —90°, because on top of the resonance, the phase betweanda.

is —90°. This means that the orthogonality betwegy anda, observed in//y decays holds true in
' — 170~ decays, and it has a negative sign [118]. Similarly, withadheplitudea, included, from
the measured’ — n+7~, K™K~ and K9K9 [119], we know that in)’ — 070~ decays, the phase
betweerus, anda., is either(—82 + 29)° or (121 + 27)° [120].

In the OZI suppresseg@” decays, MARK Il set an upper limit ofr production cross-section
by ete™ collision at this resonance to be less than 6.3 pb [121]. @rother hand, CLEO measured
ete™ — pm cross-section at 3.67 GeV to l()&.?:f}j + 1.2) pb. Scaled down to 3.770 GeV according
to 1/s2, we expect the non-resonance cross-sectiostef — v* — pr to be (7.5 & 1.8) pb, which
is already greater than the upper limit at thé peak. We reach the conclusions [122]: (i) there must
be destructive interference between thieresonance and the non-resonance virtual photon ampljtudes
i.e., the phase between the strong and EM amplitude is are@od; (ii) the B(¢)" — pm) is roughly
at(6 ~ 7) x 10~%. This branching fraction coincides with the prediction2#/ — 1D mixing scenario
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which was proposed by Rosner to explain the smalbranching fraction in)’ decays [123]. (In the
original work of Ref. [123], this branching fraction i#s1 x 10~*. But with the new measurement of
J/v — pm by BES [124], it becomes larger.) So with the amplitudebeing taken into account, we
find that this scenario is supported by experimental datae i@portant prediction of this scenario is
that they” could have a large charmless decay branching fraction (thare10%) [125]. In the search
of the exclusive charmless decays, the interference daffantportant, although there are some modes
which do not couple with virtual photon, Iikﬁ’gKg which is purely fromy)” decays and is clean in
such search [126].

In this way, the correct treatment of the amplitude=nables us to reach two important conclusions
in charmonium physics: (i) the orthogonality betwegp anda., can be extended from/+) decays ta)’
and OZI suppressed’ decays and the sign of the phase must be negativé((iif — o) is consistent
with the2S — 1D mixing scenario which is proposed to solve fhepuzzle inJ /¢ andy’ decays.

As for J /4, the interference between the amplitudeand the resonance is at the order of a few
percent at most. It is smaller than the statistical and syatie uncertainties of current measurements.
Nevertheless, for future high precision experiments siclLlaEO-c [5] and BES Il [127], when the
accuracy reaches a few per mille or even smaller level, iishioe taken into account.

8.5.5 Summary and perspective

In summary, the continuum amplitude, by itself or through interference with the resonance, doul
contribute significantly to the observed cross-sectionsi#eT experiments on charmonium physics. Its
treatment depends sensitively on the experimental detaiiich has not been fully addressed in both
ete™ experiments and theoretical analyses. In principle, apgemental measurement should subtract
the contribution of the continuum amplitude to get the pbgisijuantity related to the resonance. Unfor-
tunately, up to now, most of the experiments just neglest tontribution and the measured quantities
are assumed to be purely from resonance decays for almalkealhannels studied, or just subtract the
continuum contribution incoherently without considerihg interference effect, at least.gty> and)’.
This potentially leaves a huge gap between theory and erpats: the quantities which the experiments
provide are not exactly what the theory wants to understand.

The effect of the continuum amplitude in the physics analyse extensively examined in a series
of papers published recently [108, 118, 120, 122, 128, 1&9odifies the measurements of ther—
andw7” form factors at)’ significantly; it changes the fitting of the relative phaséasen the strong
and electromagnetic decay amplitudes/tfit sheds light on the understanding of ther“puzzle”, and
it decreases the observed cross-section near thg’ resonance peak to a much smaller level than the
expectation from either pure continuum contribution omeation of they,” non-D D decays. The recent
large J /v andy’ samples [130] make these studies important due to the iredrstatistical precision.

The effect of this continuum amplitude will become more gigant in the coming high luminosity
experiments, such as CLEOc [5] and BES Il [127], in this ggeegion. To achieve high precision to
match the high statistics, the cross-section of each modgeirvicinity of the resonance should be
measured. This implies an energy scan near the resonarcatpetew energy points with considerably
large statistics to allow a reasonable subtraction of tmirmoum contribution via a fit to the line shape
of the resonance.

The above argument also applies to the bottomonium stathe Btudy of their exclusive hadronic
decays, where the maximum cross-sections of the resonareesen smaller than those of the charmo-
nium states.
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1 THEORY INTRODUCTION 1

Most theorists agree that QCD alone should describe thdrspeopy of heavy quarkonium. Never-
theless, there are important difficulties to do so in practi®ne can roughly distinguish between two
approaches: the phenomenological and the theoretical one.

The phenomenological approach attempts to model what dievéa to be the features of QCD
relevant to heavy quarkonium with the aim to produce coeargults which can be directly confirmed or
falsified by experiment and may guide experimental searchas theoretical approach tries to describe
heavy quarkonium with QCD based calculations and/or appraons.

The basic tools of the phenomenological approach are pat@embdels, both non-relativistic and
relativistic. The use of non-relativistic potential mosléd justified by the fact that the bottom and, to a
lesser extent, the charm masses are large in comparis@fdg, the typical hadronic scale. Hence a
guantum mechanical description of the system based on taytwiarks interacting through a suitable
potential appears reasonable. The potential is usuallgeshin a way that at short distances coincides
with the weak coupling QCD one-gluon exchange Coulomb pizleand in the long range it incorpo-
rates confinement, for instance, by including a linearlingspotential. Since relativistic effects appear
to be sizable for some states, mostly in charmonium, modetsporating some relativistic kinematics
are also being used. Different models of quark confinememtnesult in different classes of relativistic
corrections. For states close to and beyond the two heghiy4#neson threshold, the potential models
have to be complemented with these extra degrees of freedamér to account for possible mixing
effects. Hybrid states which are expected from QCD showdd bk incorporated by hand. The phe-
nomenological approaches will be described in Section 3.

The theoretical approach aims at obtaining the spectruneafhquarkonium from QCD. This
is in principle more complicated than obtaining massesghftimesonic states since an additional large
scalem, the mass of the heavy quark, enters the calculation. If weras thatn is much larger than
any other scale in the system, in particulascp, the heavy quark and antiquark are expected to move
slowly about each other at a relative velocity< 1. The system becomes non-relativistic and hence
splittings between states with the same quantum numbersxpezted to be of size: mv? whereas
hyperfine splittings are of order mwv?, if one proceeds by analogy to QED bound states (wheven).
If v2 ~ 0.1, as expected in ground state bottomonium, a direct (Iat@ED calculation requires a
precision significantly better than 10 % to detect spin-aged masses and of more thiaf% to resolve
fine structure splittings. Moreover, all these scales havbet resolved on one and the same lattice,
necessitating many lattice points. This is to be comparet light quarkonium where the splittings
are a leading order effect. Consequently, calculating #a quarkonium spectrum from lattice QCD

LAuthor; J. Soto
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requires a tremendous computational effort, which in soases can be somewhat ameliorated with the
introduction of anisotropic lattices, as discussed inia@.1.

Alternatively, it may be advisable to exploit the fact thais large and, small before attempting
the computation. This is most efficiently done using nontigsdic effective field theories. The effective
theory which takes into account thatis much larger than the remaining scales in the system is NRQC
[1-3]. Sincem > Agcp, NRQCD can be made equivalent to QCD at any desired ordéfsinand
as(m) < 1 by enforcing suitable matrix elements to be equal at thagrdroboth theories. One may then
attempt a lattice calculation from NRQCD. What one gains i®that the spin independent splittings
are a leading order effect rather than’zone and the hyperfine splittings/a correction (rather than?).
See Section 2.2.1 for a detailed discussion of these céilmta

NRQCD, however, does not fully exploit the fact thats small. In particular, gluons of energy
~ mu, the typical relative three-momentum of the heavy quarks,s#ll explicit degrees of freedom
in NRQCD whereas they can never be produced at enetgiesv’. For lower lying states the scale
mu corresponds both to the typical momentum trangfénverse size of the system) and to the typical
relative three-momentum. It is then convenient to introduce a further effective tlye@here degrees
of freedom of energy- k are integrated out. This EFT is called pNRQCD [4, 5], seeiBe@.3. The
degrees of freedom of pPNRQCD depend on the interplay of taesk, £ ~ mv? and Aqcp. The
weak and strong coupling regimes are discussed respsciiv8lection 2.3.1 and 2.3.2. A related EFT
for the weak coupling regime, called vNRQCD [6], will be dissed in Chapter 6 (Standard Model).
Sum rules are also discussed in the same chapter in relattbe talculation of the lowest energy levels
in the spectrum.

The distribution of the theory contributions is as followde begin with the theoretical approach
and use the EFT philosophy as an organizing principle. Wé ahange the contributions according
to the number of hypothesis that are done in order to obt@mtitom QCD. Hence, we shall start by
contributions which rely on QCD only. Next we will discussntdbutions which may be embraced by
NRQCD, and finally contributions which may be embraced by QNI®D. We would like to emphasize
that, if the relevant hypothesis are fulfilled, (i) NRQCD agndRQCD are equivalent to QCD, and (ii)
each of these EFTs allows to factorize a relevant scale, hwhither simplifies calculations. All the
states can in principle be studied from QCD, the main toahdpdattice techniques. In practise, how-
ever, a number of limitations exists, which are describefdantion 2.1. Except for very high excitations
(particularly in charmonium) for which relativistic effscbecome important, these states can also be
studied from NRQCD, the main tool being again lattice teghas, see Section 2.2. States below and
not too close to open flavour threshold can also be studied)ysiRQCD. A few of these, including
the Y (1.5) andn,(15), can be studied by means of analytical weak coupling teci@sigSection 2.3.1).
The remaining ones can be studied using pPNRQCD in the strougliog regime (Section 2.3.2), which
needs as an input nonperturbative potentials to be cadclia the lattice. We continue next with the
phenomenological approach, which mainly consist of a desan of potential models (Section 3.1)
and of approaches to open flavour thresholds (Section 3t8).fdrmer provide good phenomenologi-
cal descriptions for the states below open flavour thresivblereas the latter are important for a good
description of excitations close or above the open flavowstiold, in particular of the recently discov-
ered X (3872) charmonium state. An effort has been made to link potentiadets to the theoretical
approach. Double (and triple) heavy baryons are also discuboth in the theoretical (Sections 2.2.3,
2.3.4) and phenomenological approach (Section 3.4.2).
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2 THEORETICAL APPROACH
2.1 Direct lattice QCD calculation?
2.1.1 Methods

(For an introduction to general QCD lattice methods cf. Gaap.) When simulating quarks with a mass
m on a lattice with lattice spacing one will inevitably encountera [or (ma)?] corrections, which are
of order one, unless: < «~'. The Fermilab group [7] have argued in favour of a re-inteigtion of
the clover action, suggesting that physical results carbb&ired even for masses as largeras ~ 1,
see also Section 2.2.1 below. However, still one would eithent to extrapolate such results to the
continuum limit or at least put them into the context of areefive field theory with two large scales,
in this casen anda™!. If interpreted as an EFT, higher order terms have to be addddhe matching
coefficients to QCD have to be determined to sufficiently ugker in perturbation theory, to reduce and
estimate remaining systematic uncertainties.

In the quenched approximation, the conditian < 1 can be realized for charm quarks; however,
at present bottom quarks are still somewhat at the bor@eolinvhat is possible. One approach to tackle
this problem is to introduce an anisotropy, with a tempoa#tide spacing:. smaller than the spatial
lattice spacing:, = £a,, with paramete€ > 1. The spatial lattice extent,a, has to be large enough
to accommodate the quarkonium state (whose size is of erder(mv)~!). With a sufficiently large
as this is possible, keeping the number of poitts limited, while the temporal lattice spacing can be
chosen to be smaller than the quarkonium mass in questior; M !, at relative ease. This means
that anisotropic simulations are naively cheaper by a factocompared to the isotropic analogue with
a lattice spacing = a..

While at tree level the lattice spacing errors are indee@[¢fna)"], one loop corrections mean
that there will still beO[as(ma,)"] terms present: only to the extent to whiett™ is small, the leading
order lattice effects can be regarded@gma,)"]. Furthermore, the anisotropy parametdras to be
determined consistently for the quark and gluon contrimgito the QCD action. Within the quenched
approximation this problem factorizes: one can first “megisthe gauge anisotropy by determining the
decay of purely gluonic spatial and temporal correlationcfions. Subsequently, one can adjust the
Fermionic anisotropy accordingly. This fine-tuning doesawne for free, in particular if the number of
adjustable parameters is larger than two. Consequentomsistent nonperturbativ@(a) improvement
programme has been carried through so far, for non-triviEadropies. While there might be a net gain
from using anisotropy techniques in the quenched apprdiomathe parameter tuning becomes much
more delicate and costly once light sea quarks are incluttethis case the numerical matching of the
anisotropy for light Fermions cannot be disentangled frbengluonic one anymore.

2.1.2 Results with relativistic heavy quarks

We will first review results on the quenched bottomonium e, before discussing charmonia in the
guenched approximation, on anisotropic as well as on ipmiattices and with sea quarks.

Only one bottomonium study with relativistic action has hgerformed so far [8], employing
lattices with anisotropie§ = 4 and¢ = 5, in the quenched approximation. In this case, the inverse
lattice spacingga-! was varied from 4.5 GeV up to about 10.5 GeV. The lattice @xterere typically
of size L,a, ~ 1 fm, however, they were not kept constant when varyinguch that finite size effects
are hard to disentangle. The spatial lattice sizes are alsgestously close to the inverse confinement—
deconfinement phase transition temperature (cf. ChapterARer using thel! P, — 135, splitting
(identifying the1! P, mass with the spin averaged experimeiitdP states) to set the lattice spacing and
the125; to adjust theé quark mass, qualitative agreement with the spin-averageerienental spectrum
is observed.

2Author: G. Bali
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Table 3.1: Charmonium results in the quenched approximgfe12], where the scale is such thng1 =
394 MeV. The purely statistical errors do not reflect the undetyain o, or due to quenching. All values are
in units of MeV. Glueball masses [13-15] are included for panison. The last three lines refer to spin-exotic
(non-quark model) quantum numbers.

JPC | state || CP—PACS| Columbia | QCD-TARO | experiment | glueballs
0F 1 3013 (1) | 3014 (4) | 3010 (4) 2980(1) 2500(40)
n. || 3739(46) | 3707(20) 3654(10) | 3500(60)
1== | J/¢ | 3085(1) | 3084 (4) | 3087 (4) 3097
»(2S) || 3777(40) | 3780(43) 3686 3700(50)
1= | h. | 3474(10) | 3474(20) | 3528(25) | m(13P)=3525| 2830(30)
h. | 4053(95) | 3886(92) —
0 | Xeo 3408 | 3413(10) | 3474(15) 3415(1) 1720(30)
X., || 4008(122)| 4080(75) — 2540(120)
1 | xe 3472 (9) | 3462(15) | 3524(16) 3511
X., || 4067(105)| 4010(70) —
27+ | x., | 3503(24) | 3488(11) 3556 2300(25)
X., || 4030(180) —
2=+ | 11D, 3763(22) — 2975(30)
— 3740(40)
2= | 13Dy 3704(33) X (3872) 2?7 | 3780(40)
3-= | 13D 3822(25) — 3960(90)
3t— | 1'F3 4224(74) — 3410(40)
3t | 13F3 4222(140) — 3540(40)
0t= | Hp 4714(260) — 4560(70)
-+ | H 4366(64) —
ot= | Hy 4845(220) — 3980(50)

For the13S; — 115, splitting, where one might hope finite size effects to laygeincel, the authors
obtain the continuum extrapolated value50f+ 20 MeV. To leading order in pQCD, this splitting is
expected to be proportional to the wave function densityhatadrigin, multiplied byas(u). Adjusting
the lattice spacing from spin-averaged splittings amotmtsatching the quenched lattice coupling to
the phenomenological one at a low energy seale. In the quenched approximatien (x) approaches
zero faster ag is increased and henee(u) will be underestimated: the quoted fine structure splitting
represents a lower limit on the phenomenological one. ladidne analogous result for the charmonium
case underestimates the known experimental number by ar fa@5-1.5, when setting the scale in a
similar way [9, 10].

Both, the Columbia group [11, 12] as well as the CP—PACS Gofiation [9] have studied the
charmonium spectrum on anisotropic lattices. The same®@ofsc clover quark action was used as for
the bottomonium study discussed above, where the leadiay tattice artefacts are expected to be of
O(asa,) andO(a2). The CP—PACS Collaboration studied the anisotrgpy, 3, on a set of four inverse
lattice spacings, !, ranging from about 1 up to 2.8 GeV, on spatial volunmies fm)3. The Columbia
group simulated four lattice spacings ranging from abo8tup to 2 GeV at anisotropy = 2. They
were able to vary their volume from 1.5 up to 3.3 fm and founddimolume effects to be below their
statistical resolution.

We display the respective continuum-limit extrapolatedutis in Table 3.1. We also include
results from the QCD-TARO collaboration [10], with= 1. The quark mass is set such that the spin
averaged S state corresponds to 3067.6 MeV. (Note that the presentophemological value is slightly
higher than this.) For comparison we convert the Columlsalte into units ofro‘1 = 394 MeV. This
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Fig. 3.1: The quenched charmonium spectrum (CP—PACS [9Jyftlma [11, 12]), glueballs [13—-15] and spin-
exoticce-glue hybrids [12], overlayed with the experimental spatr

scale is implicitly defined through the static potential][16V (r)/dr|,_, = 1.65. It cannot directly be
obtained in experiment. Howevey,/a is easily and very precisely calculable in lattice simalas. In
the quenched approximation we have to assume a scale erspiroaveraged splittings of at least 10 %,
on top of the errors displayed in the Table. We also includelggll masses [13-15] into the table. The
last three lines incorporate spin-exofi€“ assignmentsc(g hybrid mesons).

The anisotropic results are also displayed in Fig. 3.1,dveed from Ref. [17], where we plot the
new X (3872) state at/f¢ = 2=, however, this assignment is somewhat arbitrary. As careba,s
where overlap exists, the results from the three collamoratemploying three different anisotropies
are consistent with each other. All S- and P-wave fine stractplittings are underestimated, which is
expected in the quenched approximation. The Columbia gfbRjpreported that the state created by
the J = 1 D-wave operator rapidly converged towards the mass of thirv&-wave ground state. The
same was observed in the case of2fé F-wave with respect to the., ground state: this indicates that
the charm quark mass is too light férto be a good quantum number.

That the charm mass is not particularly heavy, in comparisdgpical scales of gluonic excita-
tions, can also be seen from the overlap between the gluahdiéharmonium spectra. Once sea quarks
are switched on, these glueballs will become unstable. Mervéhe presence of a background of such
excitations might very well affect spectrum and decays imesahannels. For instance the dominant
decay of a vector charmonium is into gluons, and it is quiteceovable that such a channel should also
couple to would-be glueballs.

When performing the Wick contractions of propagators ofdiavsinglet states like charmonia,
two contributions arise: a connected one, with quark andaaitk propagating alongside each other, and
a disconnected (OZI suppressed) one, with annihilationcagation diagrams afc. In all charmonium
simulations that have been performed so far, with two netabiceptions [18, 19], the disconnected
diagram has been neglected. Itis well known that OZI praseptay a role within the light pseudoscalar
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and scalar sectors. This has also been extensively studithe ¢attice [20,21]. In the case of charmonia,
in particular for S and D waves, substantial correctionstdurixing with intermediate gluonic states are
a possibility, even within the quenched approximation. $tates that are close to threshold, in addition
mixing with two-meson states will occur, once sea quarksradieded.

Charmonia have also been studied on isotropic latticefiwihe quenched approximation [10,
18,19, 22, 23], and with sea quarks [24]. The QCD-TARO coltabon [10] worked at tiny lattice
spacings, ranging from about 2 GeV down to 5 GeV. The resuitcansistent with those obtained by
the Columbia group [12] and by CP—PACS [9], but the use o®4a) improved action allowed for a
very well controlled continuum limit extrapolation. Theanched value, within the OZI approximation
and usinggl = 394 MeV to set the scale, is 77(2)(6) MeV, with all remaining gysatic errors quoted.
This value would increase by 15 % if the scale was set fromitie— 1.5, still short of the experimental
117 MeV.

In an exploratory study, in which for the first time the diagréhat contains disconnected quark
loops has been included, McNeile and Michael [18] find evidetihat while the position of the ground
state vector state appears to be largely unaffected, thelpsealar mass is reduced by an amount of the
order of 20 MeV with respect to the non-flavour singlet refieeevalue. One explanation might be the
background of glueballs, c.f. Fig. 3.1. A more recent stugd@ICD-TARO [19] confirms that the vector
state remains largely unaffected. They rule out an increbde pseudoscalar mass, however, a decrease
by an amount of up to 20 MeV would not contradict their data.

First studies [24] utilizing the AsgTad staggered light iuaction and approximating + 1
flavours of sea quarks by taking roots of the Fermionic dateamn have been performed. The light
quark mass was varied down to abou}/6. The O(asa) clover action, in the Fermilab heavy quark
interpretation [7] was used. Extrapolating to physical geark mass, a hyperfine structure splitting of
97(2) MeV is obtained, see also Section 2.2.1 below. Thimimarease of almost 40 %, over their
guenched reference value. At least the latter would have semewhat smaller if normalized with re-
spect torg rather than to th&” — T splitting. However, OZI diagrams have been neglected aitere
is the lattice spacing dependence resolved as yet. Clegshgcision study of the charmonium spectrum
requires not only sea quarks but also flavour singlet diagtanbe included.

2.2 NRQCD

NRQCD takes advantage that the masses of the charm and bgitarks are much larger thalgcp

in order to build an EFT which is equivalent to QCD at any deiorder inl /m andag(m). Starting
from NRQCD two approaches may be followed for spectrum cdatjmns: direct lattice calculations
(Section 2.2.1) or further integration of the soft scales(tale of the momentum transfer) to arrive
at an EFT in which only the ultrasoft degrees of freedom renalginamical, pPNRQCD (Section 2.3).
An introduction to NRQCD is given in Chapter 1, see also REf5-27] for some introduction to the
nonrelativistic EFT formulation. An introduction to laté methods (quenched and unquenched) has
been given in Chapter 1.

2.2.1 Lattice NRQCD calculations with light sea quatks

The use of non-relativistic effective field theories pemtiite computer to handle only scales appropriate
to the physics of the non-relativistic bound states with@uing to spend a lot of computer power on the
large scale associated with the heavy quark mass whickelsevent to the bound state dynamics. This
makes the calculations more tractable so that many mor@hadrrelators can be calculated for better
statistical precision. We will focus our discussion on thestrrecent calculations obtained within this
approach, which include light sea quarks.

3Authors: C. Davies, A. Kronfeld, P. Mackenzie, J. Simone
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On the lattice, heavy quark effects and discretisationcesfare intertwined. One can treat them
together by introducing an effective Lagrangian [28, 45]

D2 Clat 9 wlat CL2 clat
= — |6 Di—— -2 _ (DY~ —L=-N"D!- L (D.gE—gE-D
L Yl om+ Dy 2m 8m3( ) 6m ZZ: v 8m2( g g )
Clat Clat
—S;Zia-(DxgE+gExD)—ﬁa-gB}w+~-, (3.1)

similar to the standard (continuum) NRQCD Lagrangian, lmiernhat the derivative operators are ‘im-
proved’ on the lattice to remove leading errors arising ftbmlattice spacing. See also the Section 3.2.3
“Heavy Quark Actions” in Chapter 1. We have omitted the teffn.

Compared to the NRQCD description of continuum QCD, an uoitamt difference is the Eu-
clidean metric D4 instead of—iD,). Also, unlike in dimensional regularization, in latticegularization
the mass shifém will in general be non-zero. However, this cancels from ndiflerences and decay
amplitudes. Moreover, it can be determined nonperturblgtifrom the Y dispersion relation. Obvi-
ously, terms accompanied hy are lattice specific. The essential difference is that thielhirag scale is
provided by the lattice spacing: the short-distance caeffts c**, w!** andém depend orum and on
the details of the chosen discretisation. The matching*bindw}* is carried out to some accuracy in
as. From Eq. (3.1) one sees that the most important matchinditomn is to identify the kinetic mass

with the heavy quark mass in the lattice scheme, and thenthengigher-dimension interactions.

One area of lattice QCD which has remained problematic iséimlling of light quarks on the
lattice. This is now being addressed successfully and igalkito obtaining precision results of use
to experiment. In particular the problem is how to include ttynamical (sea)/d/s quark pairs that
appear as a result of energy fluctuations in the vacuum. Wepftan safely ignore:/b/t quarks in
the vacuum because they are so heavy, but we know that ligintk quairs have significant effects, for
example in screening the running of the gauge coupling aggmerating Zweig-allowed decay modes
for unstable mesons.

Many calculations in the past have used the “quenched ajppation,” attempting to compensate
sea quark effects lgd hocshifts in the bare coupling and (valence) quark masses. &dudts then suffer
from errors as large as 10-30%. The error of the quenchedxippation is not really quantifiable and
this is reflected by a lack of internal consistency when diffe kinds of hadrons are used to fix the bare
parameters. This ambiguity plagues the lattice QCD liteeat

The MILC Collaboration recently have produced ensemblegludn field configurations which
include 2 degenerate light sea quarksd) and a heavier one)[30]. They rely on fast supercomputers
and a new discretisation of the quark action: the improvadgsred formalism [31]. At quark masses
small enough for reliable chiral extrapolations, stagddfermions appear much faster than any other
formulation of lattice Fermions. However, each flavour afggfered quarks is included in the sea by
taking the fourth root of the staggered determinant ancetaee still theoretical issues to be resolved
about this. Taking the: and d masses the same makes the lattice calculation much fastdeads
to negligible errors in isospin-averaged quantities. Tdeessquark mass is chosen to be approximately
correct based on earlier studies (in fact the subsequehtsiahows that it was slightly high and further
ensembles are now being made with a lower value). The seald quarks take a range of masses down
as low as a sixth of the (reah;. Ensembles are available at two different values of thec&atipacing,
0.12 fm and 0.09 fm, and the spatial lattice volum¢2i$ fm)?, reasonably large. Analysis of hadronic
guantities on these ensembles has been done by the MILC aQ€HRollaborations [29].

There are 5 bare parameters of QCD relevant to this analysisi,, /q, ms, m. andm,,. Chang-
ing the baren; changes the lattice spacing. It is important to fix theserpatars with the masses of
“gold-plated” hadrons, i.e., hadrons which are well belbwit strong decay thresholds. Such hadrons
are well-defined experimentally and theoretically and #hdae accurately calculable in lattice QCD.
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Fig. 3.2: Lattice QCD results divided by experiment for agarf “gold-plated” quantities which cover the full
range of hadronic physics [29]. The unquenched calculatiorthe right show agreement with experiment across
the board, whereas the quenched approximation on the &éts/systematic errors 67(10%).

Using them to fix parameters will then not introduce unneagsadditional systematic errors into lattice
results for other quantities. This has not always been dopast lattice calculations, particularly in the
guenched approximation. It becomes an important issue Vetigce QCD is to be used as a precision
calculational tool. We use the radial excitation energyhim¥ system (i.e., the mass splitting between
the Y’ and theY) to fix the lattice spacing. This is a good quantity to use bsedt is very insensitive
to all quark masses, including tthequark mass (experimental values for this splitting are \&myilar
for charmonium and bottomonium) and so it can be determinéabut a complicated iterative tuning
process.m, my, mp, andm~y are used to fix the quark masses. Thus, quarkonium turns de o
central part in this study.

Once the Lagrangian parameters are set, we can focus on ltwatan of other gold-plated
masses and decay constants. If QCD is correct and lattice i@€@Dwvork it must reproduce the experi-
mental results for these quantities precisely. Figure Bd#vs that this indeed works for the unquenched
calculations withu, d and s quarks in the vacuum. A range of gold-plated hadrons areechaich
range from decay constants for light hadrons through héghy-masses to heavy quarkonium. This
tests QCD in different regimes in which the sources of syatenerror are very different and stresses
the point that QCD predicts a huge range of physics with alsaabf parameters.

Refs. [24, 32—34] give more details on the quantities shawig. 3.2. Here we concentrate on
the spectrum of bottomonium and charmonium states, usasgectively, lattice NRQCD [35] and the
Fermilab method for heavy quarks [7]. We include a brief gésion of theB. mass, including the status
of an ongoing unquenched calculation using the MILC ensembl

T results with NRQCD

Figure 3.3(a) shows the radial and orbital splittings [38{Hebb (T) system for the quenched approx-
imation @, = 0) and with the dynamical MILC configurations with 3 flavourfssea quarks. We use
the standard lattice NRQCD effective theory for the valemgearks [35], which takes advantage of the
non-relativistic nature of the bound states. The latticeQU® action used here is accurate through
wherev is the velocity of theé quark in its bound state. It also includes corrections toaesrdiscreti-
sation errors a® (p*a®v?) ~ O(v?), but does not includ®(asv?) corrections to the coefficients and
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Fig. 3.3: Radial and orbital splittings in thesystem from lattice QCD, using th& — T splitting and theX’ mass

to fix the lattice spacing and tliequark mass [33]. (a) Comparison of the quenched approomé&ipen circles)
and QCD withu, d ands sea quarks (filled) circles. Note that the 1S and 2S levelased to fix thé quark mass
and lattice spacing respectively so are not predictionjsDépendence of the splittings as a function of the of the
bare sea:/d quark mass.

w; in Eqg. (3.1), which are subleading. This means that spiepeddent splittings, such as radial and
orbital excitations, are simulated through next-to-legdborder in the velocity expansion and should be
accurate to around 1%. Thus, these splittings provide aaecyrate test not only of lattice QCD, but
also of the effective-field theory framework. At preseng fime structure in the spectrum is only correct
through leading-order [which ©(v*) in this case] and more work must be done to bring this to theesam
level and allow tests against, for example, the splittingsvieen the differeng, states [33]. This is in
progress. Systematic uncertainties due to such truncatiave for instance been estimated in Ref. [36],
based on lattice potentials.

The T system is a good one for looking at the effects of sea quarkause we expect it to be
relatively insensitive to sea quark masses. The momentansfer inside ar( is larger than any of
thewu, d or s masses and so we expect the radial and orbital splittingsnialys count the number of sea
guarks once they are reasonably light. Figure 3.3(b) shioiw$d be true — the splittings are independent
of the seau/d quark mass in the region we are working in. Chiral extrapartein thew/d quark mass is
immaterial in this case. Therefore, the left-most lattiosfs in Fig. 3.3(b) are the ones used in Figs. 3.2
and 3.3(a).

1) results with the Fermilab method

Figure 3.4 shows the spectrum of charmonium states below¢hreshold [24]. In this plot the lattice
spacing was fixed from th¥’ — Y splitting (as above), and theguark mass was tuned to get the mass
correct. Therefore, these results are obtained direaitp IQCD without adjusting any free parameters.
For Fig. 3.4(a), the zero of energy has been moved to theas@raged mass., = imm + %mJ/w.

These results are obtained using the Fermilab method [théocharmed quark. In this method
one starts with Wilson Fermions, but the discretisatioeaff are controlled and understood using non-
relativistic field theories, as in Eq. (3.1). The non-refigtic interpretation also has implications for how
the action is improved. In the notation of Eq. (3.1) the chmomagnetic interaction is adjusted so that
&t is correct at tree level. However, at higher order, thereGiten.a)?] ~ 10% andO(as) errors and
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Fig. 3.4: Radial and orbital splittings in the charmoniurstsyn from lattice QCD with 3 light sea quarks, fixing
the lattice spacing from thi¥’ — T splitting (as above), and thequark mass from th®; mass [24]. (a) Spectrum;
(b) dependence on the sea quark mass.

some sign of these is seen in the mismatch with experimetiteohiyperfine splitting in Fig. 3.4(a). In
the past such discrepancies were masked by quenching,emugseas now they can be resolved. Note
that OZI violating contributions [18, 19] are also neglectairrently. They are expected to be small but
a decrease of up to 20 MeV in,, is not ruled out.

The Fermilab action can be systematically improved, anthiberetical work needed is in progress.
The most important new features are a one-loop calculafitimeochromomagnetic coupling [37], and a
systematic enumeration of all operators needed for impneve: throughy® [38].

B, ground state

In 1998 the lowest-lying bound state fafquarkonium was observed in semi-leptonic decays [39]dyiel
ing a mass ofnp, = 6.4 £ 0.4 GeV. A more precise measurement with hadronic decays ictegh¢o
come soon from Run Il of the Tevatron, cf. Section 9. FordatQCD, theB. is a ‘gold-plated’ hadron
and we have the opportunity to predict its mass ahead of empet. Here we report on a preliminary
lattice calculation, building on the progress detailedvatbdn previous quenched calculations accurate
result could not be provided, due to the inconsistency afdpproach described above.

The method used in the present study was developed in a qeeteliculation [40], and follows
almost immediately from Eq. (3.1). As long as one may use ffeetere Lagrangian to describe the
charmed and bottom quarks on the lattice, the meson masBesiP8],

Mch:mI;—l—mc—i—BBc, (32)

whereBp, is the binding energy of th&. meson. The accuracy of the binding energy depends on how
well the coefﬁcientsd.at have been adjusted. The scheme- and scale-dependent gassksrcancel
from the relation [40],

Mg, — 5 [Miy+ Mix] = B, — 5 [By + Bx]. (3.3)

Note that within potential models flavour independence iegpthat this combination is small and posi-
tive [41,42]. One can now predict th&. mass by adding back the experimePﬁMw + M-~]. Avariant
of this technique is to use the, and B; masses instead of (half the) quarkonium masses.

An unguenched lattice calculation has recently been chaig [43, 44], using the MILC ensem-
bles discussed above. Analyses at two light sea quark masddsvo values of the lattice spacing show
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a consistent picture, as expected. Using the quarkoniuglibasAllisonet al. find [43]
Mp, = 6304 £ 4 + 11718 MeV, (3.4)

where the uncertainties are, respectively, from stasigtifter chiral extrapolation), tuning of the heavy-
quark masses, and heavy-quark discretization effectslabhés estimated from the mismatch of opera-
tors of orderv? in the effective Lagrangian and are dominated by the redditivcorrection(D?)2. The
estimate is guided by potential models (and is the only chdirmm earlier conference reports [44]). The
overall errors are so small because the lattice calculditimbeen set up to focus on the binding-energy
difference, and raw uncertainties of several percent haea leveraged to the sub-percent level for the
mass itself.

This result can be checked with the heavy-light baselidg, = Mp, + Mg, + [Bp, — (Bp, +
Bg, )], with somewhat larger uncertainties. Allisehal. find [43]

Mp, = 6243 £+ 30 4+ 11137 MeV. (3.5)

The systematic uncertainties are larger with the heavw-lipseline because there is less cancellation
between th&3,. quarkonium and the heavy-ligli2; and B;.

The dominant uncertainties can be reduced by choosing nigihkyhmproved actions in lattice
gauge theory, or by reducing the lattice spacing, as disdussRef. [43].

2.2.2 Heavy hybrids on the lattite

QCD suggests the existence of mesonic states in which teasalquark-antiquark pair is bound by an
excitedgluon field. A natural starting point in the quest to underdtauch states is the heavy quark
sector. The vastly different characteristics of the slovssnge heavy quarks and the fast massless glu-
ons suggest that such systems may be amenable to a Born-H@ppen treatment, similar to diatomic
molecules. The slowly moving heavy quarks correspond tatiaei in diatomic molecules, whereas
the fast gluon and light-quark fields correspond to the mdast At leading order, the gluons and light
quarks provide adiabatic potentidl,,(r), wherer is the quark—antiquark separation, and the behav-
ior of the heavy quarks is described by solving the Schigetirequation separately for eatp (7).

The Born—Oppenheimer approximation provides a clear aathbiguous picture of conventional and
hybrid mesons: conventional mesons arise from the lowastrladiabatic potential, whereas hybrid
mesons arise from the excited-state potentials.

The first step in a Born—Oppenheimer treatment of heavy guadons is determining the gluonic
terms V(7). Since familiar Feynman diagram techniques fail and then8aer—Dyson equations
are intractable, the path integrals needed to deterfijipg(r) are estimated using Markov-chain Monte
Carlo methods (Lattice QCD simulations). The spectrum wbgic excitations in the presence of a static
guark—antiquark pair has been accurately determinedtindatimulations [46, 47] which make use of
anisotropic lattices, improved actions, and large setspefators with correlation matrix techniques.
These gluonid/,,(r) levels may be classified by the magnitutief the projection of the total angular
momentumlJ, of the gluon field onto the molecular axis, and#y= +1, the symmetry under charge
conjugation combined with spatial inversion about the roidpbetween the quark and the antiquark.
States withA = 0,1,2,... are denoted by, I1, A, .. ., respectively. States which are even (odd) under
the above-mentione@d P operation are denoted by the subscrip(s). An additional+ superscript for
the X states refers to even or odd symmetry under a reflection iareeptontaining the molecular axis.

In the leading Born—Oppenheimer approximation, one reslaice covariant Laplacia®? by an
ordinary Laplacianv2. The error that one makes is equivalentlit\/, and l/Mg2 corrections [48]

to V5 that go beyond the LBO and are suppressed by a faétousing perturbative NRQCD power

4Author: C. Morningstar
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Fig. 3.5: (Left) The spectrum of conventional and hybrid\hegquark mesons in the leading Born—Oppenheimer
approximation and neglecting light quarks (from Ref. [48DonventionalS and P states are shown, as well as
hybrids based on thi,, andX¥;, adiabatic surfaces. Solid lines indicate spin-averagpdmmental measurements.
(Right) Simulation results from Ref. [46] for two convenial and four hybrid bottomonium level splittings (in
terms ofr, 1 — 450 MeV and with respect to theS state) against the lattice spacing Predictions from the
leading Born—Oppenheimer calculation, shown as horiztines, reproduce all of the simulation results to within
10 %, strongly supporting the validity of a Born—Oppenheipieture for such systems at leading order. Results
from Ref. [49] using an NRQCD action with higher-order raftic corrections are shown as hollow boxes and
hollow upright triangles.

counting rules. The spin interactions of the heavy quarksatéso neglected, and one solves the radial
Schrodinger equation:

2u(r) [ (L3
_iddrg ! +{<2£f§> +VQQ(T)}U(T) = Eu(r), (3.6)

whereu(r) is the radial wavefunction of the quark—antiquark pair ardenotes the reduced mass. The
expectation value in the centrifugal term is given in theahdtic approximation by

(Lyg) = L(L + 1) = 2A% 4+ (J7), (3.7)

where(J?) = 0 for the X} level and(J7) = 2 for thell, andX; levels.

The leading-order Born—-Oppenheimer spectrum of conveatih and hybridbgb states (in the
absence of light quarks) obtained from the above procedwskawn in Fig. 3.5. Below th8 B thresh-
old, the Born—Oppenheimer results agree well with the speraged experimental measurements of
bottomonium states (any small discrepancies essentisfpdear once light quark loops are included).
Above the threshold, agreement with experiment is lostgesting significant corrections either from
mixing and other higher-order effects or (more likely) frdight sea quark effects.

The validity of the Born—Oppenheimer picture relies on thrakness of mixing between states
based on different,5(r). In addition, relativistic (including spin) correctionsdiradiation of colour
neutral objects such as glueballs and mesons are negldot&ef. [46] the LBO level splittings have
been compared with those determined from meson simulatising a non-relativistic (NRQCD) heavy-
quark action. The NRQCD action included only a covariantderal derivative and the leading covariant
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kinetic energy operator; quark spin afi?tf' terms were neglected. Differences between the two results
originate from both differen©(1/M) terms [48] and from the automatic inclusion of mixing efect
between different adiabatic surfaces within the NRQCD #atmens. Naively one might expect the
former effect to be of2(v?) ~ 10 %. The level splittings (in terms of the hadronic scajeand with
respect to tha S state) of the conventionalS and 1P states and four hybrid states were compared
(see Fig. 3.5) and indeed found to agree withi¥, strongly supporting the validity of the leading
Born—Oppenheimer picture, at least in the absence of legngsiarks and spin-effects.

A very recent study [50] has demonstrated that thground state carries little admixture from
hybrids, supporting the LBO, at least in the sector that igeguoed by the ground state potential. Using
lowest-order lattice NRQCD to create heavy-quark propargat basis of unperturbed S-wave ahH)
hybrid states was formed. Theo-B/2Mg spin interaction was then applied at an intermediate time
slice to compute the mixings between such states due totieisaction in the quenched approximation.
Diagonalizing the resulting two-state Hamiltonian theaelged the admixtures of hybrid configuration
in the YT andn,. For a reasonable range @f values, the following results were obtained:H|Y) ~
0.076—0.11 and(1H|n,) ~ 0.13—0.19. Hence, hybrid mixings due to quark spin effects in bottoraomi
are very small. Even in charmonium, the mixings were foundtmbe large:(1H|.J/¥) ~ 0.18 — 0.25
and(1H|n.) ~ 0.29 — 0.4. Investigations of the mixing of hybrid states with radiadiycited standard
guarkonium states which are energetically closer andapathore extended are certainly an exciting
avenue of future research.

In the absence of light quark loops, one obtains a very degesgrsim of mesonic states since the
VQQ(T) potentials increase indefinitely with However, the inclusion of light quark loops changes the
VQQ(T‘) potentials. First, there are slight corrections at sma#ind these corrections remove the small
discrepancies of the leading Born—-Oppenheimer predgtioith experiment below thé& B threshold
seen in Fig. 3.5. For large, the inclusion of light quark loops drastically changes blebavior of the
VQQ(T) potentials: instead of increasing indefinitely, these pidiés eventually level off at a separa-
tion above 1 fm when the static quark—antiquark pair, joibgdyluonic flux, can undergo fission into
(Q7)(Qq), whereq is a light quark and? is a heavy quark. Clearly, such potentials cannot support
the populous set of states shown in Fig. 3.5; the formatidmoohd states and resonances substantially
extending over 1 fm in diameter seems unlikely. A completersphannel calculation taking the effects
of including the light quarks correctly into account has yett been done, but unquenched lattice simu-
lations [51] show that thE; andIl, potentials change very little for separations below 1 fm mveea
guarks are included. This makes it conceivable that a hhofifow-lying states whose wavefunctions
do not extend appreciably beyond 1 fm in diameter may existedisdefined resonances in nature.

In addition to such direct threshold effects there is thesjmilgty of transitions between different
adiabatic surfaces, mediated by radiation of pions and ditite mesons or pairs of light mesons. A first
lattice study of such effects has been performed by McNeiteGollaborators [52].

A recent quenched calculation [8] of bottomonium hybridsm@s relativistic heavy-quark action
on anisotropic lattices confirms the predictions of the B@ppenheimer approximation, but admit-
tedly, the uncertainties in the simulation results aredafhese calculations used a Symanzik-improved
anisotropic gauge action and an improved Fermion clovaoractQuenched results on Charmonium
hybrids obtained by employing a relativistic quark acti¢h2] can be found in Fig. 3.1 and Table 3.1
in Section 2.1. The dominant decay channel for the lightest { hybrid would be into ab and aD™"
should it be heavier than the respective threshold, andtradiof a light pseudoscalar or scalar state if
lighter.

A determination of the spectrum properly taking into acdoeffiects from light quarks is still
needed. Taking the Born—Oppenheimer approximation belgading order is also a project for future
work. Monte Carlo computations of relevant matrix elemdant®lving the gauge field can not only
facilitate the evaluation of higher-order terms in the Bédppenheimer expansion, but also provide
valuable information on the production and decays of theselrstates.
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2.2.3 QQq baryons on the lattice

While recent lattice results from several groups on thresrkgstatic potentials exist [53—-57], no such
potentials have been calculated for the situation comtgitwo static sources at distanceaccompanied
by a light quark, as yet. However, two groups have directiygigd the situation fo€) = ¢, within the
guenched approximation, one employing the so-called Dag#adved Wilson type action [58] as well
as NRQCD [59] on anisotropic lattices and the UKQCD Collation employing the relativistic clover
charm quark action [60].

In the NRQCD study [59] two lattice spacings/ 0.15fm, 0.22 fm and four light quark masses
have been realized amndy, ccq as well a®gq andcqq baryons studied. No finite volume checks were per-
formed and radiative corrections to the NRQCD matchingfeoehts ignored. In the UKQCD study [60]
only one lattice spacing ~ 0.08 fm and one volumeLa ~ 2 fm were realized. The light quark masses
scattered around the strange quark mass and both, singijoahtl charmed baryons were studied. All
studies yield consistent results. The values quoted by UR@Qf@ [60],

Zee = 3549(13)(19)(92) MeV | Q.. = 3663(12)(17)(95) MeV
=¥, = 3641(18)(08)(95)MeV , QF, = 3734(14)(08)(97) MeV. (3.8)

The first errors are statistical, the second encapsulatertanaties in the chiral extrapolations and fit
ranges. The third error represents the uncontrolled sydtesn finitea effects, finite volume effects and
guenching, estimated by comparing the lattlcemass to the experimental result.

2.3 pNRQCD?

From the various dynamical scales that play a role in theyhegaarkonium systems, namety, mv,
mv? and Aqcp, only the hard scalen has been factorized in NRQCD and becomes explicit in its
Lagrangian. Only the fact that, > mwv, mv?, Aqep is exploited but no use is made of the scale
separationynv > mv?. A higher degree of simplification is achieved by buildingotrer effective
theory, where degrees of freedom of ordernv are integrated out as well, i.e., an EFT where only the
ultrasoft degrees of freedom (with energiesnv?) remain dynamical. In this way a big simplification is
obtained and analytic calculations of the spectrum becaasilile, at least in some dynamical regimes,
at variance with NRQCD where the spectrum can only be oldainea model independent way by
Lattice calculation. pPNRQCD [4, 5] takes advantadge of de that for many non-relativistic systems
the scale associated to the size of the systemmuv is much larger than the binding energy~ muv?.
Therefore itis possible to integrate out the scale of the erdom transfek in a way such that pPNRQCD

is equivalent to NRQCD at any desired orderArik, k/m andas(u). Two dynamical situations may
occur here: (1k is much larger thalhqcp, (2) & is of the order ofAqcp. In the first case the matching
from NRQCD to pNRQCD may be performed in perturbation theerpanding in terms afg. In the
second situation, the matching has to be nonperturbatig,nio expansion in is allowed. We will
refer to these two limits as the weak and strong couplingmegi Recalling that ~ r—! ~ mu, these
two situations correspond to systems with inverse typ@aius smaller or bigger thabgcp, or systems
respectively dominated by the short range or long rangén(wgpect to the confinement radius) physics.
We will consider these two situations in the following twdsections.

2.3.1 Weak coupling reginfe

Whenk > E >~ Aqcp, we are in the perturbative matching regime £ as(mos)). The scale
r ~ 1/(mv) is integrated out and the pNRQCD Lagrangian consists ofgetiand an octet wave func-
tion field interacting with respective potentials and ceapto ultrasoft gluons. The effective degrees

SAuthor: G. Bali
Sauthors: N. Brambilla, J. Soto
"Authors: N. Brambilla, J. Soto
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of freedom are:Q(Q states (decomposed into a singlet and an octet wave funatidar colour trans-
formations) with energy of order of the next relevant scalgep, mv? and momentunp of ordermu,
plus ultrasoft gluonsi,, (R, t) with energy and momentum of ord&g)cp, mw?. All the gluon fields are
multipole expanded (i.e., expandedrin The Lagrangian is then an expansion in the small quastitie
p/m, 1/(rm) andO(Aqcp, mv?) X 7.

The pNRQCD Lagrangian is given at the next to leading ord&GNin the multipole expansion
by [5] (in the centre-of-mass system):

i (ig, ¥ v i p’ )
Lpxrqep = Tre S ZaO_E_VS(T)_Zmn S+0 ZDO_H_VO(T)_Zmn o

n>1 n>1

1
FgVa(r)Tr {oTr "ES+S'r- Eo} n gVBT(T)TY {oTr "EO +OfOr- E} - (39)

The V;(,Z),VA,VB are potentials, which play the role of matching coefficieat&l contain the non-
analytical dependence in to be calculated in the matching between NRQCD and pNRQQ@ihcBré
invariance imposes relations among these matching caeftgc{61]. To leading order in the multipole
expansion, the singlet sector of the Lagrangian gives dsequations of motion of the Schrodinger
type. The other terms in EqQ. (3.9) contain (apart from theg¥avills Lagrangian) retardation (or non-
potential) effects that start at the NLO in the multipole @&xgion. At this order the non-potential effects
come from the singlet-octet and octet-octet interactiorsiated by an ultrasoft chromoelectric field.

Recalling thatr ~ 1/(mv) and that the operators count like the next relevant scalepv?,
Aqcp), to the power of the dimension, it follows that each term ia fNRQCD Lagrangian has a
definite power counting. As a consequence of this power aogittie interaction of quarks with ultrasoft
gluons is suppressed in the Lagrangian by a factoby gv if mv? > Aqcp) with respect to the LO.

The various potentials in Eq. (3.9) have been calculatedffgreht orders in the perturbative
matching.V is known to two loops@(a2)] [62, 63] as well as the leading log of the three loop contri-

bution [64]. V, is known to two loops (see York Schroder, private commurooa in Ref. [65]). Vg(l)

is known to two loops [67] and/;@) to one loop [68].V4 andVy are known at tree level [5] (and are
independent of) and have no logs at one loop [70].

Note that the static limit of PNRQCDh{ — oc) results in a nontrivial theory (unlike in pPNRQED),
since both singlet and octet fields remain dynamical anddotehrough ultrasoft gluons. The static
energy of two infinitely heavy sourcég,cp(r), which will be discussed below, can be obtained for
smallr. In fact, the coefficient of the infrared logarithmic cobtriion to Voo p(r) first pointed out in
Ref. [71] was calculated using the static pPNRQCD Lagrangdi

Given the Lagrangian in Eq. (3.9) it is possible to calcutagequarkonium energy levels. Contri-
butions to the spectrum originate both in quantum mechhp&urbation theory and in the dynamics
of ultrasoft gluons. The latter contributions contain nertprbative effects and this will be discussed in
the corresponding section below.

The static QCD potentiél

For decades, the static QCD poteniiglcp (), formally defined from an expectation value of the Wilson
loop, has been widely studied for the purpose of elucidatiegnature of the interaction between heavy
quark and antiquark. The potential at short distances casoityputed by perturbative QCD, whereas
its long distance shape can be computed by lattice simokti(See Sections 2.3.2 and 2.3.3 for lattice
computations.)

8Author: Yu. Sumino
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Computations oVocp(r) in perturbative QCD have a long history. The 1-loop and Zloor-
rections were computed in Refs. [72—-74] and [62, 63, 75-#3pectively. The logarithmic correc-
tion at 3-loops originating from the ultrasoft scale wastfgsinted out in Ref. [71] and computed in
Refs. [64, 79]. A renormalization-group (RG) improvemehtlgcp(r) at next-to-next-to-leading log
(NNLL) was performed in Ref. [70].

Since the discovery [83—85] of the cancellation®fAqcp) renormalons betweeVigep () and
twice the quark pole ma¥} the convergence of the perturbative series improvedidailgtand much
more accurate perturbative predictions of the potentiapstbecame available. This feature indicates the
validity of the renormalon dominance picture for the QCDemiial and pole mass. According to this
picture, a perturbative uncertainty b§cp(r), after cancelling theé(Aqcp) renormalon, is estimated
to be O(A}opr?) atr < Agdp [87].

An OPE of Voop(r) was developed within the pNRQCD framework [S]. In this franoek,
residual renormalons, starting from(A%CDrz), are absorbed into the matrix element of a non-local

operator (non-local gluon condensate). Then, in the nol#igxpansion at < Aéch, the leading
nonperturbative contribution to the potential becor@é&%wrz) [5].

Several studies [78,88-91] showed that perturbative giieds forVocp () agree well with phe-
nomenological potentials (determined from heavy quatkonspectroscopy) and lattice calculations of
Vaen(r), once theD(Agep) renormalon is accounted for. Ref. [92] showed that also @Besumma-
tion of the perturbative series yields a potential shapegnreement with lattice results if th@(Aqcp)
renormalon is properly treated. In fact the agreement hofitlsin the expectedQ(A%CDTQ) uncer-
tainty!* These observations further support the validity of rendomaominance and of the OPE for
Vaep(r).

Quialitatively, the perturbative QCD potential becomegste than the Coulomb potential as
increases (once th®(Aqcp) renormalon is cancelled). This feature can be understoddinwpertur-
bative QCD, as an effect of tlranning of the strong coupling constant [88, 89, 93].

Using a scale-fixing prescription based on the renormalaniiance picture, it was shown ana-
lytically [94] that the perturbative QCD potential apprbas a “Coulomb+linear” form at large orders,
up to an(’)(A?QCDvﬂ) uncertainty. The “Coulomb-+linear” potential can be conepusystematically as
more terms of perturbative series are included via RG; upN@IN it shows a convergence towards
lattice results.

Heavy quarkonium spectrg
In recent years, perturbative computations of the heavykguaum spectrum (an expansiondq and
In o) have enjoyed a significant development. A full computatibthe spectrum up t@(atm) was
performed in Refs. [98,99]. The spectra up to the same omtehé& system with unequal heavy quark
masses and with non-zero quark mass in internal loops wenpuied, respectively, in Refs. [95, 97]
and [77,95]. Perturbative computations at higher ordereweade possible by the advent of effective
field theories such as pNRQCD [4, 5] or YNRQCD [6] and by theshpold expansion technique [100].
The O(a2mIn oy) term originating from the ultrasoft scale was computed ifisRg4, 69, 79]. Ref.
[101, 102] resummed them(asInag)™ terms. The full Hamiltonian at the next-to-next-to-nes-t
leading order was computed in Ref. [68]. Except for the $loon-logarithmic term of the perturbative
QCD potentialt® the energy levels of theS states were computed up@(a2m) from this Hamiltonian
[103]. The fine splittings have been calculated at NLO ot@éx2m) in [104].

®There are estimates of higher-order corrections to theigertive QCD potential in various methods [80-82].

0For similar work inside HQET see [86].

UThis is true only in the range of where the respective perturbative predictions are stablieperturbative predictions
become uncontrolled beyond certain distances, typicatlyradr ~ AééD.

2author: Yu. Sumino

BEstimates of the 3-loop correction to the QCD potential Haaen given in various methods [80-82].
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In the meantime, the discovery of the renormalon cancefiati the quarkonium spectrum [83—-85]
led to a drastic improvement of the convergence of the gdeative expansion of the energy levels.
(See Chapter 6 for precise determinations of the heavy guadses, as important applications.) In
Refs. [93, 95] the whole structure of the bottomonium spestup toO(aim) was predicted taking
into account the cancellation of tli& Aqcp) renormalons, and a good agreement with the experimental
data was found for the gross structure of the spectrum. (@wstates below the threshold for strong
decays were considered.) The consistency of the pertuebptedictions with the experimental data
seems to indicate that, for bottomonium, the momentum sufetlee system is larger thafqcp, i.e.,

mv > Aqcp, up to some of thes = 3 states. This is, however, in apparent conflict with the fact
that the leading nonperturbative effects scale as a powdrof the principal quantum number (see
Nonperturbative effectselow) and, hence, are expected to be very important for aciyed state.

Subsequently, in Refs. [96, 106] a specific formalism basedeasturbative QCD was developed:
using the static QCD potential computed in Ref. [78] andrigkinto account the cancellation of the
O(Aqcp) renormalons, the Schrodinger equation was solved nuallgrio determine the zeroth-order
quarkonium wave function; all the corrections up@ga2m) for the fine and hyperfine splittings have
been included. Good agreements were found between the ¢edhpod the observed fine and hyper-
fine splittings of the bottomonium and charmonium specinaaddition to the gross structure of the
bottomonium spectruff.

In Table 3.2 particularly impressing is the result for thetpdoative calculation of thé3. mass,
that, with finite charm mass effects included, is equad307 = 17GeV and is in complete agreement,
inside errors and with small errors, with lattice NRQCD ueched result given in EqQ. (4).

These analyses have shown that the perturbative prediatibthe spectra agree with the corre-
sponding experimental data within the estimated pertivbaincertainties, and that the size of nonper-
turbative contributions is compatible with the size of pdsative uncertainties.

Although uncertainties of the perturbative predictionstife individual energy levels grow rapidly
for higher excited states, level spacings among them haaflesnuncertainties, since the errors of the
individual levels are correlated. In particular, uncettigs of the fine and hyperfine splittings are sup-
pressed due to further cancellation of renormalons. Treseifes enabled sensible comparisons of the
level structures including the excited states.

In predicting the spectrum, pNRQCD is a useful tool not ordy fully perturbative computa-
tions but also for factorizing short-distance contribntanto matching coefficients (perturbatively com-
putable) and nonperturbative contributions into matrengtnts of operators [5, 48]. This will be dis-
cussed irNonperturbative effectselow.

The Renormalization group in heavy quarkonium spectrosédp
In recent years, there has been a growing interest to penfenormalization group analysis in heavy
qguarkonium [6, 70, 101, 102, 107, 108, 110-117]. In many <dBkis interest has been driven by the
lack of convergence and strong scale dependence one finas fixéd (NNLO) analysis performed for
sum rules and—t production near threshold (see Chapter 6). This problenturasd out to be highly
non-trivial. We will focus here on computations relatedhwspectroscopy.

The heavy quarkonium spectrum is known with NNLL accurady1}j1102]. These expressions
have not yet been used for phenomenological analysis ofesiveavy quarkonium states either in bot-
tomonium and charmonium systems. It would be very intanggt see their effects on the spectra.

The hyperfine splitting of the heavy quarkonium spectrumisvkn with LL [113,114] and NLL
accuracy for the bottomonium and charmonium spectrum [&6d]also for the3,. spectrum [108]. For

YFor technical reasons a linear extrapolation of the paikati- > 4.5 GeV " was introduced in Ref. [96]. This artefact
was eliminated in Ref. [106], in which it was also shown tHétats caused by the linear extrapolation of the potentiaden
minor.

BAuthor: A. Pineda
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Table 3.2: Predicted masses if cé andbé states in perturbative QCD-based, renormalon-subtramiatpu-
tations. BSVO1 (and BVOO) is the full perturbative compiatatup to O(atm) without non-zero charm-mass
corrections; BSV02 is the full perturbative computationtag)(a2m) including non-zero charm-mass correc-
tions; RSO3 is based on a specific scheme and specific repatiani of perturbative series, incorporates full
corrections up t@(atm) in the individual levels and full corrections up @(a2m) in the fine splittings, in-

cludes non-zero charm-mass corrections. Errors shownaiokbts represeny 62+ 4%, (BSV01,BV00) and

02+ 82+ 62, (BSV02), respectively, wher&,_ originates from the error afs(Mz), dn... is the error due
to higher-order corrections, aig,, is the error in the finite charm mass corrections. The errorsad include non-
perturbative contributions estimates. Numbers withotdrsrare those without explicit or reliable error estimates
in the corresponding works.

State|  expt BSV01[93] BSV02[95] RS03[96] BVO0O0 [97]
bb states

139, 9460 | 9460 9460 9460

3P, 9913 | 9916(59) 10012(89) 9956

13p 9893 | 9904(67) 10004(86) 9938

13p, 9860 | 9905(56) 9995(83) 9915

23S, | 10023 | 9966(68) 10084(102) 10032

23 P, 10269 10578(258) 10270

22 10255 10564(247) 10260

22P) | 10232 | 10268 10548(239) 10246

335, | 10355 | 10327(208) 10645(298) 10315
cc states

139, 3097 | 3097

118y | 2980(2) | 3056
be states

115y | 6400(400) | 6324(22) 6307(17) 6326 (29)
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Table 3.3: Predicted fine and hyperfine splittings (in MeV)bbfand c¢ states in perturbative QCD-based,
renormalon-subtracted computation$P.,, denotes the centre of gravity of the triplet P-wave state$88P
extracts the matrix elements 6f(1/m?) operators from the experimental values for the fine spg#tjrinstead

of computing them from perturbative QCD. BSVOL1 is the fulltpebative computation up t&®(alm) without
non-zero charm-mass corrections. BSVO02 is the full pestivb computation up t®(a2m) including non-zero
charm-mass corrections; RS03 and RS04 are based on speledinas and specific reorganization of perturbative
series, incorporate full corrections up@«a2m) in the splittings, and include non-zero charm-mass caoest
KPPSS03 and PPSS04 are the full NNLL computation [up to axder x (s In as)™)] without non-zero charm-
mass corrections. Errors are shown in brackets when eixphci reliable estimates are given in the respective
works. The errors do not include nonperturbative contiilng estimates except in KPPSS03 and PPSS04 where
they were roughly estimated using the multipole expansion.

Level splitting | expt |ptss[105] Bsvo1[93] Bsvo2[95] rs03[96]  rs04[106] kppssod107] ppssoq108]
bb states

1P, —13P; | 20 12 8 18(10)

1P, -1°Py | 33 —1 9 23(10)

2P, 2P | 13 16 11(10)

2P -23P, | 23 14 14(10)

135, —118, 44(11) 39(11)*3

238, =215, 21(8)

3351 -39, 12(9)

3Py —11P —0.5 —0.4(0.2)

23 Peog =21 Py —0.4 —0.2(0.1)
cc states

1P, —1°P;, | 46 43(24)

1P, —1°Py | 95 56(34)

135; —115, 118(1) 88(26) 104

2351 —21Sy |32(10) 38(36)

13Pe —1'P1 | —0.9 —14 —0.8(0.8)
be states

135, —11S, 65(24)* 13
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those observables a phenomenological analysis has befemnped. The predictions can be found in
Table 3.3. The general trend is that the introduction ofdteffects improves the agreement with exper-
iment (when experimental data are available). In particike resummation of logarithms brings the
perturbative prediction of the hyperfine splitting of chamum significantly closer to the experimental
figure if compared with a NLO computation. It is then possitdggive predictions for the hyperfine
splitting of the ground state of bottomonium, and in pattcdor then,(1S) mass, as well as for the
hyperfine splitting of the3,. ground state. In these computations a threshold mass wdgempavalent

to the pole mass at this order). In any case, it should alsodriomed that the use of thdS mass may
give a NLO value for the charmonium hyperfine splitting inegment with experiment [109].

As a final remark, for the bottomonium, charmonium agdspectrum, one should be careful,
since the ultrasoft scale may run up to very low scales. Owtiner hand the general dependence on the
renormalization scale appears to be the same no matter evhethtalk of toponium, bottomonium or
charmonium. This may point to the fact that the same physisHor all of them.

Nonperturbative effect8
Given the Lagrangian in Eq. (3.9) it is possible to calculie full quarkonium energy levels at order
ma? [68, 69, 79]. At this order the energy,, of the leveln receives contributions both from standard
guantum mechanics perturbation theory and from the shugltett interaction (retardation effect) through
ultrasoft gluons. The latter reads

) 92 [e%) ) ) _

Ol = =izt [t e ) (B(t) E) 1), (3.10)
cJo

beingE,(LO) andh, the binding energy and the octet Hamiltonian respectialigeading order. When we

assume that the chromoelectric fields have a typical seale,cp, the expression (3.10) allows to dis-

cuss the nature of the leading nonperturbative contribatid hus the integral in (3.10) is a convolution

of two objects: the exponential with a typical scate? and the chromoelectric correlator with a typical

scaleAqcp. Depending on the relative size of the two scales threerdiftesituations occur:

— if mv? > Aqcp, the correlator reduces to the local gluon condensate agdemovers the result
of Refs. [119, 120], which is proportional to the sixth povedirthe principal qguantum number.
The NLO nonperturbative contribution has been evaluateRen [122]. Note, however, that
in this case the dominant contribution to the nonlocal cloelectric correlator corresponds to
fluctuations of ordefnv?, which can be calculated perturbatively [69, 79].

— if mv? < Aqcp, the exponential can be expanded and one obtains a quahatiaange nonper-
turbative potential [5, 123]. This potential absorbs tr&deal renormalons contained in the fully
perturbative computations [5]. For a Coulombic systemexsectation value grows as the fourth
power of the principal quantum number.

— if mv? ~ Aqep, No expansion can be performed and the nonlocal condenastie Ibe kept. Its
expectation value grows as the fourth power of the pringoantum number [69].

Hence, both nonperturbative potentials and (non-potgiidizal condensates are obtained from pNRQCD
in the weak coupling regime for different kinematical ligjisee also [124].

2.3.2 Strong coupling reginté

Whenk >~ Aqcp > E, the pNRQCD Lagrangian consist of a singlet wave functiold figteracting
with a potential and with pseudo-Goldstone bosons [5]. Tyweaaics of the singlet field is described
by the following Lagrangian (here, we do not specialize todhntre-of-mass system) [48, 125]

2 2
_ t(ig P _ P2
Lonrqep = Tr {S <130 i 2 V(X1,X2,p1,p2)> S} (3.11)

6authors: N. Brambilla, J. Soto
YAuthors: N. Brambilla, J. Soto
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The dynamics of the pseudo-Goldstone boson is given by timalQlagrangian [126]. The coupling of
pseudo-Goldston bosons with the singlet field has not beekedmut yet. If we ignore this coupling,
we recover in Eg. (3.11) the structure of non-relativisicdgmtial models [48, 125]. If we assume that
is analytical in1 /m, the structure of the potential up to ordetm? is

Va9 Gy  yvObey vy y02)  yn

V(x1,%2,p1,p2) = VO (r) + + t+—+t—+ ; (3.12)
my ma my m5 mima
ven = 2 {pt vEOm p + L SO v+ VED (L -, (3.13)
(02)
1 Vi 7 (r)
v = S {p3 Ve | + L 4 VO () - Vi (r)Ls - S, (314)
1 V(l’l) r
VoD = o v} -, L)+ v
VL 8e — VD (r)La - S+ VED (181 - 8o + VEEY (r)S1a(8), (3.15)

wherer = |r|,r = x; —x2,L; = rxp; andSa(t) = 12¢-S; £-S» —4S; -Sy. The requisite of Poincaré
invariance imposes well defined relations among the spiegigent and velocity dependent potentials
above [127-129]. If one further assumes that the matchifRQCD can be done in thig'm expansion,
the explicit form of the potentials can be obtained in terrg/dson loop operators [48,128—-133]. We
display here some of them for illustration (for the form off thle potentials see [48]). For the static
potential we have

O ()= lim -
V (r)—Th_rgoTln(W}, (3.16)
for the potential at ordet/m
T/2 T/2
VD () = lim ——/ / dt'|t — | (B®) - E({)).. (3.17)
T—o0 T/2 T/2

At the orderl/m? we display a potential contributing to the spin-dependprgdisely the spin—
orbit) relativistic corrections

20 % T/2 T/2
Vg '(r) = —2‘ 7‘11—I>Iolo_/T/2 /T/2 ) {gBlm, ) x gBlz, )
c(l)
+2 v (V, v ), (3.18)

and a potential contributing to the spin-independent vglaependent relativistic corrections

20) T/2 T/2 _
vEOe) = i i o [ o i [ o 2 (B (x1, ") g (x1, ). (3.19)

The angular brackets . . ) stand for the average value over the Yang—Mills actidnfor the rectangular
static Wilson loop of extension x T' (the time runs from-7'/2 to T'/2, the space coordinate frory to
X3):

W =Pexp {—ig ]é dz“Au(z)} , dt A, = d2" Ay —dz - A, (3.20)
rxT

and(...)) = (... W)/(W); P is the path-ordering operator. Moreover, we define theected Wilson
loop with O (1), O2(t2) andOs(t3) operator insertions by:

{(O1(t1)O2(t2))e = (O1(t1)O2(t2))) — (O1(t1)) (O2(t2))- (3.21)
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The operator&’ = Fy, andB! = €% Fi* /2 (F,, = 9,4, —0, A, +ig[A,, A,]) are the chromoelectric
and chromomagnetic field respectively.

Notice that the final result for the potentials (static arldtigstic corrections) appears factorized
in a part containing the high energy dynamics (and calcelabperturbation theory) which is inherited
from the NRQCD matching coefficients (teg d;, cf. Section 2.1 on NRQCD in Chapter 1), and a part
containing the low energy dynamics given in terms of Wilsoops and chromo-electric and chromo-
magnetic insertions in the Wilson loop [48]. The inclusidM\&RQCD matching coefficients solved the
inconsistency between perturbative one-loop calculatenmd the Wilson loop approach which arose in
the past [132,134]. The low energy contributions can beutaied on the lattice [135, 136] or estimated
in QCD vacuum models [134, 137].

Almost all the potentials given in Eqg. (3.15) were evaluatedhe lattice in Refs. [135, 136], but
this is not so for the potentials of ordefm, V10 V(O It would be very interesting to have such an
evaluation (the perturbative one exist at two loops [6sj phenomenologically, they have not been
considered up to now. In general, it would be very intergstmhave updated and more precise lattice
calculations of all the potentials. We recall that thestdatcalculations have also a definite impact on
the study of the properties of the QCD vacuum in presence a¥yhsources. So far the lattice data
for the spin-dependent and spin-independent potentiale@rsistent with a flux-tube picture, while it
is only for the spin-dependent terms that the so called scalafinement is consistent with the lattice
data [48,134,138].

It has recently been shown [139] that the assumptionithiatanalytic in1/m is not correct. New
non-analytic terms arise due to the three-momentum sgale\cp. These terms can be incorporated
into local potentials £(r) and derivatives of it) and scale as half-integer powers/afi. Moreover, it
is possible to factorize these effects in a model indepanday and compute them within a systematic
expansion in some small parameters. In any case, the donmedb the spectrum coming from these
non-analytical terms are subleading with respect to thagagiven in Eq. (3.12).

We emphasize that, in this regime, non-relativistic paéénnhodels, as the ones discussed in
Section 3 are demonstrated to be EFTs of QCD, provided tegbatentials used there are compatible
with the ones extracted from QCD (and the interaction witbug®-Goldstone bosons neglected). It
is a matter of debate, however, which states in bottomonindhcharmonium should be considered as
belonging to this regime. On one hand the mass should beisafficlower than the heavy-light meson
pair threshold to justify the omission of higher Fock stdfeas. On the other hand if the states are too
low in mass then the perturbative matching regime of Se@i8nl will apply and the problem can be
further simplified.

Since the potentials are defined in an effective field themméwork they are not plagued by the
inconsistency typically emerging in higher order caldolas in potential models. It is well known that at
second order in guantum mechanical perturbation theorggimedependent terms result in a contribution
which is as large as the leading order one. This is due to ttdifat the resulting expression becomes ill-
defined. Regulating it requires to introduce a cut-off (oneinsional regularization). A large cut-off gives
rise to a linear and to a logarithmic divergence. These demees can be renormalized by redefining the
coupling constant of a delta potential [140]. This is a mefftection of the fact that when one matches
QCD to NRQCD, one expands the energy and three momentum.irichises infrared divergences in
the matching coefficients. For quarkonium this happensencticulation of a matching coefficient of
a four Fermion operator at two loops. If one uses a consissgnilarization scheme both for the QCD-
NRQCD matching calculation and the quantum mechanicalutaion in pNRQCD, the divergences
exactly cancel and, at the end of the day, a totally condisteale independent result is obtained (for a
QED example see Refs. [141,142]). Notice that an EFT framlevgocrucial to understand this second
order calculation and to render the result meaningful.
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Fig. 3.6: The singlet static energy (quenched and unquehdiz) from Ref. [51], see also [143]

2.3.3 The QCD static spectrum and mechanism of confinéfent

The spectrum of gluons in the presence of a static quarlgteart pair has been extensively studied with
high precision using lattice simulations. Such studieslire/the calculation of large sets of Wilson loops
with a variety of different spatial paths. Projections ostates of definite symmetries are done, and the
resulting energies are related to the static quark—antiquatential and the static hybrids potentials. With
accurate results, such calculations provide an ideahtggiound for models of the QCD confinement
mechanism.

The singlet static energy
The singlet static energy is the singlet static poteﬁfﬁl).

In the plot3.6, we report simulation results both with anthaiit light quark—antiquark pair cre-
ation. Such pair creation only slightly modifies the enesd@ separations below 1 fm, but dramatically
affects the results around 1.2 fm, at a distance which issiglwith respect to the typical heavy quarko-
nium radius to be relevant for heavy quarkonium spectroscapfinite temperature, the so-called string
breaking occurs at a smaller distance (cf. correspondintjd®ein Chapter 7Media).

One can study possible nonperturbative effects in thecqpatiential at short distances. As it has
already been mentioned in the "static QCD potential” sutisecthe proper treatment of the renormalon
effects has made possible the agreement of perturbatiamythéth lattice simulations (and potential
models) [78,88-92]. Here we would like to quantify this agreent assigning errors to this comparison.
In particular, we would like to discern whether a linear moi@ with the usual slope could be added to
perturbation theory. In order to do so we follow here the ysialof Ref. [90, 144], where the potential
is computed within perturbation theory in the Renormalobt&cted scheme defined in Ref. [81]. The
comparison with lattice simulations [145] in Fig. 3.7 shadat nonperturbative effects should be small
and compatible with zero, since perturbation theory is ablexplain lattice data within errors. The
systematic and statistical errors of the lattice pointsvarg small (smaller than the size of the points).
Therefore, the main sources of uncertainty of our (pertivépevaluation come from the uncertainty in
the value ofAyg (£0.48 7y 1) obtained from the lattice [146] and from the uncertainthigher orders
in perturbation theory. We show our results in Fig. 3.7. Trireer band reflects the uncertainty AR
whereas the outer band is meant to estimate the uncertaistyochigher orders in perturbation theory.
We estimate the error due to perturbation theory by the reiffee between the NNLO and NNNLO
evaluation. The usual confining potentiél; = or, goes with a slope = 0.21GeV?2. In lattice units

BAuthors: N. Brambilla, C. Morningstar, A. Pineda
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Fig. 3.7: Plot ofro(Vrs(r) — Vrs(r') + Eiase.(r')) versusr at three loops (estimate) plus the leading single
ultrasoft log (dashed line) compared with the lattice satiohs [145]E;... (r). For the scale of(v), we set

v = 1/0.15399 ro‘l. Vys = 2.5 ro‘l andr’ = 0.15399r¢. The inner and outer band are meant to estimate the
errors inAy;g and perturbative. For further details see the main text.

we take:oc = 1.35 7“0_2. The introduction of a linear potential at short distancéth wuch slope is not
consistent with lattice simulations. This is even so after ¢rrors considered in Fig. 3.7 have been
included.

At larger distances; > Aqcp, V;(O) grows linearly, with the string tensian= 0.21GeV?2. Such
a linear growth of the energy is often taken as evidence tiagtuon field forms a flux tube whose
dynamics can be described by an effective string theory. é¥ew it should be pointed out that a linearly
growing potential does not necessarily imply string forioatfor example, the spherical bag model also
predicts a linearly rising potential for moderatelt has been shown [147] that the formation of a string-
like flux tube implies a characteristic and universaf;. correction to the ground-state energy, deriving
from the zero-point energy of the transverse string vibratiRecent high precision simulations [148]
(cf. also [149]) show that the coefficient of thér correction differs from-= /12 by 12%. The authors
of Ref. [148] introduce amd hocend-effect term with a fit parametérto the effective string action to
explain this significant difference. However, in a more régeaper [150], these authors show that an
open-closed string duality relation requires= 0. Furthermore, a simple resonance model was used in
Refs. [151,152] to show that the Casimir energy expecten fstring description could be reproduced
in a model in which string formation was not a good descripticoncluding that no firm theoretical
foundation for discovering string formation from high paon ground state properties below the 1 fm
scale currently exists.

Excitations of the static energy

The spectrum of gluons in the presence of a static quarlgtaar pair provides valuable clues
about the nonperturbative dynamics of QCD. Adopting thevpi@nt that the nature of the confining
gluon field is best revealed in its excitation spectrum, if. RE], recent advances in lattice simulation
technology, including anisotropic lattices, improved gauactions, and large sets of creation opera-
tors,were employed to investigate the static energiesunirit excitations between static quarks (hybrid
static energies).

In NRQCD (as in QCD) the gluonic excitations between statiargs have the same symmetries
of a diatomic molecule plus charge conjugation. In the enfrmass system these correspond to the
symmetry groupD..;, (substituting the parity generator by CP). The mass eigtasiare classified in
terms of the angular momentum along the quark—-antiquark ¢ke| = 0, 1,2, ... which traditionally
are labelled a&, I, A, .. .), CP (eveng, or odd,u), and the reflection properties with respect to a plane
passing through the quark—antiquark axes (evengr odd,—). Only theX states are not degenerate
with respect to the reflection symmetry, see also Sectio2218 Fig. 3.8 we display lattice results of
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Fig. 3.8: The spectrum of gluonic excitations in the preseofa static quark—antiquark pair separated by a
distanceR in 4-dimensionalSU (3) gauge theory (from Ref. [47]). Results are from one simatafor lattice
spacingzs ~ 0.2 fm using an improved action on(@0? x 30) x 60 anisotropic lattice with coupling = 2.5 and

bare aspect ratio = 5. At large distancesll levels without exception are consistent with the expemtetirom

an effective string theory description. A dramatic levelmangement is observed in the crossover region between
0.5 — 2.0 fm. The dashed line marks a lower bound for the onset of migifferts with glueball states.

the hybrid static energieBy obtained from Wilson loops with operators of the approprisgmmetry
inserted at the end points.

D1, is a subgroup of the rotational symmetry grau(8) times charge conjugation. In the short-
range limit,r < Aqcp, the hybrid energies approach so-called gluelump levetsdan be classified
according to the usuab(3) JF¢. The corresponding operators can be explicitly constclcising
PNRQCD in the static limit [5]. In the case of pure gluodynasjithe spectrum then consists of static
energies which depend enThe energy units are provided by the only other scale intolelem,Aqgcp.
The gluelumps operators are of the typg OH }, whereO = O%T* corresponds to a quark—antiquark
state in the adjoint representation (the octet) Ang: H*T* is a gluonic operator. By matching the QCD
static hybrid operators into pPNRQCD, we get the static deer@also called hybrids static potentialg)
of the gluelumps. At leading order in the multipole expansibey read [5]

1

Vi (r) = Vo(r) + g (3.22)
g

beinng the correlation time of the corresponding gluelump coteeléH “ (t) (¢, O)zngb(O»non‘pC“'
~ he~/T;" | The lattice data confirm that (in the region in which decay iglueball channels is not

yet possible) all thé/; behave likeV,”) = & for r—0 cf. Fig. 3.8 and Ref. [65]. The constai’
depends on the gluelump operafidr its inverse corresponds to the mass of the glueldmpNote that

[e}e]



CHAPTER 3

Tf are scheme and scale dependent. pNRQCD, in whishintegrated out, predicts the short-range
degeneracies,

DRENE I P OB | VIESIAVE T SRS | S YE~IL ~ A (3.23)
This is confirmed by the lattice data, cf. Fig. 3.8. Similasetvations have also been previously made

in the lattice theory in Ref. [153]. It is interesting to ra#tithat the hierarchy of the states, as displayed
in Fig. 3.8, is reflected in the dimensionality of the opersitaf pNRQCD [5, 65].

By using onlyE and B fields and keeping only the lowest-dimensional represemntate may
identify the operatord for the short-range hybrids caII@;' (andIl,) with r - E (andr x E) and
the operatorH for the short-range hybrids called, (andIl,) with r - B (andr x B). Hence, the
corresponding static energies for smaiire

1 1
VE;L/,HQ(T) = ‘/;)(7”) + T—gE, VE;,HU (7”) = VO(T') + T—gB

The lattice results of Ref. [47] show that, in the short ramge ., (r) > Vy,- ;y (r). This supports the
g g U U

sum-rule prediction [154] that the pseudovector hybrid l@ver than the vector one, i.@’gE < TgB
and the lattice evaluations of Refs. [65, 153]. In this waythie short-distance limit, we can relate
the behavior of the energies for the gluonic excitationsvben static quarks with the large time be-
havior of gluonic correlators. We can extract results fangginvariant two-point gluon field strength
correlators (which are also the relevant nonperturbathjeats in the stochastic vacuum model [137])
(O] F, (t)o(t, O)igJF[j,,(O)\O% ¢ being the adjoint string. One can parameterize these atorslin terms
of two scalar functions:(0[E®(t)¢(t, 0)*VE(0)|0) and (0]B®(t)¢(t,0)*IB(0)[0) with correlations
lengths: TF = 1/Ag andT? = 1/Ap, respectively. Note that while differences between glongu
masses\ ;; are universal the absolute normalization is scheme- ard-dependent [65].

The matching of pPNRQCD ton(y = 0) QCD has been performed in the static limit@(a?)
in the lattice scheme and the (scheme- and scale-deperglealymp massed; = 1/T;H have been
determined both, in the continuum limit from short distaecergy levels and at finite lattice spacing
from the gluelump spectrum [65]. Perfect agreement betviieese two determinations was found. It
would be highly desirable to have lattice determinationsven shorter distances to further increase the
precision of such determinations, however, such calanatare rather challenging due to the need to
properly treat lower-lying glueball scattering states.

The behaviour of the hybrid static energies for largerovides further valuable information on
the mechanism of confinement. The linearly rising groumdesenergy isiot conclusive evidence of
string formation [138]. Computations of the gluon actiomsity surrounding a static quark—antiquark
pair in SU(2) gauge theory also hint at flux tube formation [155]. Completasy information come
from the study of the static energies of the gluonic ex@tadibetween static quarks. A treatment of the
gluon field in terms of the collective degrees of freedom eissed with the position of the long flux
might then be sufficient for reproducing the long-wavelénghysics. If true, one then hopes that the
oscillating flux can be well described in terms of an effexttring theory [66]. In such a case, the lowest-
lying excitations are expected to be the Goldstone modesciatssd with the spontaneously broken
transverse translational symmetry. These modes are arsaifeature of any low-energy description of
the effective QCD string and have energy separations abeveround state given by multiples of R.

A well-defined pattern of degeneracies and level orderimgarag the different symmetry channels form
a very distinctive signature of the onset of the Goldstoneesdor the effective QCD string.

The spectrum of more than a dozen levels shown in Fig. 3.8¢geewstrong evidence that the gluon
field can be well approximated by an effective string theontdrge separationg8. For separations above
2 fm, the levels agrewithout exceptiorwith the ordering and degeneracies expected from an aféecti
string theory. The gaps agree well witfir/R, but a fine structure remains, offering the possibility
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to obtain details of the effective QCD string action in furigher precision simulations. For small
R < 2fm, the level orderings and degeneracies are not consistdnthe expectations from an effective
string description, and the gaps differ appreciably frdm/R with N = 1,2,3,.... Such deviations,
as large as0% or more, cannot be considered mere corrections, makingpghlecability of an effective
string description problematical. Between 0.5 to 2 fm, ardrtic level rearrangement occurs.

Non-universal details of the underlying string descriptfor large separations, such as higher or-
der interactions and their couplings, are encoded in thestimeture of the spectrum at large separations.
It is hoped that near future simulations will have sufficiprecision to be able to differentiate between
such corrections. In the meantime, the excitation spectrunther space—time dimensions and other
gauge theories, such 4%/(2) andZ(2), are being explored [149, 156].

2.3.4 pNRQCD for QQQ and QQq barydfis

In the case of a bound state formed by three heavy quarksa iiérarchy of physical scales similar to
the quarkonium case exists. Consequently, starting frorRQGID description for each heavy quark, itis
possible to integrate out the scale of the momentum transferv and write the pNRQCD Lagrangian
for heavy baryons [157, 158]. Similarly to before two diffat dynamical situations may occur: the
momentum transfer is much larger thApcp, or it is of orderAqcp. In the first case the matching is
perturbative and the Lagrangian is similar to Eq. (3.9) witbre degrees of freedom for the quark part:
two octets, one singlet and one decuplet (as it comes froratloeir decomposition df x 3 x 3) [157]. In

the second case the matching is nonperturbative and thamgign is similar to Eq.(3.11) with only the
three quark singlet as degree of freedom. The (matchingntiats are nonperturbative objects and their
precise expression in terms of static Wilson loop and (clwatectric and (chromo)magnetic insertions
in static Wilson loops can be calculated [157]. Experimketiéa for baryons composed by three quarks
are not existing at the moment, however lattice calculadibtie three quark potential exist [53-55].

Baryons made by two heavy quarks and a light qua€kgy combine the slow motion of the heavy
quark with the fast motion of the light quark. Thus a treattneambining in two steps an effective
field theory for theQ @ interaction and an effective field theory for tli) degrees of freedom with
the light quark is the most appropriate one. The intereshe$e states is also related to the fact that
the SELEX experiment recently announced the discovery wf dimubly charmed baryon states. This
will be discussed in more detail in Section 3.4.2. The noatngstic motion of the two heavy quarks
is similar to quarkonium while the light quark is moving rtestically around the slowly movin@ Q.
Since theRQ is in a colour antitriplet state, in the heavy quark limit 8ystem is similar to 8)q system.
However, the situation is much more interesting becausedfamnstructs first the EFT for the two heavy
guarks more degrees of freedom enter and depending on tlenilyed situation of the physical system,
these degrees of freedom may or may not have a role. In parti¢wve work under the condition that
the momentum transfer between the two heavy quarks is sntlale Aqcp, then we can construct a
PNRQCD Lagrangian of the type Eqg. (3.9) with a triplet and teteasQ() degrees of freedom [157].
Such degrees of freedom, would also be relevant for the sitidguble charmonia production [159].

2.4 Thresholds effects (EFT}°

For states for whiclk ~ E ~ Agcp, namely close or beyond threshold, one has to stay at the NRQC
level. It is still an open question whether one can build aafle EFT to study mixing and threshold
effects.

For a confining potential (e.g., harmonic oscillator), heerethe typical momentum transfede-
creases with the principal quantum number whereas botlypieat relative three-momentumand the
binding energies increase. For some principal quantum pumtihe binding energy will become com-

%Author: N. Brambilla
20Authors: N. Brambilla, J. Soto
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parable to the momentum transfer and hefaice £ will not hold anymore. For these states pPNRQCD is
not a good effective theory anymore (it may still remain acessful model). This is expected to happen
for states close to or higher than the heavy-light mesontpegshold. There is no EFT beyond NRQCD
available for this regime at the moment. Notice also thatsfanen the typical three momentum will
become comparable to and hence relativistic effects will not be small and NRQCD mat be a good
EFT anymore. This is expected to happen for states muchihilghe the heavy-light meson pair thresh-
old. Relativistic quark models like the ones discussed ictiSe 3 are probably unavoidable for this
situation although it is not known at the moment how to linkrthto QCD.

3 PHENOMENOLOGICAL APPROACH 21

From the discovery of charmonium states [160-162], QCD vatéd potential models have played
an important role in understanding quarkonium spectros¢tf3—166]. The initial models describ-
ing charmonium spectroscopy, using a QCD motivated Coulptab linear confining potential with
colour magnetic spin dependent interactions, have helduite gvell. This approach also provides a
useful framework for refining our understanding of QCD andlignce towards progress in quarkonium
physics. The discovery of tHe family of meson [167] was quickly recognized akbdound state whose
spectroscopy was well described by the potential modaliygaised to describe the charmonium system.

In this section we give an overview of potential models ofrfguaium spectroscopy [168]. Most
models [169-180] have common ingredients. Almost all suckets are based on some variant of the
Coulomb plus linear potential confining potential expedtedth QCD. Quark potential models typically
include one-gluon exchange and most models also includetiming constant of QCDy,(Q?). Finally,
relativistic effects are often included at some level [1B88]. At the minimum, all models we consider
include the spin-dependent effects that one would expeat fone-gluon-exchange, analogous to the
Breit—Fermi interaction in QED, plus a relativistic spimbib Thomas precession term expected of an
object with spin (the quark or antiquark) moving in a cenpatential. Potential models have been
reasonably successful in describing most known mesonkoidih cracks have recently appeared [187,
188] these point to the need for including physics effectd tiave hitherto been neglected such as
coupled channel effects [188].

In the next section we will give a brief introduction to quasktential models and attempt to
describe the differences between models. The subject ghlpthirty years old and a large literature on
the subject exists. It is impossible to cover all varianis &e will almost totally neglect the considerable
work that brought us to where we are today. We apologise tihade whose work we do not properly
cite and hope they understand. In the next sections we carparpredictions of some models with
experiment for thez, bb andcb mesons and point out variations in predictions and how thisg drom
the underlying model.

3.1 Potential modelg?
Quarkonium potential models typically take the form of ai®dmnger like equation:

[T+ V]|V =E¥ (3.24)
where T represents the kinetic energy term avidthe potential energy term. We lump into these

approaches the Bethe—Salpeter equation (e.g., Ref. [88], &nd quasi-potential approaches (e.g.,
Ref. [173]).

2Zauthor: S. Godfrey
ZAuthor: S. Godfrey
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Different approaches have been used for the kinetic energy tanging from the non-relativistic
Schrodinger equation to relativistic kinetic energy [1729, 189]

T = \/p2 +mé+\/p2+m% (3.25)

in the spinless Salpeter equation.

3.1.1 The potential

The quark—antiquark potential is typically motivated bg groperties expected from QCD [48,128-134]
and while there are differences, most recent potentiale stiwng similarities. It is worth pointing out
that in the early days of quarkonium spectroscopy this washeous and much effort was expended
in fitting different functional forms of the potential to tlabserved quarkonium masses. In the end, the
shape of the potentials converged to a form that one migheaxpom the asymptotic limits of QCD
and which has been qualitatively verified by Lattice QCD gktions [135] of the expression of the
potentials obtained in the Wilson loop [128-134] and in tiké& 48] approach. This is a great success
of guarkonium phenomenology.

To derive the quarkonium potential we start with QCD where gfuons couple to quarks and
to each other. The quark—gluon interaction is similar to électron—photon interaction in quantum
electrodynamics with the Born term for tge or ¢g interaction at short distance being the familig
form. In contrast with QED the gluon self-coupling resutisai slow decrease of the effective coupling
strength at short distance. In terms of the Fourier congigagmentum the lowest order QCD corrections
to as = g2/47 can be parametrized as

127
(33 —2ny)In(Q?/A?)

as(Q?) = (3.26)
wheren; is the number of Fermion flavours with mass belQwandA ~ Aqcp is the characteristic
scale of QCD measured to be200 MeV. At short distances one-gluon-exchange leads to théoGdu
like potential

4 ag(r)
3
for a ¢g pair bound in a colour singlet where the factordgB arises from the SU(3) colour factors. At
short distances one-gluon-exchange becomes weaker tlivapla €oulomb interaction.

At momentum scales smaller thaxycp which corresponds to a distance of roughly 1 #m,
blows up and one-gluon-exchange is no longer a good refegsenof thegg potential. The qualitative
picture is that the chromoelectric lines of force bunch tbgeinto aflux tubewhich leads to a distance-
independent force or a potential

V(r) = (3.27)

V(r) =or. (3.28)

This has been validated by Lattice QCD calculations. Phemamhogically, every recent model which
we will consider has found ~ 0.18 GeV?.

Numerous variations of the resulting Coulomb plus lineaeptial exist in the literature. Some of
the better known ones are the Cornell potential [170], Ridéan’s potential [190], and the Buchmuiller
Tye potential [191]. Overall, the spin-independent feesuof quarkonium spectroscopy are well de-
scribed by the potentials just described.

Let us also mention that heavy quark mass corrections tostladid) central (spin and velocity
independent) potential exist, although they have not yehliaken into account in potential models
applications so far. They correspond 10) , W(Z’O) andV}(l’l) in Section 2.3.2. Their expressions in
perturbation theory are known [48, 68]. Partwﬂ‘z’o) andw(l’l) was included in the phenomenological
application to the spectrum in Refs. [128, 129, 135, 185].
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3.1.2 Spin-dependent potentials

Spin dependent multiplet splittings are an important téghe details of quarkonium models. In partic-
ular, the nature of spin dependent potentials are deciddfiebi.orentz nature of the confining poten-
tials [129, 131, 138, 186]. While there is general consetisatthe short distance one-gluon-exchange
piece is Lorentz vector and the linear confining piece is htrescalar this is by no means universal
and other possibilities are vigorously advocated. Gronessribed how to obtain the spin-dependent
potentials given the Lorentz structure of the interactib?9] and one can also use the prescription given
in Berestetskij, Lifschitz and Pitaevskij [192]. Simplytpane can obtain the form of the spin dependent
interaction by Fourier transforming the on-shgjlscattering amplitude:

M = [a(p))Tu(p))] V(Q?) [a(ps)Tulps)] (3.29)

where thel’ matrices give the Lorentz structure of the interaction &ii@)?) is the Fourier transform of
the spin-independent potential. For example, for a Lorgatdor interactiol” = ~* and for a Lorentz-
scalar interactiol” = 1. In principle other forms are possible with each giving risecharacteristic
spin-dependent interactions. These can be found by expatité scattering amplitude to order/c)?
which corresponds to an expansion in inverse powers of queasses. In the early years of quarko-
nium phenomenology they were all tried and it was found thatltorentz-vector one-gluon-exchange
plus Lorentz scalar linear confining potential gave the bgstement with experimeft. Note that the
form of the full QCD potential at ordet/m? [48, 128, 130-133] has now been obtained in the EFT
(cf. Section 2.3.2), and while the spin-dependent nongeative potential may correspond to a scalar
interaction in the language used above, the velocity-dégrenpotentials do not fit such a picture. The
effective kernel is thus not a simple scalar, precisely gggetidence both on the momentum and on the
Lorentz structure is more involved than a pure convolutian,(only depending on the momentum trans-
fer) scalar structure [48, 134,138, 186]. However, the sigipendency is well approximated by a scalar
interaction for phenomenological applications. The QCgependent potentials are explicitly given
in Section 2.3.2. A complete calculation of the spin streetof the spectrum using the full expression
given in Section 2.3.2 does not yet exist.

To lowest order if(v/c)? the Lorentz-vector one-gluon-exchange gives rise to téamdiar from
one-photon exchange in atomic physics The colour contdetaction, which in the language of Sec-

tion 2.3.2 corresponds to taklrlg2 ) at leading order in perturbation theory,
327 as(r)
cont __ S 3

gives rise to, for example thé/+v) — 7, splitting. The colour tensor interaction, which in the lange of
Section 2.3.2 corresponds to takib i;l)(r) at leading order in perturbation theory,

H;gn — — Sq . S(j (331)

r2

4das(r) 1 [38;-rS;-r
3mgmg 3

contributes to splitting of. # 0 spin triplet multiplets like they.; and x;; multiplets. The final spin
dependent term is the spin orbit interaction which has twdrdautions. The first piece arises from the
colour-magnetic one-gluon-exchange while the seconcepiethe Thomas precession term which is a
relativistic effect for an object with spin moving in a caltpotential

s.o. __ rys.o.(cm) s.0.(tp)
Ho = Hoy ™ + Hy '™, (3.32)
The colour magnetic piece arising from one-gluon exchasggven by:
s.0.(cm) 4 Qg (T) Sq Sq S Sq
HS = _ — | -L 3.33
4 3 3 mgMmg + memg T2 mg + [27 ( )

ZAlthough other forms are still advocated. See Eesl.[173,193].
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and the Thomas precession term is given by

conf
s.0.(tp) 1 8quj Sq Sq
ot -~ Zea (B¢ Sq) oy, 3.34
1 2r  Or <mg * m2 (3.34)

which includes a contribution from both the short distah¢e piece and the linear Lorentz-scalar con-
fining potential. In the language of Section 2.3.2, both &im(3.32) are obtained by takirigL(ls’l) at

leading order in perturbation theory and using the Gromlesioa forVL%’O). In these formulaex(r) is
the running coupling constant of QCD.

For mesons consisting of quarks with different flavours sagtheB. meson, charge conjugation
is no longer a good quantum number so states with differaat $pins but with the same total angular
momentum, like thé P, —! P; and3Dy —! D pairs (i. e.J = L for L > 1) can mix via the spin—orbit
interaction or some other mechanism. Equations (3.33) &u3d) can be rewritten to explicitly give the
antisymmetric spin—orbit mixing term:

o, — i (dos k LQ_LQ S L (3.35)
e 4\3r% 1) \mj mg

whereS_ = Sy — S5. Consequently, the physical the physical= L (J > 1) states are linear
combinations of L; and! L states which we describe by the following mixing:

L' ='Ljcosb,, +3Lssinb,,
L =—-'L;sin@,; +3Ljcosb,r (3.36)

whereL designates the relative angular momentum of(@ig pair and the subscript is the total angular
momentum of the@ which is equal toL. Our notation implicitly impliesL — S coupling between
the quark spins and the relative angular momentum. In thieilimvhich only one quark mass is heavy,
mg—o0, and the other one is light the states can be described bythleangular momentum of the
light quark which is subsequently coupled to the spin of thavly quark. This limit gives rise to two
doublets, one with = 1/2 and the othej = 3/2 and corresponds to two physically independent mixing
anglesd = —tan~'(v/2) ~ —54.7° andf = tan—'(1/v/2) ~ 35.3° [194, 195]. Some authors prefer
to use thej — j basis [196] but we will follow thel, — S eigenstates convention implied in the spin—
orbit terms given above and include thé& mixing as a perturbation. It is straightforward to transfor
between thd. — S basis and thg — j basis. We note that radiative transitions are particulselysitive

to the3L; —! L, mixing angle with the predictions from the different modgiging radically different
results. We also note that the definition of the mixing anglesfraught with ambiguities. For example,
charge conjugatingb into bé flips the sign of the angle and the phase convention depentisearrder

of couplingL, S, andS; [195].

3.1.3 Relativistic corrections

The Hamiltonian with the spin-dependent terms as writtasvals actually inconsistent as it stands as
the terms more singular thar? are illegal operators in the Schrodinger equation. Thisesolved

by returning to the full scattering amplitude which has tifea of smearing the coordinaieout over
distances of the order of the inverse quark mass and theg#teenf the various potentials become de-
pendent on the momentum of the interacting quarks. The $ngeairthe potentials has the consequence
of taming the singularities. Alternatively, if one regattiés Hamiltonian in the spirit of effective field
theories, these singular operators are subleading in aspmnable power counting, and hence they must
be treated as a perturbation. They may need regularizagimedring) at higher orders of perturbation
theory, which introduces a scale dependence. This scakndepce cancels against the one of higher
order NRQCD matching coefficients, see Section 2.3.2,
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From this starting point different authors [169—-180] dgeiin how they incorporate further rel-
ativistic corrections. For example, Godfrey and Isgur (&)1] use the full relativistic scattering am-
plitude as the starting point but do not take it literally angtead parameterize the various relativistic
effects. The relativistic smearing is described by a quarknffactor and momentum dependent cor-
rections are parametrized in a form that is in keeping withdbneralities, if not the details, of tihg
scattering amplitude. The reasoning is that the scattennplitudes are for free Dirac Fermions while
quarks inside a hadron are strongly interacting and willehaff-mass-shell behavior. In addition, in
field theory the Schrodinger equation arises in ghesector of Fock space by integrating over more
complex components of Fock space suclygg). This integration will introduce additional momentum
dependence in thej potential not reflected in eq. (3.29). There are other defoigs that arise from
taking eq. (3.29) literally. Thus, Gl use the full scattgreamplitude as a framework on which to build a
semiquantitative model of relativistic effects. While yrecknowledge that this procedure is not entirely
satisfactory they argue that it enables them to succegstabicribe all mesons, from the lightest to the
heaviest, in a unified framework.

In contrast, the more recent work by Ebert, Faustov and Gakkiforms an expansion in powers of
velocity, including all relativistic corrections of ordef /c?, including retardation effects and one-loop
radiative corrections [173, 193]. Ebest al use a quasipotential approach in which the quasipotential
operator of the quark—antiquark interaction is constiaigtéh the help of the off-mass-shell scattering
amplitude. The expression they derived to describe theispgigpendent and spin-dependent corrections
are rather lengthy and we refer the reader to their pape® BB, 197]. They found that relativistic
effects are important, particularly in radiative trarmis (which are outside the scope of this section).

While the Gl calculation [171] assumed a short distance higrgector interaction and a Lorentz-
scalar confining potential Ebegt al [173, 193] employ a mixture of long-range vector and scaiear
confining potentials. The effective long-range vector eefincludes an anomalous chromomagnetic
moment of the quarks. The fitted value fors results in the vanishing of the long-range magnetic
contribution to the potential so that the long range confjrpotential is effectively Lorentz scalar.

In both cases taking the non-relativistic limit recovera®q(3.30—3.34). Despite differences in
the details of the various approaches most recent calootatire in fairly good agreement.

3.1.4 Charm mass corrections to the bottomonium mass spetr

For the calculation of the bottomonium mass spectrum it egsary to take into account additional
corrections due to the non-zero mass of the charm quark $7298, 199]. The one-loop correction to
the one-gluon exchange part of the st&jiQ potential in QCD due to the finite quark mass is given
by [75, 200]

2 0
AV (r) = —%% [In(\/agm.r) + vg + E1(y/agmer)], Eq(z) = / et % (3.37)

whereyg = 0.5772 is the Euler constant andy = 5.2. Averaging ofAV,,_ (r) over solutions of the
relativistic wave equation with the Cornell and Coulombepials yields the bottomonium mass shifts
presented in Table 3.4.

The Table 3.4 shows that for a fixed valuengfthe averaging with and without confining potential
substantially differ especially for the excited statest glowingn = n, + L + 1 the values of AV,,,.)
slowly decrease for Cornell potential whereas for the Cogotential with a fixed value af; they
fall rapidly. The bottomonium mass spectrum with the actadthe finite charm mass corrections was
obtained in Refs. [95, 173]

24Author: R. Faustov
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Table 3.4: Charm mass corrections to the bottomonium mégsskkeV).

State 1S 1P | 25 [ 1D | 2P | 3S
AV )&E=0271200) | —12 | —93 | —8.7 | —76 | —75 | —7.2
(AV,, )&= ) % 95 | —42 | -38 | —23] —22 | —21
(AV;, )& 203 —20.7 | —9.7 | —88 | =55 | —5.2 | —4.9
AV oo [95] | —14.3 | =221 | —21.9 —49 | —40.5
as (1) 0.277 | 0.437 | 0.452 0.733| 0.698

3.1.5 Coupled-channel effects

An important ingredient that has not received the atteritideserves but which has been brought to the
forefront by some spectacular recent failures of quark fscale coupled channel effects. As the mass of
a quarkonium state approaches the threshold for decayr® gfdiavoured mesons, contributions from
virtual loops of the flavoured meson channels are expectadate important contributions to masses
and other meson properties [169, 170, 201]. These coupkethet effects are expected to shift masses
from naive quark model predictions and to alter decay andymtion properties due to higher order
Fock-space components present in the wavefunctions. Thagaccount for the discrepancies between
quark model predictions and those of the recently discavare X (3872) properties [187,188]. There
has been very little work on this important subject sincedtiginal Cornell model [169, 170] and it is
an important topic that needs to be addressed [188]. Forhiliemmnium example the present situation
is discussed in Section 3.3.

3.2 Comparison of models with experiment®
3.2.1 Bottomonium

We start with thebb system as it has the most states observed of any of the heavkogium systems
(see Table 3.5). This is due to the fact that threshold foZtheig allowed decay t@ B lies above the
3S state. TheJ/P¢ = 17— n3S, states are copiously producedehe™ annihilation and can decay via
E1 transitions to tha?P; and2? P; multiplets. The masses of thg states provide valuable tests of the
spin-dependence of the various models. In particular, ghigisgs of the® P; masses are determined by
the spin—orbit and tensor terms which are sensitive to thegmce of vector and scalar interactions. The
Lorentz vector one-gluon-exchange plus Lorentz scalaalirconfinement gives a good description of
the data (as long as no velocity dependent corrections eltedied [185, 202].

A test of potential models is their ability to predict as yasaen properties correctly. Most poten-
tial models predict that the lowest D-wave centre of graigtground 10.16 GeV. Although details of the
multiplet splittings differ most models predict that thditsings are smaller than in the P-wave states.
Thus, the observation of these states represents an imptesa of potential models.

Recently the CLEO collaboration has observed the first Deséstate in the cascadg(3S)—
Xo7—>D v y—x6777— T (15)7777 [203]. Due to expected transition probabilities (essdltieli-
able Clebsch factors) it is believed that the observed &dte.J = 2, 13D, state. This is an important
observation as it is able to distinguish among the varioudeatso[204]. Unfortunately this programme
at CLEO is completed and it is not clear when there will be Beobpportunity to search for more of the
missing states.

So far no spin singlebb state has been observed. The mass splittings between tiet sind
triplet states is a key test of the applicability of pertuim quantum chromodynamics to thesystem
and is a useful check of lattice QCD results. Tfe(n'S,) states can be produced via M1 radiative

BAuthors:S. Godfrey
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Table 3.5: Predicted and observed massé# efates.

State | expt | GI85 FU91 EQ94 GJ96 EFG03 ZVRY5
[171] [175] [196] [179] [173]  [180]
135S, | 9460 | 9465 9459 0464 9460 9460 9460
1'So 9402 9413 9377 9408 9400 9410
1°P, | 9913 | 9897 9911 9886 9914 9913 9890
13P, | 9893 | 9876 9893 9864 9893 9892 9870
)
)
>

1°Po | 9860 | 9847 9865 9834 9862 9863 985(

1'Py 9882 9900 9873 9901 9901 988(

23S; | 10023| 10003 10015 10007 10016 10023 10020
21S, 9976 9992 9963 9991 9993 10000
1°D3 10155 10172 10130 10162 10150
13Dy | 10162 | 10147 10166 10126 10158 10150
13Dy 10138 10158 10120 10153 10140
1'Dy 10148 10167 10127 10158 10150

23Py | 10269| 10261 10269 10242 10270 10268 10280
23P; | 10255| 10246 10256 10224 10254 10255 10260
23Py | 10232| 10226 10234 10199 10229 10234 10240

21P; 10250 10261 10231 10259 10261 10270
33S; | 10355| 10354 10356 10339 10358 10355 10390
3180 10336 10338 10298 10338 10328 10370

transitions from thél (n3S;) states, either unhindered or hindered, and via E1 radiatansitions from
the n! P, states [205]. In the latter case, the decay chain woul@ (&S)— h; (' P,)rn followed by
hy—mnyy. The decay chail' (3S)—hy, + 70—, + 70 + v is also possible [206]. We note that there
does not appear to be a consensus in the literature on thigeataportance of the tw@ — h;, hadronic
transitions. The decay chains proceeding via an internteetljawvould also be a means of observing the
hy state. A recent run by CLEO did not lead to reports of the olagiem of ther, state although the
limits straddles the range of predictions. There is alsgtbssibility that they, can be observed by the
Tevatron and LHC experiments.

3.2.2 Charmonium

The discovery of the//¢) and )’ states revolutionized our understanding of hadron spego by
demonstrating that they could be well described by potentzdels with the qualitative features ex-
pected from QCD (see Table 3.6).

The spin triplet®S; states are produced copiously dfie~ annihilation and thé P; states are
produced viaF'1 radiative transitions. Thgy (3Fp), x1 (*P1) andxs (*P) cc states were first discov-
ered in radiative decays from ti28.5; level (thev(3685)). They states themselves undergo radiative
transitions to the//« with measured partial widths in reasonable agreement Wibretical predictions
once relativistic effects are taken into account.

The singlet states have been far more elusive. T state has been known for some time,
seen in magnetic dipoleM 1) transitions from both the//¢) and¢’. In contrast, a strong claim for
observation of th@! S, state has only occurred recently, first with its observatiothe decayB — K.,
n.—K;K*tn~ by the Belle Collaboration [207] and its subsequent obsienveby Belle in the mass
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spectrum recoiling against/«) in e*e~ annihilation [208] and by CLEO [209] and Babar [210]+ry
collisions. While the mass measurement by Belle was higheam £xpected by most quark potential
models, the current world average [245] is in reasonableeagent with theory.

One place the models disagree is in the mass ofitlfg state relative to thé®P; cog [206].
However, the' P, state has yet to be confirmed. Th&".,, — 11 P, splitting is dependent on the Lorentz
structure of the interquark potentials and relativisticrections so that thé. mass measurement is an
important test of perturbative QCD and more phenomencdbgjoark potential models which have a
large variation of predictions. The decay chaif—h. + ©°—n. + 7° + v has been discussed as a
possible mode of discovery of thie. [206]. Optimistically, one might hope that the current CLE®D
will see evidence for thé.. in this cascade.

The charmonium D-wave states are predicted to lie adoikthreshold. The)(3770) is associ-
ated with thel®D; state. It's leptonic width is larger than expected for a plirstate which is probably
due to mixing with the23S; state induced by tensor mixing or coupled channel effedie1¥Ds, 13D,
and1' D, are predicted to lie close in mass to thé3770). A J© = 2~ state cannot decay to twio
particles so the3D, and! D, cannot decay tdD and are expected to lie below ttig# D threshold.
They are therefore expected to be narrow with prominensitians to lowerce states. While there is
no such conservation law for tHé D5 state, recent calculations indicate that it should alscelzively
narrow,O(MeV), due to the angular momentum barrier [187,188]. Iheréfore possible that alt D-
wave states will be observed. # state has recently been observedinlecay, theX (3872) [211]. It's
mass is higher than expected by quark models which has lesh&iderable speculation about whether
it is a conventionatc state or abD D* molecule [212]. A number of tests have been proposed tolsisrt t
out [187,188] and experimental analysis is in progress.e@asion of then.2 and, 3, states would
constrain spin-dependent interactions and provide itsigho the importance of coupled channel effects
in the charm threshold region.

Table 3.6: Predicted and observed masses sfates (in MeV).

State Expt GI85 EQ94 FU91 GJ96 EFGO3 ZVRY5
[171] [196] [175] [179] [173]  [180]

1°S; | 3096.87 £ 0.04 | 3008 3007 3104 3097 3096  310(
1'Sy | 2979.8+1.8 | 2975 2980 2987 2979 2979  300(
1°P, | 3556.18 £ 0.13 | 3550 3507 3557 3557 3556 354
13P, | 351051 £0.12 | 3510 3486 3513 3511 3510 3500
13Py | 3415.0+£0.8 | 3445 3436 3404 3415 3424  344(
1P, 3517 3493 3529 3526 3526 351
23S, | 3685.96 = 0.09 | 3676 3686 3670 3686 3686  373(
218, | 3654+10 | 3623 3608 3584 3618 3588  367(

oSO O oo o O

13Ds 3849 3884 3815 3830
13D, 3838 3871 3813 3820
13D; | 3769.9+2.5 | 3819 3840 3798 3800
1'Dy 3837 3872 3811 3820
23P, 3979 3972 4020
23P, 3953 3929 3990
23P, 3916 3854 3940
2P, 3956 3945 3990
335, 4100 4088 4180
318, 4064 3991 4130
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Fig. 3.9: B. spectrum.

3.2.3 B. mesons

The B. mesons provide a unique window into heavy quark dynamicthofigh they are intermediate to
the charmonium and bottomonium systems the propertiés. afiesons are a special case in quarkonium
spectroscopy as they are the only quarkonia consistingayhguarks with different flavours. Because
they carry flavour they cannot annihilate into gluons so aveanstable and exciteH,. states lying below
BD (and BD* or B*D) threshold can only undergo radiative or hadronic trams#ito the ground
state pseudoscalar which then decays weakly. This resuligich spectroscopy of narrow radial and
orbital excitations (Fig. 3.9 and Table 3.7) [171, 173, 1778, 179, 180, 182, 196, 213-216]. which are
more stable than their charmonium and bottomonium anafglilee hadronic transitions emitting two
charged pions should offer a good opportunity to reconsthecexcitedB,. state.

The discovery of thé3. meson by the Collider Detector at Fermilab (CDF) Collabdoraf217]
in pp collisions at\/s = 1.8 TeV has demonstrated the possibility of the experimentadysof this
system and has stimulated considerable interedl.ispectroscopy. Calculations &f. cross-sections
at hadron colliders predict that large samplepfstates should be produced at the Tevatron and at the
LHC opening up this new spectroscopy. It should thereforpdssible to start exploringh spectroscopy
at the Tevatron, producingP and2S states and possibly even the D-wave states in sufficient atsnb
to be observed. At the LHC, with its higher luminosity, thenBwe cb states should be produced in a
sizable number so that the LHC should allow the study of tleetspscopy and decay &f. mesons.

3.3 Coupling to open-charm channel&
3.3.1 Theoretical models

Near the threshold for open heavy flavour pair productioardtare significant nonperturbative contri-
butions from light quark pairs to the masses, wavefunctansdecay properties of physical) states.
QCD sum rules [218, 219] have been used to obtain some rg¢28lis222] and lattice QCD calcula-
tions extended into the flavour-threshold region [223] stheventually give a firm basis for predictions.

26Authors: E. Eichten
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Table 3.7: Predicted. masses and spin—orbit mixing angles (in MeV).

State | GI85 EFG03 FU99 GKLT94 EQ94 GJ96 ZVR95 Lattice
[171] [173] [176] [174] [196] [179] [180]

1°5, | 6338 6332 6341 6317 6337 6308 6340 6321 +30
1S, | 6271 6270 6286 6253 6264 6247 62606280 = 30 + 190
1°P, | 6768 6762 6772 6743 6747 6773 6760 6783 +30
1P/ | 6750 6749 6760 6729 6730 6757 6740 6765+ 30
1P, | 6741 6734 6737 6717 6736 6738 6730 6743 +30
13P, | 6706 6699 6701 6683 6700 6689 6680 6727 + 30
Grp | 22.6 208 285 17 ~2° 258 33.4+1.5°
935, | 6887 6881 6914 6902 6899 6886 6900 6990 =+ 80
915, | 6855 6835 6882 6867 6856 6853 6850 G960 = 80

2P, | 7164 7156 7134 7153 7160
2P | 7150 7145 7124 7135 7150
2P, | 7145 7126 7113 7142 7140
28p) | 7122 7091 7088 7108 7100
G,p |18 23.C 21.8 17°

338, | 7272 7235 7280 7280
318, | 7250 7193 7244 7240
13Ds | 7045 7081 7032 7007 7005 7040
1D, | 7036 7079 7028 7016 7012 7030
1D, | 7041 7077 7028 7001 7009 7020
13Dy | 7028 7072 7019 7008 7012 7010
6,p | 445 -35.9 34.4

13F, | 7271 7250
LF} | 7266 7250
1F3 | 7276 7240
13F, | 7269 7240

b | 418

However, at present a more phenomenological approachusreelto provide a detailed description of
these effects.

The effects of light quark pairs near open heavy flavour tiolescan be described by coupling
the potential moded)( states to nearby physical multibody states. In this thriespicture, the strong
interactions are broken into sectors defined by the numbealefice quarks. This separation is remi-
niscent of the Tamm-Dancoff approximation [224]. The dyiwsnof theQQ states (with no valence
light quarks,q) is described by the interactidf,. Nonrelativistic potential models are normally used to
determine the properties of the resulting bound statessrstttor. In this framework excitations of the
gluonic degrees of freedom would also be contained the spaaif .

The two meson sect@pq + ¢@ are described by the Hamiltonidt. In the simplest picturek,
is assumed to be described the low-lying spectrum of twolfeary-light mesons. The physical situation
is more complex. At large separation between two mesonsitbeactions are dominateechannel pion
exchanges. For states very near threshold such as the XY(@83@2nonium state such pion exchange in
attractive channels might have significant effects on piagseof the physical states [225]. At somewhat
shorter distances, more complicated interactions exghaw bound states might arise, e.g., molecular
states [226, 227].
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Our command of quantum chromodynamics is inadequate teedarrealistic description of the
interactionsH 7, that communicate between th&) andQg+qQ sectors. Two simple phenomenological
models have been used to describe this coupling: the Caraeflled-channel model (CCC) and the
vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair ticee[169] generalizes the CorngllQ
model [170] without introducing new parameters, writing thteraction Hamiltonian as

HI - gza:/ : pa(r)v(r - I'/)pa(l‘/) : dgr d37“/ ’ (338)

whereV is the quarkonium potential ang,(r) = %M(r)/\aw(r) is the colour current density, with

1 the quark field operator andl, the octet of SU(3) matrices. To generate the relevant ictierss,

1 is expanded in creation and annihilation operators (fordgeyn, strange and heavy quarks), but
transitions from two mesons to three mesons and all transitihat violate the Zweig rule are omitted.
It is a good approximation to neglect all effects of the Coubopiece of the potential in Eq. (3.38).
It was shown that this simple model coupling charmonium targted-meson decay channels gives a
gualitative understanding of the structures observed eboeshold while maintaining the successes of
the single-channelc analysis below threshold [170].

The characteristic of the CCC model is the use of the time corapt of a long-range vector
interaction between the heavy quarks colour densitiegrdtian the Lorentz scalar confining interaction.

The vacuum quark pair creation model (QPC). This model wagldped by Le Yaouanet.
al. [228-230] based on an earlier idea of Micu [231] that thetlighark pair is produced from the
vacuum with vacuum quantum numbes® = 0*t+. The model is also referred to as tfi@, model.
The form of the interaction Hamiltonian is

Hi =~ / Db (x)dr (3.39)

The constanty is a free parameter of the model. This model has been applideetlight meson states
[232,233]. It was first applied above charm threshold by thea@ group [234].

The main theoretical weakness of the QPC model is its fatlumeproduce the vanishing of the
pair production amplitudes for a statig() source at zero spatial separation. The flux tube breaking
model [235, 236] somewhat addresses this weakness. It&aauthe basic interaction as the QPC model
(Eg. 3.39) but the integration is only over a region near grigt between the) and( positions. This
region is defined by a upper bound on the shortest distanegbetthe pair creation point and the string.
Detailed applications of QPC models to the quarkonium systare presently under investigation [237].

There have been attempts to compare the various models &ok gair creation [185, 238, 239].
At present the most studied system is the open charm thaksbgion and we will focus on that system
below. However, the same threshold effects are preseneibbtstates nea3 B threshold andb states
near DB threshold. A detailed comparison of the scaling behaviatwben different heavy quark
systems would provide valuable insight into the correanféor the coupling to light-quark pairs.

3.3.2 Mass shifts
The massv of the quarkonium state in the presence of coupling to decay channels is given by:
[Ho + Ha + H1lt) = wip. (3.40)

Above thresholdv has both a real (mass) and imaginary part (width).

The basic coupled-channel interactidfy (Eq. (3.38) or Eq. (3.39)) appearing in Eq. (3.40) is
independent of the heavy quarks spin, but the hyperfinetisgbt of D and D*, Dy and D7, induce
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Table 3.8: Charmonium spectrum, including the influencepe#fecharm channels. All masses are in MeV. The
penultimate column holds an estimate of the spin splitting t tensor and spin—orbit forces in a single-channel
potential model. The last column gives the spin splittinduced by communication with open-charm states, for
an initially unsplit multiplet. From [188].

. Splitting Splitting
State Mass Centroid (Potential) (Induced)
'Sy 2979.9 -90.5 +2.8
13S; 3096.9 3067.6 +30.2 -0.9
13P, 3415.3 —114.9 +5.9
13P; 3510.5 —11.6 —2.0
1Py 3525.3 3525.3 +1.5 +0.5
13P, 3556.2 +31.9 -0.3
213, 3637.7 —50.4 +15.7
233, 3686.0 3673.9 +16.8 —5.2
1D, 3769.9 —40 —39.9
13Dy 3830.6 0 —2.7
11Dy 3838.0 (3815) 0 +4.2
13D3 3868.3 +20 +19.0
23Py 3931.9 -90 +10
23p, 4007.5 -8 +28.4
21p, 3968.0 3968 0 —11.9
23p, 3966.5 +25 —33.1

spin-dependent forces that affect the charmonium statiessel'spin-dependent forces give rise to S-D
mixing that contributes to the(3770) electronic width, for example, and are a source of additispa
splitting.

The masses resulting from a full coupled channel analy§i8][ih the CCC model are shown in
the second column of Table 3.8. The parameters of the patentidel sector{,, must be readjusted to
fit the physical masses;, to the observed experimental values. To compute the imndspkttings, the
bare centroid of the spin-triplet states is adjusted sothiegphysical centroid, after inclusion of coupled-
channel effects, matches the value in the middle column bleTa&8. The centroid for the 1D masses
is determined by pegging the observed mass of #® 1/(3770). For the 2P levels, the bare centroid
is adjusted so that the' P, level lies at the centroid of a potential-model calculatiZhe assumed spin
splittings in the single-channel potential model are shawthe penultimate column and the induced
coupled channel spin splittings for initially unsplit mplets are presented in the rightmost column of
Table 3.8. The shifts induced in the low-lying 1S and 1P kewk small. For the other known states in
the 2S and 1D families, coupled-channel effects are ndileeand interesting.

In a simple potential picture, thg(25) level lies below the)(2.5) by the hyperfine splitting given
by

2
M((28) = MOne(28) = “ P o) ~ 2r(a). (3.41)
Using the observed 1S hyperfine splitting,(¢)) — M (n.) = 117 MeV, one would findM (¢(25)) —
M (n.(2S)) = 67 MeV, which is larger than the observed.3 + 4.4 MeV, as is typical for potential-
model calculations.
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One important result of coupling the open-charm threshslthat they ' receives a downward
shift of the nearbyD D, that ther), does not get, as this state does not coupl® 0. This is implicitly
present in the early Cornell papers [170], but the shift af sjglets states was not explicitly calculated.
The effect was first mentioned by Martin and Richard [240]24/ho calculated the size of the effect.
Recent papers using the CCC model interaction [188, 242 bamfirmed this behaviour. In fact, the 2S
induced shifts in Table 3.8 draw/ andr’. closer by20.9 MeV, substantially improving the agreement
between theory and experiment. This suggests that)the. splitting reflects the influence of virtual
decay channels.

If the observedX (3872) is a charmonium state, it is most naturally interpreted a4, or 1°D;
level [187, 188]; if not, both these states remain to be aleskand the dynamics G, is significantly
richer. As shown in Table 3.8, the coupling to open-charrmobis increases the/,—13D; splitting
by about20 MeV, but does not fully account for the observe@ MeV separation betweeX (3872)
ande(3770). However the position of th&=— 13D; level turns out to be very close 8372 MeV.

3.3.3 Mixing and physical state properties

The physical states are not pure potential-model eigessstait include components with two virtual
(real above threshold) open flavour meson states. Segathémphysical state/() into QQ (1) and two
meson components)§), the resulting separatiol by sector leads to an effective Hamiltonian for the
1y sector given by:

i 1 _
HO+H1w—H2+i€H1 Py = wilg (3.42)

Table 3.9: Charmonium content of states near flavour thtdshiche wave function) takes account of mixing
induced through open charm—anticharm channels. Unmixtshpal-model eigenstates are denotedrigy 1L ).
The coefficient of the dominant eigenstate is chosen regpasitive. The 1S, 1P, 2S, andD); states are evaluated
at their physical masses. The remaining 1D states are cesidt the masses in Table 338, represents the
(cc) probability fraction of each state.

State Major Components Zes
P(11S) | 0.986/11Sy) — 0.042[2!1Sy) — 0.008[3'Sp) 0.974
¥(13S;) | 0.983|13S;) — 0.050[23S;) — 0.009(33S;) 0.968
P(13Pg) | 0.919|13Pg) — 0.067|23Py) — 0.014[33Py) 0.850
Y»(13Py) | 0.914]|13P;) — 0.075[23P;) — 0.015|33Py) 0.841
Y(1'Py) | 0.918|1'Py) — 0.077|2Py) — 0.015[3Py) 0.845
P(13Py) | 0.920[13Py) — 0.080[23Py) — 0.015|33P,) — 0.002|13F3) 0.854
P(21S) | 0.087|11Sy) + 0.883]21Sy) — 0.060[3'Sp) — 0.016]4' Sy) 0.791
¥(23S1) | 0.103|13S;) + 0.838[23S;) — 0.085[33S;) — 0.017]43S,;) 0.723
+0.040[13D;) — 0.008/23Dy)
¢(1°Dy) | 0.694/1°Dy) 4 0.097 9357 |23Dy ) 4 0.008 e~ 6587 |33D; ) 0.520
+0.013 %727 135 ) + 0.168 28057235 ) + 0.014 £0-866im| 335, )
+0.012 e~ 022917435,
¥(13D3) | 0.754|13D3) — 0.084|23D3) — 0.011]33Dy) 0.576
¥(1'Dy) | 0.770/1'D2) — 0.083|2'D2) — 0.012|3'Dy) 0.600
¥(13D3) | 0.812|13D3) + 0.086 %9907 |23Dg3) + 0.013 e =0-96%7|33D3) 0.667
+0.007 "950T43D3) 4 0.016 *#457 |13 Gg)

Solving Eq. (3.42) in th€)Q sector determines the mixing between the potential modadsand
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coupling to decay channels. This approach has been deséniloketail [170] for the CCC model with
H; (Eq. 3.38). An effective Hamiltonian approach has also lweersidered in the QPC model [201].

The results for the low-lying:¢ states is shown in Table 3.9 for the CCC model. The overall
probability for the physical state to be in thesector, denote&,.;, decreases as open charm threshold is
approached. For states above threshold the mixing coefficleecome complex. These mixing effects
contribute to observed S-D mixing as well as modifying radatransition rates [243, 244]. A more
detailed discussion of these effects appear in the Decdipsec

3.3.4 Zweig-allowed strong decays

Once the mass of a resonance is given, the coupled-charmedlfem yields reasonable predictions
for the other resonance properties. Eichten, Lane and Q@] have estimated the strong decay
rates within the CCC model for all the charmonium levels thgpulate the threshold region between
2Mp and2Mp-. For D, statey” (3770), which lies somelOMev above charm threshold, they obtain
I'(¢"(3770) — DD) = 20.1 MeV, to be compared with the PDG’s fitted value 2.6 & 2.7 MeV
[245]. The natural-parity *D5 state can decay int®D, but its F-wave decay is suppressed by the
centrifugal barrier factor. The partial width is orhy77 MeV at a mass 08868 MeV and the $D; may

be discovered as a narradD resonance up to a mass of abab0 MeV.

Barnes and Godfrey [187] have estimated the decays of desfetlae charmonium states into
open charm, using th&P, model. Their estimates of open-charm partial decay widths DD are
42.8 MeV for the £D; state and3.6 MeV for a 12D3 state at a mass 8868 MeV. They did not carry
out a coupled-channel analysis which makes a direct cosganf models more difficult. Detailed
comparisons (e.g., Ackleh, Barnes and Swanson [238]) leetwarious light quark pair creation models
are highly desirable.

Estimates for decay widths of the — charmonium states above open-charm threshold in the
3P, model have recently been reported by Barnes [237]. The cosgpawith experimentally extracted
values is shown in Table 3.10. Along with the current PDG ealfor the total widths ofc resonances,

a reanalysis by Seth [246] of the existing experimental tagdso shown in Table 3.10.

The resonance decay widths are determined from fitting meamnts ofAR in e™e~ annihila-
tion to a model for each resonance including radiative atioas. This whole procedure is complicated
by its dependence on the resonance shape, i.e., the expect&ieit—\Wigner nature of the partial widths
for radially excited resonances. It may be more useful feotlsts to produce a model & R for direct
comparison with data. Greater resolving power between madslpossible if the contribution from each
individual open heavy flavour final state is separately regabr

For the CCC model, the structure AfR(bb) in the threshold region was studied in the original
Cornell group works [169, 170] and later extended to 4B (bb) in the threshold region [247]. The
structure of AR(cc) and AR(bb) has also been studied in QPC models [248]. There are also some
attempts to compare the different models [249, 250].

Experiments can also search for additional narrow charamorsitates in neutral combinations of
charmed mesons and anticharmed mesons. The most likelideseglcorrespond to tHéDs, 23P,, and
13F, levels [188, 242, 251]. These detailed analyses of:theystem can be extended to thiesystem,
where it may be possible to see discrete threshold-regaiassin direct hadronic production.

3.4 QQq states and moleculed
3.4.1 Doubly charmed baryons

The earliest studies ap(Qq baryons were based on the flavour group SiJ(4¥ an extension of SU(3))
After the discovery of hidden and naked charm, some clasgiens were written on hadrons with charm,
including a section oficcq) states [252, 253].

2Tauthor: J. M. Richard
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Table 3.10: Open-charm strong decay modes ofithe states. Experimental widths from the PDG [245] and a
recent analysis of Seth [246]. The theoretical widths usirgQPC model [237] and the CCC model [188] are
shown. For the)(4159) some S wave plus P wave charmed meson two body channels apals.

State Mode I'exp (MGV) I'rHEORY (MeV)
PDG Seth QPC Model| CCC model

¥(3770) (°D;) | DD 42.8 20.1

total | 23.6 2.7 42.8 20.1
¥(4040) (33S;) | DD 0.1

DD* 33.

D,D, 8.

D*D* 33.

total | 52 + 10 88+ 5 74.
(4159) (2°D,) | DD 16.

DD* 0.4

D*D* 35.

D,D; 8.

total | 78 £ 20 107+8 | 73.
(4415) (43S;) | DD 0.4

DD* 2.3

D*D* 16.

D,D; 1.3

D,D: 2.6

D:D: 0.7

total | 43 £15 119 + 15

Now, our ideas on flavour symmetry have evolved. The conwealiSUQ)r approach, with
elegant mass formulae, is replacedflayour independenceTlhe potential between two quarks is gen-
erated by their colour, and flavour enters only in recoil ections through the quark mass, mainly for
describing the fine and hyperfine structure.

Flavour independence was the main guide line of the detatiedies of(Q(Q¢) baryons made in
the 80’s and later [254, 255, 258—-263]: the dynamics tunednfsons, light baryons and single-charm
baryons was tentatively extrapolated to {li#)q) sector. More papers came after the recent findings at
SELEX (cf. the experimental part of this chapter), for ims@ Ref. [264], where a link is made with
double-charm exotics, to be discussed shortly.

To study confinement,QQq) baryons are perhaps the most interesting of ordinary hadms
they combine two extreme regimes in a single bag:
1. the slow relative motion of two heavy quarks, as in chariomon

2. the fast motion of a light quark. Remember that the elecinmves faster in hydrogen than in
positronium. Similarly, a light quark is likely more rehaistic in heavy-light hadrons than in light
mesons.

In the (QQq) wave function, the average( separation is smaller than tiig; one. This leads to
envisage approximations. One of them consists of replabiadull three-body calculation by a two-step
procedure where one first calculates € mass, by solving a two-body problem, and then estimates
the QQQ — ¢ mass by solving another two-body problem. The second stegther safe. The finite-
size corrections are small. For instance, they cancel adtlyxfor the harmonic oscillator. As for the
first step, one should be aware that th& potential iseffective since it contains both the dire@QQ
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interaction and a contribution from the light quark. Fortamee, in the harmonic oscillator model, 1/3 of
the QQ interaction comes from the light quark, and neglecting tiisn results into an underestimation
of energies and spacings by a fac{;z{tm. Another limitation to the quark—diquark picture, is thia¢ t
diquark is not frozen. The first excitations @{q occur inside the diquark. So one should recalculate
the properties of the diquark for each level.

Another way to take advantage of the large mass rafion is to use the Born—Oppenheimer
approximation, as done, e.g., by Fleck and Richard [254].aFgiven()(Q separation- 5, the two-centre
problem is solved for the light quark, with proper reducedssnaThe ground-state enerdsy(ri2),
supplemented by the dire@Q( interaction, provides the adiabatic potentig)g. Solving the 2-body
problem with this potential gives the first levels. The adi#bpotential built out of the second “elec-
tronic” energyE (r12) leads to a second series of levels. This is very similar tsfeetroscopy of
in atomic physics.

Within explicit potential models, the Born—Oppenheimepryximation can be checked against an
accurate solution of the 3-body problem, using for instamegstematic hyperspherical expansion. The
approximation is excellent fdibbg) and(ccq), with ¢ = u, d or s, or even for(ssu) or (ssd) [254, 265].

In Ref. [254], (ccq) masses were estimated from a specific variant of the bag mahleady
used for charmed mesons. The results turn out to be rathsitigerio details such as centre-of-mass
corrections, value of the bag constant, etc. Other bag-hwadizulations have been performed [266].

Potential models, on the other hand, tend to give very stadalts, when the parameters are
varied while maintaining a reasonabile fit of lighter hadrdbae typically obtains:

a ground-state near or slightly abaé GeV for the(ccu) or (ced) ground state,
a hyperfine splitting of abo®) MeV between the spin 3/2 and spin 1/2 states,
the first orbital excitation aboB00 MeV above the ground-state,

the first(ccs) state neaB.7 GeV

Note that models tuned t@qq) or lighter baryons might underestimate the short-ra@gg at-
traction. If models are adjusted {oc) spectroscopy, there is an ambiguity on how to translate dt.to
The usual recipe stating that

1
Vae = 5%0 - (3.43)

implies pairwise forces mediated by colour-octet exchandgmall, non-confining, colour-singlet ex-
changes, as well as three-body forces might complicatestuei

Most existing calculations are of rather exploratory natwince made when double charm was
considered as science fiction, or far future. Meanwhile,atttedf QCD has made significant progress.
One could retain from simple potential models that the BOmpenheimer approximation provides an
adequate framework. The effectiig() potential could be estimated from relativistic models anir
lattice calculations, similar to those of thi) potential or the effectiv€)Q potential in exotid QQqq)
mesons, to be discussed shortly. It is hoped that the newimgmtal results will stimulate such calcu-
lations.

The literature already contains approaches somewhat rmob&iaus than simple bag or non-
relativistic potential models: relativistic models [26T)CD sum rules [258], string picture [261], etc.
The lattice QCD approach is presented in Section 2.2.3 a8 one is presented in Section 2.4

The appearance of the; ; state not very far above the ground state of meson with flavour
content(cs) has stimulated several studies on the dynamics of lightkguiara static colour field. In
Ref. [268], it is suggested that the same phenomenon williofar double-charm baryons. On this
respect the doubling of states in the preliminary data byESEls of particular interest.
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3.4.2 Exotic mesons with double charm

The physics of multiquarks, though it benefits from a dramvival since the tentative discovery of a
light pentaquark, remains penalized by the confusion abagtonium states in the late 70’'s and early
80’s. This is actually a difficult field, where speculationtsoat confinement mechanisms should be
combined with delicate few-body calculations.

The H dibaryon [269], and the heavy pentaqudtiproposed independently by Lipkin [270] and
the Grenoble group [271], owe their tentative stability boasnomagnetic forces, schematically [253]

g; - O'j )\i . )‘j 3
Hep = —c; W5< )(rij) , (3.44)
or its bag model analogue [272], that describes the obséryeetfine splittings such as— N or J /¥ —
n.. The astute observation by Jaffe [269] is that this openatovides a bindind ssuudd) — 2(sud) ~
—150MeV to the H = (ssuudd) dibaryon with spin and isospii = I = 0. This estimate, however,
relies on SU(3) flavour symmetry andé(?’)(rij)) being independent dfi, j) pair and borrowed from
the wave function of ordinary baryons. Relaxing these hypsts, and introducing kinetic energy and
spin-independent forces in the 6-body Hamiltonian, andafistic estimate of short-range correlations,
usually spoils the stability off [273—-275]. The existence df is nowadays controversial. It has been
searched in many experiments, without success so far. Btarnice, the doubly-strange hypernucleus
AXHe is not observed to decay infd + « [276].

If the calculation made for thé is repeated in the limit where:(Q))— oo, the same binding
(Qqqqq) — (Qq) — (qqq) ~ —150 MeV is obtained for the pentaquaf®qqqq), gqqq being in a SU(3)
triplet [270, 271]. All corrections, again, tend to weakérstbinding [275, 277] so it is not completely
sure that the actual pentaquark is stable. See, also, [278].

After the tentative discovery of a light pentaquark statalaut 1.53 GeV, with flavour content
(uudds), and possible partners with strangeng&ss —2, many authors have revisited the possibility of
stable or metastable pentaquarks with heavy antiflavow, f8einstance Refs. [279-284]. In the light
pentaquark, the binding is achieved by the chiral dynamidgbt quarks. A forerunner in this field
was Stancu [285], who proposed positive-parity pentaguaith a heavy antiquark in a simple potential
model where the chromomagnetic interaction is replaceddhoe-range spin-flavour interaction which
looks like the exchange of Goldstone bosons between quarks.

In short, there are still many open issues for #iedibaryon, the pentaquarks, as well as for
possible light scalar mesons made out of two quarks and tiquaanks. This is, however, more of the
domain of light-quark spectroscopy.

More than twenty years ago, another mechanism for multigbarding was proposed. It was
pointed out that current confining potentials applied @& gg) system put its mass below the disso-
ciation threshold intd@q) + (Qq), provided the mass ratio(Q)/m(q) is large enough [286]. This
chromoelectricbinding was studied by several authors, in the context obfleindependent poten-
tials [264, 287—295] [296, 297] (see, also, [298, 299]) hvatremarkable convergence towards the same
conclusion. This somewhat contrasts with the confusiortherosectors of multiquark spectroscopy.

Let us consider, indeed, the limit of a purely flavour-indegent potential” for (QQgg). The
situation becomes similar to that of exotic four-body males (M ™, M ™, m~,m™), all of them using
the very same Coulomb potential whéh andm are varied. The hydrogen molecule witd > m
is much more stable than the positronium moleculg With M = m. If one decomposes the 4-body
Hamiltonian as

M=t 4+mt M1t —m1

Hi=|———— (PI+p3+pi+pi) + V| + 1

the first term, even under charge conjugation, correspandsescaled equal-mass system wlia same
thresholdasH4. The second term, which breaks charge conjugation, impriwe energy of{4 (one

(Pi+pP3—p3—pi) . (3.45)
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can applies the variational principle #@, using the symmetric ground state of the first term as a trial
wave function). In the molecular case, the second term @wmtlge marginally bound RPgor rescaled
copy) into the deeply bound#In quark models, an unbouridqgg) becomes a stablg)QGq).

The effectiveQQ potential has been estimated by Rosina et al. [294] in thadveork of empir-
ical potential models, and by Mihaly et al. [296] and Michaekl. (UKQCD) [297], who used lattice
simulations of QCD. The question is obviously: is thguark heavy enough to makecgg) bound when
q = u or d? At this point, the answer is usually negative, most autstating that is required to bind

(QQqq) below its(Qq) + (Qq) threshold.

There is, however, another mechanism: pion-exchange ame generally, nuclear-like forces
between hadrons containing light quarks or antiquarks.s €ffect was studied by several authors, in
particular Tornqvist [300, 301], Manohar and Wise [302jd&Ericson and Karl [303]. In particular a
D and D* can exchange a pion, this inducing an attractive potentias. weaker than in the nucleon—
nucleon case, but what matters for a potenjiél(r) to bind, is the producym of the strengthy and
reduced mass:. It is found that(DD*) is close to be bound, while binding is better established for
(BB*). The result depends on how sharply the long-range potest@hpirically regularised at short
distances.

A lattice calculation such as those of Refs. [296, 297] dastan principle all effects. In practice,
the pion is unphysically heavy such that long-range foreesparhaps not entirely included. Explicit
guark models such as [294] make specific assumptions abeudjirark forces, but do not account for
pion exchange. In our opinion, a proper combination of lagd short-range forces should lead to bind
(DD*), since each component is almost sufficient by itself. Thigésently under active study.

There is a further possibility to build exotic, multichardhsystems. If the interaction between
two charmed mesons is slightly too weak to lead to a bound i is presumably the case fdv D),
since pion exchange does not contribute here), it is likedyf the very same meson—-meson interaction
binds three or more mesons. This is known as the phenomeri@&ormean” binding.

For instance, in atomic physics, neither tide atoms nor &He atom and &He atom can
form a binary molecule, even at vanishing temperature, thatfound that® He3He*He is bound [304].
Similarly, in nuclear physics, the isotoféle is stable against evaporating two neutrons, or any other
dissociation process, whiféHe is unstable. In a 3-body picture, this means thai, n) is stable, while
neither(a, n) nor (n, n) have a stable bound state. In short, binding three const&ug easier than two.

3.5 Quarkonium hybrids?®

The existence of gluonic excitations in the hadron spectisione of the most important unanswered
guestions in hadron physics. Hybrid mesons form one suds gldich consists of @ with an excited
gluonic degree of freedom. Their spectroscopy are disdusstensively in this Chapter. Recent ob-
servations of charmonium states in exclusianeson decays [207, 305—-309] suggest that charmonium
hybrid mesons(,) [310] with mass~4 GeV may be produced i3-decay viacc colour octet oper-
ators [311, 312]. Some of these states are likely to be nawithvclean signatures td/y7 "7~ and

J /¢y final states. The unambiguous discovery of such a state wmrkld an important breakthrough

in hadronic physics, and indeed, in our understanding ofin@um Chromodynamics, the theory of the
strong interactions. In this section we give a brief ovesved charmonium hybrid properties and and
suggest search strategies for charmonium hybrids atmyiBtifactories [313].

3.5.1 Spectroscopy

Lattice gauge theory and hadron models predict a rich spsatipy of charmonium hybrid mesons [12,
23,235,310, 314-319]. For example, the flux tube model pted low lying hybrid states in the 4 to
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4.2 GeV mass region with’¢ = 0T, 1+F, 2% and1**. Of these states the"—, 1-+, and2*~
have exotic quantum numbers; quantum numbers not consisitnthe constituent quark model. The
flux-tube model predictd/ (v, ) ~ 4 — 4.2 GeV [314, 315]; lattice QCD predictions for e’ = 1=+
state range from 4.04 GeV to 4.4 GeV [23, 317] with a recenngbed lattice QCD calculation [12]
finding M (1~1) = 4.428 4+ 0.041 GeV. These results have the ™ lying in the vicinity of the D** D
threshold of 4.287 GeV. There is the tantalising possibiliat thel ~* could lie belowD** D threshold
and therefore be relatively narrow.

3.5.2 Decays

There are three important decay modes for charmonium hgbfigthe Zweig allowed fall-apart mode
1g— D) D) [320-322]; (ii) the cascade to conventionalstates, of the type,— (cc)(gg)— (cc)
+(light hadrong and,— (cc) -+ [323]; (iii) decays to light hadrons via intermediate glspn,— (ng)

— light hadrons, analogous td/v)—light hadrons and).—light hadrons. Each mode plays a unique
role. ¢, hybrids with exotic/”’¢ quantum numbers offer the most unambiguous signal singedtheot
mix with conventional quarkonia.

3.5.2.1 (i) Decays taD™ D®™): In addition toJ"C selection rules (for exampl€~—+ and2~~
decay toD D are forbidden by parity and the exotic hybrig (07 ~) decays taD™*) D) final states are
forbidden byP and/orC conservation) a general feature of most models of hybridomegcay is that
decays to two mesons with the same spatial wave functiorug@essed [324]. The dominant coupling
of charmonium hybrids is to excited states, in particuldt) (L = 0) + D**(L = 1) states for which
the threshold isv 4.3 GeV. This is at the kinematic limit for most mass predicti@asthat decays into
the preferredD™*) D** states are expected to be significantly suppressed if nagbukinematically
forbidden. A refined version of the Isgur Kokoski Paton fluxdal[320] predicts partial widths of 0.3—
1.5 MeV depending on thé”¢ of the hybrid [322]. These widths are quite narrow for chamiacof
such high mass. If the hybrid masses are alig¥ethreshold then the total widths increase to 4-40 MeV
for 4.4 GeV charmonium hybrids which are still relativelyrreav for hadron states of such high mass.
The challenge is to identify decay modes that can be reaarstt by experiment.

3.5.2.2 (ii) Decays to(cc) + (light hadrons): The ¢,—(cc¢) + (light hadrong mode offers the
cleanest signature fap, observation if its branching ratio is large enough. In addijta small total
width also offers the possibility that the radiative brainghratios into.J /v, 7., x.s, andh. could be
significant and offer a clean signal for the detection of ¢hetates.

For masses belowp D** threshold the cascade decays— (1, 7., ...) + (gg) and annihilation
decaysy, (C = +)—(gg)—light hadrons will dominate. If the masses of exafi€” states are above
DD** threshold their widths are also expected to be relativelyomafor states of such high mass, in
which case cascades to conventiofiedtates transitions of the type — (1, ¢’)+(light hadron$ should
have significant branching ratios [323] making them impatrsignals to look for iny, searches. In the
Kuang-Yan formalism [325] the matrix elements for hadrdremsitions between conventional quarko-
nia are related to hybrid-conventional quarkonium hadrarinsitions. A not unreasonable assumption
is that the partial widths for the decayg(1~")—n.+ (77, n,7') andy, (07—, 217 )= J /¢ + (77, n,7')
will be similar in magnitude tdcc)—nr.J /vy and(cc)—nJ /1, of O(10 — 100) keV.

Estimates of radiative transitions involving hybrids wlittht quarks [326, 327] found that thg1
transitions between hybrid and conventional states to bgeacable in magnitude to transitions between
conventional mesons. While neither calculation can beiegalirectly tocé one might take this to
suggest that the partial widths fog, (1) —~ + (J/4, he) andig (077,277 )=~ + (1, xcs) are the
same order of magnitude as transitions between convehtibi@amonium states. However, a recent
flux-tube model calculations by Close and Dudek [327] fourat theAS = 0 E1 transitions to hybrids
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only occur for charged particles, and hence would vanisiedoThe AS = 1 M1 transitions can occur,
but are non-leading and less well defined. Estimates [32th&ir widths are?(1 — 100) keV. Clearly,
given our general lack of understanding of radiative tri@mss involving hybrids, the measurement of
these transitions),— (cc)~, has important implications for model builders.

3.5.2.3 (iii) Decays to light hadrons: Decays of the type,—light hadrons offer the interesting pos-
sibility of producing light exotic mesons. Estimates of #uilation widths to light hadrons will be order
of magnitude guesses at best due to uncertainties in wastedareffects and QCD corrections. We esti-
mate the annihilation widths[«,(C = —)— light hadron$andI'[c¢(C = +)— light hadron$ by com-
paring them td"(¢)'— light hadrong andT'(n.,— light hadron$. The light hadron production rate from
1h4(C = —) decays is suppressed by one powetoWith respect ta),(C' = +) decays. This very naive
assumption give§[i,(C = —)— light hadron$ ~ O(100) keV andI'[c¢(C' = +)— light hadron$ ~
O(10) MeV [328]. These widths could be smaller becausegihpair in hybrids is expected to be sep-
arated by a distance of ordefAgcp resulting in a smaller annihilation rate than the S-wev@nd,
states.

3.5.3 Hybrid production

Recent developments in both theory and experiment lead espiect that charmonium hybrids will be
produced inB decays. The partial widths fd8—cc+ X, with cé representing specific final states such as
T/, ', Xe0, Xels Xe2, S D2, 1 Do etc., have been calculated in the NRQCD formalism [3,328}-8Bich
factorizes the decay mechanism into short (hard) and nampative (soft) contributions. The hard
contributions are fairly well understood but the soft cimttions, included as colour singlet and colour
octet matrix elements, have model dependent uncertairitissfar as hybrid:c wavefunctions have a
non-trivial colour representation they can be producedawalour octet intermediate state. Chilad#ze
al. [312] estimated the branching rat®f{ B—1,(0"~) + X] ~ 1073 for M ~ 4 GeV (though recent
quenched lattice calculations sugg@${0*t—) = 4.70 + 0.17 GeV, and hence will be inaccessible).
Closeet al. [311] estimate a similar branching ratio 1o and argued that i/, < 4.7 GeV, the total
branching ratio tap, for all J¥¢ could beB[i,(all JF¢) + X] ~ O(1%). Thus, using two different
approaches for estimatingj B—1, + X| both Chiladzeet al.[312] and Closeet al.[311] obtain similar
results. Both calculations estimatés of O(0.1 — 1%) which are comparable to tHgs for conventional
cc states.

3.5.4 Experimental signatures

The decays discussed above lead to a number of possibldssiga- D) Dt~**) 4 (07—, 277) —
J/Y+ (7t n,n'), w1~ )—=ne + (77, n,10'), g—(cc)y, andy,—light hadrons. Of the possi-
ble decay modes),—J/ym 7™, 1y—J/¢n, andy,—(cc)~y give distinctive and easily reconstructed
signals. In the former case, the subsequent de¢ay—ete™ and ™t~ offers a clean tag for the
event so that searches for peaks in the invariant massbdistms M (ete~ 7~ 7t) — M(eTe™) is a
promising search strategy for hybrids. Both the™ and2"~ should decay via the);—.J /¢ 77 cas-
cade. For the), lying below DD** threshold combining estimates 8{B—1, + X) ~ 103 and
Blpg(217)—J /¢t n~] ~ 0.2 with the PDG value of3(¢y—¢*¢~) = 11.81% and the Babar detection
efficiency we estimate that for 100h of integrated luminosity each experiment should obserughty
50 events. If the™~ lies above theD D** threshold the3 for 27~ —.J/«mm decreases significantly to
2.6 x 1072 lowering the expected number to about 6 events. Similaslytfe0*— hybrid we estimate
roughly 1200 events if it lies below threshold but only 5 égernce theD D** decay modes open up.

The 1~ state is expected to be the lightest exatichybrid [12, 23] and therefore the most
likely to lie below D D** threshold. However, in this case the cascade goesio, a more difficult
final state to reconstruct. Estimates of the relevant pastidths are 3(B—1, + X) ~ 1073 and
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B(y(1~F—n.ntm™) ~ 9 x 1073. The Babar collaboration studied the deday-7.K by observing
then. in K K7 and K K K K final states. Combining the PDG values for #s to these final states
with the Babar detection efficiencies of roughly 15% and 1&%pectively we estimate that for 100th
each experiment should observe roughly 10 events. If thelies above theD D** threshold, the3 for
1~ t—mmn. decreases t® x 10~3 lowering the expected number to about 3 events.

The radiative transition), (1~ )—~.J /4, also has a distinct signal if it has a significant branching
ratio. The conservative value b{v,(1~1)—~J/¢) ~ 1 keV, yields a rather smalf for this transition.
On the other hand, a monochramatic photon offers a clean ithgawhigh efficiency. One could look
for peaks inM (u*p~v) — M(u+p~). Babar observed.; andy.o this way [307] obtaining~ 394
Xe1's and~ 1100 y.o's with a 20.3 flo! data sample and an efficiency of about 20 % for ey final
state [307]. So although the rate may be too small to obsgiven the potential payoff, it is probably
worth the effort to perform this search.

Experiments might also look for charmonium hybrids in imgat mass distributions of light
hadrons. For example, Belle observed the by looking at the invariant mass distributions from the
decaysy.o—7n 7~ andx.— KK~ [306]. They found efficiencies of 21% for.g—7n+t7~ and 12.9%
for x.o— KK, obtaining~ 16 events in the former case ard9 in the latter.

The decay to charmed mesons also needs to be studied. Béuangsare more particles in the final
state it will be more difficult to reconstruct the charmonibgbrid. On the other hand, with sufficient
statistics these channels will be important for measuriregyt, quantum numbers and distinguishing
their properties from conventionat states.

3.5.5 Summary and future opportunities

The fundamental problem with all the estimates given abs\hat they are based on models that have
not been tested against experiment. Observing a charmomitomd and measuring its properties is
necessary to test these calculations. It may be that thelmarecorrect but it is also possible that they
have totally missed the mark.

Establishing the existence of mesons with explicit gluategrees of freedom is one of the most
important challenges in strong interaction physics. As alestrated by the discovery of thg(2S) in
B decay, B decays offer a promising approach to discovering charnmorfiybrid mesons. We have
focused on how to search for these state®idecay. Other possibilities ade ~ hybrids produced in
ete™ annihilation. These would likely mix with conventional ¥ecquarkonium states so that it would
be very difficult to distinguish them from conventional st And recently the Belle collaboration
observed they. in double charm production ier"e~ collisions. Part of the GSI upgrade is to study and
search for charmonium statesyip annihilation. It is quite possible that hybrids can be stddince the
PANDA project comes to fruition. While there is no questitvattthe estimates for the various partial
widths are crude, the essential point is that these stagesxaected to be relatively narrow and that
distinctive final states are likely to have observable bnamg ratios. Given how much we can learn by
finding these states we strongly advocate that some effatebated to their searches. In the long term,
with the various facilities mentioned above, we should bie &b open up and study an exciting new
spectroscopy.

4 INTRODUCTION TO EXPERIMENTAL SPECTROSCOPY 2°

The experimental spectroscopy review is made of four Sestim charmonia and bottomonia, followed
by a Section orB., and one on thecq systems. The paragraphs follow a hyerarchical structuasedb
on the precision reached in the knowledge of the parametéhese states. Therefore we start from the
vector statesy’s and Y'’s), which were first discovered, have the narrowest widdmgl are easiest to
produce and detect. At present, with the resonant depatanztechnique, it is possible to know these

2Author: R. Mussa
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masses with absolute precision between 10 and 100 keV, asd #tates are widely used as calibration
tools for HEP detectors.

Section 6 scans through triplet P-wave states (knowg.&sand x;'s), which were discovered
from radiative transitions of upper vector excitations's could not be precisely studied before the 90’s,
when direct access to the formation of these statesiannihilations allowed to reach 100-200 keV
precisions on their masses, ard10% resolution of their total widths. The first two Sections allto
realize that the S and P wave states of both ortho-charmoandnrbottomonium constitute a very solid,
well established system of resonant states. These narsmmaaces can be detected with very small or
negligible experimental background and have reached therenatage, from a barely spectroscopical
point of view.

In contrast, all S=0 states are a very active field of resefmcBpectroscopy. The best known
among thoser.(15) (described in Section 7.1) despite being produced with & wediety of techniques,
has still an uncertainty above 1 MeV on the measured massa aaqoid progress is expected to happen
in the next few years. Same can be said of the recently rexdised.(2S), described in Section 7.1
which greatly benefits from the advent of the new generatfdB-factories. The hyperfine splitting on
charmonium S states is then approaching maturity. On ther sttle, the large amount of data taken by
CLEO atY(1,2,3S) energies did not yield so far to the discoverypfstates. A comprehensive review
of these searches, also performed at LEP experiments andi€<lbEn given in Section 7.2. The elusive
singlet P state of charmonium, namied has been extensively searched byghexperiments, resulting
in inconclusive evidences; its saga is described in Se@tidnWith the advent of B-factories, its search
has regained interest.

Being right across the first open charm threshold, charmnmoridiwave multiplets still lack a
complete understanding, while the first evidence of bottuinm D state comes from the recent CLEO Il
run atY(35), described in Section 6.3. The phenomenology of all therotbetor orbital excitations is
still quite unclear as the different thresholds open up: &sdetween 3.7 and 4.7 GeV are reviewed
in Section 8.1. Further studies on these states have regpnity after the discovery of the narrow
state X(3872), seen by Belle, and confirmed by BaBar, CDF e&hdADh overview on the experimental
evidences of this resonance, as well as the current expaiamattempts to clarify its nature and its
guantum numbers, is given separately in Section 8.2. Deipitmost likely interpretation as one of the
two above mentioned D states, other possible assignmetiisoésonance, extensively described in the
theory chapter, span from orbital excitations of P waveest& molecular charmonia, opening a wide
number of possible searches in this energy region.

Another field of research which can bloom in the next yearsstmdhanks to large samples of
B states taken at the Tevatron as well as HERA-B, is the stlidheoB.. Despite the weak decay
of its ground state may accomunate this object to the heghy thesons, the mass of its two compo-
nents suggests that the spectrum of its excited states cautieesimilar to the one of charmonium and
bottomonium. The experimental evidence of the ground sibgich system and the searches for its
excitations are described in Section 9.

The last Section is devoted to another class of bound stdteh whare a set of similarities with
the heavy quarkonia. The evidence of the doubly charmedoharglaimed by Fermilab experiment
E781 is still rather weak and is described in Section 10h&rsearches, possibly by the B-factories, are
needed before speculating on their phenomenology.

5 HIGH PRECISION MEASUREMENTS OF VECTOR STATE MASSES AND WIDTH S
5.1 Charmonia3®

The first precise measurement of thigy(15) and(2S) meson masses [334] set the mass scale in
the range around 3 GeV which provided a base for the accuesendination of the charmonium state
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Fig. 3.10: The variation of the coincidence rate ratio far plolarized and unpolarized beams.

location. The method of resonant depolarization, desdribeAppendix 8.1 of Chapter 2, has been
developed in Novosibirsk and first applied to theneson mass measurement at the VEPP-2M storage
ring [339]. Later it was successfully used to measure masfstbe - [334] andY-meson family [340,
342, 343], see also Ref. [344], in which the values of the emsgere rescaled to take into account
the change of the electron mass value. The accuracy of ti€1S5) meson mass measurement was
later improved in the Fermilapp-experiment E760 [347] ta.2 - 10~° using they(2S) mass value
from Ref. [334]. The new high precision measurement [33hef//¢) andy’ meson masses has been
performed at the collider VEPP-4M using the KEDR detecté2]3 The polarimeter unit was installed in
the technical straight section of VEPP-4M and consisteth@fiolarimeter — two scintillation counters
detecting electron pairs of the intrabeam scattering whatgeis spin-dependent (Touschek effect [350])
and the TEM wave-based depolarizer [351]. The charadtejisinp in the relative rate of scattered
electrons at the moment of resonant depolarizatidis3.5% with the statistical error of 0.3—0.4% for
the beam polarization degree higher tli@fo. Typical behavior of the rate ratio is shown in Fig. 3.10.

The characteristic uncertainty of the beam energy caltratue to the depolarization procedure
is 1.5 keV.

The first part of the experiment consisted of three scansefth)(15) region (the integrated
luminosity ~ 40 nb™!, the beam energy spreag; ~ 0.6 MeV) and three scans of thg(2S) region
(the integrated luminosityz 76 nb~!, oz ~ 0.9 MeV). Then the betatron and synchrotron dumping
decrements of VEPP-4M were rearranged to reduce the engirggdsdown to 0.45 MeV and the fourth
scan of.J/1(15) was performed (the integrated luminosity=is 10 nb~!). The goal of this was the
verification of systematic errors connected with the cellidperating mode and the beam energy spread.
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The beam polarization time in the VEPP-4M ring is about 100rea@t theJ/«(15)-energy. For
the energy calibration runs, the beam spent the time suffiéar the polarization in the booster ring
VEPP-3 (2.5 hours aff/(1S) and about 1 hour af(2S) ) and was injected to VEPP-4M without
essential loss of the polarization degree.

During the scan the data were acquired at seven energiesdcattoel resonance peak. Before data
acquisition, the beam energy calibration was made at pdmfig the current energy scale. At points 2—6
the calibrations before and after data taking were perfdrwith the opposite direction of the depolarizer
frequency scan. The point 7 requires no energy calibration.

On completion of the scan the VEPP-4M magnetization cyckepeaformed and the whole proce-
dure was repeated. The energy dependence of the resonassesection was fitted taking into account
the interference with continuum and radiative correctiofise results obtained can be presented in the
form

Mypyas) — MiGs)y = 47+£10+ TkeV,

PDG
Myos)y — MBS =151 +25 £ 9keV,

demonstrating the agreement with the world average vahldsg into account their uncertainties of
+40 keV and+90 keV, respectively [245]. The following mass values havenbelatained:

M /1) = 3096.917 + 0.010 % 0.007 MeV,

My(as) = 3686.111 % 0.025 = 0.009 MeV.

The relative measurement accuracy reached0~% for the J/+(15), 7 - 1079 for the +/(2S) and is
approximately 3 times better than that of the previous peeekperiments in [334] and [347].

The new result for the mass difference is

M2y — Myjp1s) = 589.194 % 0.027 £ 0.011 MeV.

Substantial improvement in the beam energy accuracy autdig the presented experiment sets
a new standard of the mass scale in the charmonium range.

5.2 Bottomonia!

Development of the resonant depolarization method sugdestd first realized in Novosibirsk [339,353]
also allowed high precision measurements of the resonamassas in th& family. The MD-1 group
in Novosibirsk carried out three independent measuremefntie Y (1.5) mass [340, 342, 343, 354].
The T(1S5) mass was also measured by the CUSB collaboration in Cor8¢8][ Their result was
by 0.63 + 0.17 MeV or 3.8¢ lower than that of MD-1. The reasons of this discrepancy ateclear,
however, when the MD-1 group performed a fit of the CUSB resusing the Novosibirsk procedure (in
particular, it included a new method or calculating rad@tiorrections according to [355] instead of the
older approach of Ref. [356]), the difference between the tesults decreased @032 + 0.17 MeV or
1.9¢0 only.

The mass of th&'(25) meson was measured by the MD-1 group in Novosibirsk [342, 864
two groups in DESY —ARGUS and Crystal Ball [346]. Both group®ESY obtained the mass value
consistent with that in Novosibirsk, the average béirig+ 0.8 MeV lower than that of MD-1.

The mass of th&(35) meson was measured by the MD-1 group only [342,354]. As irctse
of the Y(2S) meson, a systematic error of the measurement was less thate®, much smaller than
the statistical one.

3author: S. Eidelman
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Finally, in 2000 all the results on the mass of thf834,357] and” [340,342,343,354,354] family
resonances were updated [344] to take into account a mars@nalue of the electron mass [358, 359]
(for they family an additional correction has been made to take inbo@aat the new way of calculating
radiative corrections [355]). In Table 3.11 we summarizeitffiormation on these experiments present-
ing for each detector the number of energy points and theggmange studied, the integrated luminosity
and the final value of the mass. The results after the updatéioned above are shown in parentheses.

Table 3.11: Mass Measurements in theMeson Family

Resonance Collider | N of Points Detector J Ldt, Mass, MeV
V5, MeV Reference | pb~!
T(1S) | VEPP-4 43 MD-1 [343] 2.0 9460.59 + 0.09 £ 0.05
9420-9490 ([344]) (9460.51 £ 0.09 & 0.05)
CESR 13 CUSB [345] | 0.285 | 9459.97 +0.11 £ 0.07
9446-9472
T(2S) | VEPP-4 37 MD-1 [354] 0.6 10023.6 £0.5
9980-10075 ([344]) (10023.5 £ 0.5)
DORIS 13 ARGUS [346] | 2.0 10023.43 £0.45
9960-10040| Cr. Ball [346] | 2.0 10022.8 £0.5
Average [346] 10023.1 £0.4£0.5
T(3S) | VEPP-4 35 MD-1 [354] 1.25 10355.3 £ 0.5
10310-10410  ([344)]) (10355.2 £ 0.5)

6 SPIN AVERAGED AND FINE SPLITTINGS
6.1 Charmonium P states: COG and fine splittings?

The most precise determinations of mass and width come fnensttdy of charmonium spectroscopy
by direct formation of:c states inpp annihilation at the Fermilab Antiproton Source (experitsef760
and E835). The E760 collaboration measured the resonanameters of the.; andy.. [360].

For both E760 and E835-I, the transition energy of the Aotim Accumulator was close enough
to the x.o mass to prevent stable running with large stacks in thisggneagion. Nevertheless, a few
stacks were decelerated to thg region at the end of Run |, yielding an unexpectedly high o&té/
events. The Accumulator underwent a major upgrade betw88@ and 2000, shifting the transition
energy [362] and allowing a smooth running at thg, with substantial increase in statistics [361], and
a better control of systematics.

A new measurement of the.; parameters was made in year 2000, with roughly 15 times more
statistics than the predecessor experiment E760, IHiparameters were also remeasured with statistics
comparable to those of experiment E760. This report indute new results, in publication, not yet
included in the PDG.

The effect of scanning a narrow resonance with a beam of cahlgawidth is show in Fig. 3.11,
where the excitation curve for one scan at theis compared with the deconvoluted Breit Wigner shape
and the measured beam energy profiles for each point.

In mass and width measurements, the systematic error coomesihcertainties on auxiliary vari-
ables measured concurrently to data taking (changes in beaitriength, efficiency and luminosity at
each energy point), as well as the absolute calibrationedbdam energy. The absolute calibration of the
beam energy is deduced from the absolute calibration of ¢ length, done using(25) scans, and

32puthors: R. Mussa, G. Stancari
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Fig. 3.11: Measured cross-section at each data point,agiacitcurve (full line) and deconvoluted resonance
curve (dotted line) for one scan at the; ; plotted in the lower part of the figure are the beam energyilpso
corresponding to each data point

assuming 3686.000 for the mass of this state. The more prdetermination recently done at VEPP-
4, documented in the previous section, implies a systersatft (up) of 70, 83, 89 keV of th& .12
measurements respectively. The systematic error.anasses from)(2S) mass determination reduces
then to 16,19,20 keV respectively, and is now negligibleaimpared to the other sources, which are
uncorrelated when we merge different scans. The impactdiitrge corrections to account for proton
bremsstrahlung is still well below other systematic erriirgas estimated using the expression:

7 s
o0 =5 [ (2 (s - 20

with

5 — 2m?2 s+ \/3(3—47”2)
2o P_ xIn Y
& \/s(s —4m2) s —/s(s —4m2)

= 6.7x103(xe0), T0x1073(xe1);, 7.2 x 1073 (xe2).

Systematic shifts on masses @e:(x.0.1.2) = —0.06, —0.01, —0.02 MeV /c?; the shifts on total
widths areAT'/T ~ —1% for all x.. states.

E835 could also measure the, excitation curve in thep—=°7° channel, exploting the ampli-
fication due to interference with continuum. The measurénsecompatible with result obtained ifry
and of course has correlated systematic errors.

A measurement of mass [365] and width [366] with accuracyoaincomparable to the one ob-
tained inpp annihilations was made by BES on tkg, exploiting the sample of 3.8\M ' decays to
various decay channels. There are not yet mass and widthuneeasnts ofy . states from the 14M)’
sample. Table 3.12 summarizes the most accurate resultsassesiand widths at present. Statistical
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Table 3.12: Parameters gf states from E760, E835, and BES

R Expt. Mass(MeV/¢) I'(MeV) Ref.
Xc0
BES 3414.10.6+0.8 14.3t2.0+:3.0 [365]
E835 3415.40.4+0.2 9.9+1.0+0.1 [361]
E835 3414.40.7+0.2 8.6:1.7+0.1 [363]
PDG 2004  3415.190.34 10.1:0.8  [245]
Xecl
E760 3510.610.10+£0.02 0.88-0.11+0.08 [360]
PDG 2004 3510.590.10 0.910.13 [245]
E835 3510.725%0.065:£0.018 0.880.06+0.09 [364]
Xc2
E760 3556.240.07+0.12 1.98:-0.17+0.07 [360]
PDG 2004 3556.260.11 2.110.16 [245]
E835 3556.14:0.09+0.17 1.93:0.19+0.09 [364]

errors ony.; 2 masses are obtained from gaussian sums of errors from eegistiss and errors from
orbit length measurements; the latter are dominant, tberdtiture improvements will require to push
fractional errors on orbit lengths beloi®—C. In the case ofy., there is still room for improvement:
ten times more statistics at they in a pp annihilation experiment could take errors on masses down to
200 keV, and on widths down to 3%. To reach a comparable leveborowy, states is very challenging,
and will require new ideas.

It is finally possible to present the results on P states yutating the spin independent-o¢),
spin—orbit (.;,5) and tensor/{r) terms of thecc Hamiltonian. All values are summarized in Table 3.13.

Table 3.13: Fine splittings betweegn states

cc(n =1)

Mcoa (|n MeV)
AMy = M(XCQ) — M(Xcl) (|n MeV) 45.6+0.2
AMyg = M(Xcl) — M(Xco) (in MeV) 95.3+0.4

p(x) = AMa1 /ANy 0.470+0.003
hr (in MeV) 10.06+0.06
hrs (in MeV) 34.80+0.09

6.2 Bottomonium P states: COG and Fine splitting3®

After discovery of theY' (1.5), T(2S) andY (3.5) resonances at the fixed targeY’ experiment at Fermi-
lab in 1997 [367] the first two were observed a year later atthe storage ring DORIS at DESY [368].
Since DORIS energy reach was stretched well beyond its rleig Y (35) could not be reached. The

33puthor: T. Skwarnicki
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limited statistics and limited photon detection capaietiitof the detectors prevented observation of the
x»s(1P) states via E1 photon transitions frdf{25) at that time. Energy range of anothere~ storage
ring, CESR at Cornell University, was extended high enoogieach thér'(3S) in 1982. The CUSB de-
tector at CESR had sufficient photon detection resolutioNai(Tl)/Lead-glass calorimeter to discover
the threey,;(2P) states in inclusive photon spectrumYi{3S) decays [369]. The/ = 1 andJ = 2
states were also observed in two-photon cascldas) — vxus(2P), xps(2P)—yY(nS) (n = 1,2),
followed by Y (n.S)—I*1~, wherel ™[~ stands foe™ e~ or ™~ [370]. The latter “exclusive” approach
eliminates all photon backgrounds frarfis copiously produced in hadronic decaysbstates, but re-
sults in low signal statistics. In fact, the = 0 is very difficult to observe this way since it has larger
gluonic annihilation width, which suppresses branchirtgpsafor radiative transitions. A year later the
CUSB experiment produced similar evidence gy (1P) states in th&'(25) data [371]. The/ = 2 and

J = 1 states were also observed by the CLEO experiment in in@ysiimton spectrum, with photons
reconstructed in the tracking system after conversiantto pairs at the beam-pipe [372].

Meanwhile DORIS accumulated more data atT{@S) resonance with two new detectors: mag-
netic spectrometer ARGUS, and Nal(Tl)-calorimeter CryBtall, which previously explored photon
spectroscopy in charmonium at SPEAR. The Crystal Ball cowgit the CUSB results on thg,;(1P)
states [373], though thé = 0 photon line was observed at a different energy, soon condirioyeAR-
GUS via photon conversion technique [374]. Analysis of dagoorrelation inmy~I*1~ by Crystal Ball
established spin assignment to the obsengdl P) andx;; (1P) states [375]. Next round of improve-
ments in experimental results came about a decade latertf®i@ESR upgraded to higher luminosity
and upgraded CUSB and CLEO experiments. The CUSB-II deteecis equipped with compact BGO
calorimeter. The CLEO Il collaboration built large Csl(Thlorimeter which was put inside the super-
conductive magnet. Both experiments improved the resulig,@(2P) states, with the increasét(35)
data size [376].

A few years later the CLEO Il experiments took a sh2S) run. Even though the number
of T(2S5) resonance decays was not much larger than in the previousunee@ents, the results on
xvs(1P) states were substantially improved [377] thanks to mudhelaphoton detection efficiency of
well-segmented CLEO Il calorimeter.

CESR continued to improve its luminosity via the storage tippgrades. Its running time was
exclusively devoted td3-meson physics with data taken at fi¢4S) resonance. The CLEO tracking
and patrticle identification systems were replaced, whiee@BI(TI) calorimeter was preserved. After the
B physics program at CESR had ended, the CLEO Il detectomaglaied large samples at the narrow
T (nS) resonances. Number of collect&qd25) and Y (3.5) resonant decays was increased by an order
of magnitude. Analysis of inclusive photon spectra has lreeently completed [378]. Photon lines
due to Y (25)—vyxss(1P) and Y (35)—~x»s(2P) observed in inclusive photon spectrum are shown
in Fig. 3.12 and Fig. 3.13 respectively. Determination ofrgies of these photon lines is limited by
the systematic error in calibration of the calorimeter. Tditer was improved in CLEO Il by analysis
of the ¥)(25) photon spectrum obtained with the same detector [379]. eSihe photon energies in
»(2S)—vx.s(1P) transitions are precisely know from the scans of the redarrass-sections ine™
(1(25)) or pp (x.s) collisions, they)(2S) photon lines were turned into the calibration points.

Comparisons of the photon energies 1(25)—~vx,s(1P) and Y (3S)—vxss(2P) determined
in various experiments, together with the world averageies| are shown in Fig. 3.14 and Fig. 3.15
respectively. The masses of the;(1P) (x»s(2P)) states can be calculated from these photon energies
and the masses af(25) (Y(35)). The errors on the latter are significant, thus the errorthemrmasses
of the x;s(nP) states are strongly correlated between different valuet dfthese need to be properly
taken into account when calculating the centre-of-grawvitiss and fine-splitting parameters. The results
are tabulated in Table 3.14.
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Fig. 3.12: Fit to theX'(25)—~xps (1P) (J = 2,1,0) photon lines in the CLEO Il data. The points represent the
data (top plot). Statistical errors on the data are smdil@n the point size. The solid line represents the fit. The
dashed line represents total fitted background. The baakgrsubtracted data (points with error bars) are shown
at the bottom. The solid line represents the fitted photagslimgether. The dashed lines show individual photon
lines.
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Fig. 3.13: Fit to theX'(35)—~xs.s(2P) (J = 2, 1,0) photon lines in the CLEO IIl data. See caption of Fig. 3.12
for the description. Small solid-line peaks in the bottowt ghow thex, s (2P)—~Y (1 D) andY (25)—~vyxps(1P)
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Fig. 3.14: Measurements of the photon energi€¥ (25)—~x,.s (1P). The vertical bars indicate the world aver-
age value (solid) and its error (dashed). These are alsal lg top. The thick horizontal bars to the right of the
name of the experiment give the relative weight of each eéwpart into the average value. Photon energy mea-
surements from analyses of exclusiv@ ™~ events are indicated with an “(e)” after the date of the mation.
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Fig. 3.15: Measurements of the photon energi€¥$ (BS)—~x,.s(2P). The vertical bars indicate the world aver-
age value (solid) and its error (dashed). These are alsal It top. The thick horizontal bars to the right of the
name of the experiment give the relative weight of each expestt into the average value. Photon energy mea-
surements from analyses of exclusivg T/~ events are indicated with an “(e)” after the date of the mation.
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Table 3.14: Masses and fine splittings for thgn P) states obtained from the world average values. The values of
p given in brackets come from the CLEO Ill measurements [37A8]l@ave smaller errors than the world average
values since cancellations in the systematic errors ofgrhenergies for different values are properly considered.

bb(n = 1)

M (xp2) 9912.2+0.4 (in MeV)
M (xp1) 9892.8:0.4 (in MeV)
M (xw0) 9859.5+0.5 (in MeV)
Mcoc 9899.9+0.4 (in MeV)
AMay = M(xp2) — M(xp1) (in MeV) 19.4+0.4
AMig = M(xp1) — M (xp0) (in MeV) 33.3:0.5
p(x) = AMa1 /AMig 0.584+0.016 (0.574-0.012)
hr (in MeV) 3.2740.08
his (in MeV) 13.64£0.14

bb(n = 2)
M (xp2) 10268.7-0.5 (in MeV)
M (xp1) 10255.4:0.5 (in MeV)
M (xw0) 10232.6:0.6 (in MeV)
Mcoc 10260.3:0.5 (in MeV)

AMs = M(xp2) — M(xp1) (in MeV)
AMl() = M(Xbl) — M(XbO) (|n MeV)
p(x) = AMay /AMg

hr (in MeV)

hrs (in MeV)

13.3+0.3
22.8:0.4

0.583£0.020 (0.584-0.014)
2.25+0.07
9.35+0.12

6.3 Bottomonium D states*

The lowest radial excitations of the D states in charmoniiamehmasses above the tiieD meson
threshold. The lightest member of the spin-triplet is aoestate. It is identified with the(3770) state,
which is a thirdee resonance observed in thge™ cross-section. Unlike thé/(1S) and they(25)
resonances, the(3770) is broad because it decays foD meson pairs. Since, the coupling of the
state toe*e~ is expected to be small, its large e~ cross-section is attributed to a significant mixing
between theS and 1D J’¢ = 17~ states. Whether the narroW (3872) state is one of the other
members of thé D family is a subject of intense disputes. Tlhe-2 states (the spin triplet and the spin
singlet) are narrow below thB D* threshold, since they can't decayfnD. TheJ = 3 state can decay
to DD but, perhaps, its width is sufficiently suppressed by theumgnomentum barrier [187]. In all
scenarios, masses of alD states must be strongly affected by the proximity of opevefla thresholds
via coupled channel effects.

In contrast, thel D states of bottomonium are well below the open-flavour ttolkestthus their
masses are easier to predict theoretically. Unfortunatedymixing of the2S and1D JF¢ = 1~ states
is expected to be small for bottomonium. Not surprisinghg f =1 1D bb state has not been observed
in ete™ collisions. The spin-triplet states are accessible froentf3S) resonance by two subsequent
E1 photon transitions via intermediatg;(2P) states. Energies of photons in tRg;(2P)—~Y(1D)
transitions fall in the same range as the domiré8.S)—~xss(2P) photon lines. Therefore, they
cannot be resolved in the inclusive photon spectrum. Twatgphcoincidence is of not much help, since
the photon background from” decays is very large iff (3S) decays. Nevertheless, thg1D) states
have been discovered by CLEO lll in th&(3S) decays [380]. The photon backgrounds are removed

34author:T. Skwarnicki
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by using the “exclusive” approach (see the previous sexgtionwhich the three additional decays are
required, Y (1D)—vyxps(1P), xps(1P)—~YT(1S), T(1S)—I"l~. Since the product branching ratio
for these five subsequent decays is rather small [204, 38&]large CLEO Ill sample of th&' (35)
resonances was essential for this measurement. Afteresgipn of theY (39)—n’7°T(1S) and 4-
photon cascades via thg;(2P), T(25), x»s(1P) states 38 D candidates are observed in the CLEO I
data. The mass of theD state is estimated by two different techniques, as showngn3=16. In both
cases, the mass distribution appears to be dominated bygiroa of just one state. The theoretical
and experimental clues point to thle= 2 assignment. The mass of th&(1D) state is measured by
CLEO Il to be: (10161.1 4+ 0.6 & 1.6) MeV.

Masses of the other bottomoniuh®D states remain unknown. However, the fine structure of the
1D spin-triplet is predicted to be small. All potential modelaulations predict th&3(1D) mass to be
betweer).5 and1.0 MeV lower than the centre-of-gravity (c.0.g.) mass for thijglet [204]. Adding this
theoretical input, CLEO obtaind 0162 4+ 2) MeV for the c.0.g. mass, where they assigned an additional
uncertainty of 1 MeV to the correction for thé D, —c.0.g. mass difference.

The CLEO Il also looked foff (1D)—a "7~ Y(15) and Y (1D)—nY(1S) transitions. No evi-
dence for such decays was found and upper limited were s@f [BBe upper limit ori(' (1D) — 7+ 7~
T (15) rules out rather large width for this transition predictegctiie Kuang—Yan model [325, 382].
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7 HYPERFINE SPLITTINGS
7.1 mc(1,28): comparison of all measurements®

Despite the large variety of available data on thélS), the precise determination of its mass and
width is still an open problem. It is likely that unexpectgdtematic errors be present in some of these
measurements. It is worth to compare the subsets of measnteiwf masses and widths of thedone
with the same reaction, before comparing the large varietgahniques which allowed to measure this
state, each one with its own dominant systematic error. Whestates share most of the decay channels,
therefore the same analysis is usually applied to extraat signal.

7.1.1 n.(1S)inJ/vy andy ' decays

Then. parameters have been extracted from the radiative transiof.//¢) and+ ' by a large number

of experiments: while Crystal Ball (and more recently CLEJGstudied the inclusive photon spectrum,
Mark Il and 1ll, DM2, BES studied the invariant mass disttibns of decay products in reactions with
2 or 4 charged tracks and 0 to 2 neutral pions. The samplen takifie 80’s and early 90’s were re-
cently overwhelmed by the 58 M BES sample. Table 3.15 sunz@sithe mass and width measurements
done in the past 20 years. Thegpeak is observed in the invariant mass of the following denages:
KK*7F, ntn—atr, ntn " KTK-, Kt K~ K+K~, pp. Figure 3.17 shows two of these distribu-
tions.

Table 3.15: The world largest samplesbfy) andy ' used for the determination of thg mass and width.

Expt. Marklll DM2 BES | BES I
year 1986 1991 2000 2003
Mass(MeV/c?) 2980.2:1.6 2974.419  2976.32.3t1.2 2977.51.0+12
Width(MeV) 10.1°3%° - 11.0£8.1+4.1 17.0:3.7+7.4
Sample 27M/ip  8.6MJ/yy  3.8My’+7.8MJ/y  58MJ/Y

3Sauthors: R. Galik, R. Mussa, S. Ricciardi
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Fig. 3.18: Cross-section (black dots) observed by E76€) @efd E835(right) for the reactigip—~~y in the region
with cog)¢ s <0.25(E760), 0.2(E835). The blank squares show the expémteddown fromr 70, 70,

A cut on the kinematic fit to the exclusive hypothesis (refdras.j /1) veto) is applied, to reject
direct J/¢) decays to the same channels, or feed-down from other deemnels, such abv, ¢)r,
wKTK™, nygKg . The systematic errors on mass determination come mosity the mass scale
calibration (0.8MeV/c?, calculated by comparingy2, ¢ and eveny. masses with PDG values) and from
the J /v veto. TheJ /v veto is also the dominant source of systematics on the tathwetermination:
5.6 out of 7.4MeV/c?.

7.1.2 n.(1S) inpp annihilations

The n. was investigated ipp annihilation only in theyy channel, which is affected by a substantial
feeddown from the continuum reaction87® and 7%y: both reactions are sharply forward-backward
peaked. The number of 'signal’ events is 12 in R704, 45 in Exi6 190 in E835, which respectively
took 0.7,3.6,17.7 pb' of data in the). mass region. It is worth to stress the fact that an increasimgunt

of integrated luminosity was taken away from the peak , ireotd better understand the size and nature
of the non resonant background. The experiment E835 carirdisate ar from a single photon with
96.8% efficiency: this reduces the feed-down to 190+ 3.2%0 0., at/s = 2984 MeV /c?.

The very small sample taken by R704 in the resonant regios apdvith a remarkably small
result on they,. width: all this is based on thensatzto have a small background. Such hypothesis was
strongly disconfirmed by E760, therefore the R704 resulffected by a very large hidden systematic
error. The statement is even stronger, if we take into addiah the R704 fiducial region was extended
up tocos (0, o) = 0.35, where the feeddown dominates, and the detector did notfodazimuthal
coverage (thus introducing an even larger feeddown).

E835 precisely measured théy and 7%7° cross-section: the feeddown from these reactions
can account for most of the background. E835 could not ercthd existence of a residual tinyy
continuum, which can in principle interfere with the resaineeaction, but is not large enough to shift
the mass peak beyond the statistical error. Figure 3.18h@night, shows both signal and feed-down
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cross-section observed in E835. A power law dependence engyemwas assumed for the background,
in the fits. The choice of background parametrization andheffiducial region for the signal are the
dominant sources of systematic error, which amountskeY/c? on the mass and 2 MeV on the width.
A comparative summary gfp measurements of).(15) parameters can be found in Table 3.16.

Table 3.16: Comparison of E760 and E835 results.

Expt. E760 E835
Ldt (pb~T) 3.6 17.7
m(n.)(MeV/c?) 2988.3+3.3 2984.14+2.14+1.0
I'(n.) (MeV/c?) 23.9"1%° 204757 +2.0

E760 and E835 also searched for th¢2S5) state in the energy rangs75 MeV/c? < /s <
3660 MeV/c?, putting a 90% CL upper limit at 0.4 eV onB(1.(25)—pp) x ['(1.(25)—~7).

7.1.3 1.(1,2S) in B decays

Inthe last years, the B-factories have exploited the B mdsoays to charmonium as a new powerful tool
for the measurement of thg mass [393], as well as for the discoverypf25) and the measurement
of its mass. Exclusive decays of botl! Bnd B mesons were detected with thg reconstructed in
the KYKFr*, KT K~ K**KTr*, pp decay channels. Exploiting common decay modes, it was
possible to measure the mass difference betwgenand,, Fig. 3.19 (left) shows the invariant mass
distribution of decay products frol® — K + X in the 2.75-3.2 GeV/cregion: J/¢ andn,. peaks
are clearly visible. Fitting the distribution with a Breitigner convoluted with a MonteCarlo generated
resolution function, it was possible to extract a value 6f28+2.3+1.6 MeV/& for the mass , and a
total width of 29:84-6 MeV (from a sample of 18225 events, out of 31.3 NBB pairs). The systematic
errors include the effect of varying the bin size as well asshape of background, and the difference
between data and MC generated detector resolutions.

The K2K¥r* final state is an ideal place to look for the(2S), a state which was awaiting
confirmation since its first and only observation by Crystall B the inclusive photon spectrum from
1 " decays. In 2002, the Belle collaboration reported the exid®fr.(2.5) production via the exclusive
processesBt— K 1.(2S) and B~ KJn.(2S). Given the suppression of the’ —KsK*rT decay,
contamination from the proceds— K1)’ is estimated to be negligible. The first evidence [207] of the
n.(25) came from a sample of 44.8N1B pairs, using the exclusive channBl-K (K2K 7). A
likelihood function based on the angle between the B camelidiad thez" e~ axis, and on the transverse
momenta of the other tracks with the respect to the B carglidatist axis, was used to suppress any
background from continuum processes. Given a good B catedittee feeddown fronB— D (D) + X
was reduced by cutting &t/x . — Mp| > 10 MeV/c? and| My, e+ — Mp,| > 10 MeV/c?; the feeddown
from B—K* + X was reduced by cutting ab/x, — Mg+| > 50MeV/c?, as then.(nS)—KK*
component is expected to be suppressed by the angular maméatrier. The mass for thg(2S) was
measured to be 36346+8 MeV/c?, with systematic error coming mostly from the choice of fign A
90%C.L. upper limit on the width at 55 MeV was given.

7.1.4 n.(1S) in~y~ fusion

The ete™ collider detectors collecting data in th&(4.5) region (CLEO, BaBar, BELLE) have good
“reach” to produceC' = +1 charmonium states through two-photon fusion. These atesstach as
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Fig. 3.19: On the left: distribution of reconstructed B des#o 7.(15) and .J/«, in the common final state
KOK¥r%, from refs. [393]. On the right: Belle observed thg25) both in B decays (top, from ref. [207]) and
in doublecé (bottom, from ref. [394]).

the n. andy. which are not produced directly in the e~ annihilation process. Suchy interactions
strongly peak at lowy? so that the scattered lepton are not detected (“untaggeaitgvand the photons
are approximately real. For instance, in CLEO the activeatet elements go to withi22° of the beam
axis, or|cod)|<0.93; this means that untagged events all have photons@#tless than roughly 1 Gey/
and usuallymuchless3® Both CLEO and BaBar have thus recently studied the reactions

vy— (e /me) — KSK*nT .

Then. is known to be coupled to two photon8((.—~7y) ~ 5 - 10~%). An estimate of the two-
photon production rate of.(2S5)suggests that also the radial excitation could be identifi¢de current
ete” B-factory [395]. The regions of the detector acceptance miecuby suchyy fusion reactions
and the competing initial state radiation (ISR for shodpatalled “radiative return”) processes are quite
dissimilar for a symmetric collider experiment such as CL&d the asymmetriB-factories. Given this
and the differing sources of systematic uncertaintiesBtigar and CLEO results are rather independent.

The CLEO analysis used 14 fb—! and~ 13 fb~! of data taken with the CLEO Il and CLEO llI
detectors, respectively, mostly near thglS) resonance. The particle identification systems actlitrg
chambers in these two configurations are quite differenthese can be considered truly independent
experiments. The preliminary results were first shown at&pal 2003 APS meeting and submitted
[387] to the EPS meeting of that summer; final results haventhc been submitted for publication
[388]. The BaBar collaboration has both preliminary [218fdinal results [389], based on a sample
of data corresponding to an integrated luminosity of al9odb—'. In the CLEO analysis, these events
are characterized by lots of missing energy and momentutrnydoy little transverse momentunp)
of the hadronic system and very little excess energy in thectiers. The selection criteria included that
pr < 0.6 GeV/¢, that there were no additional charged tracks, and thatrtaesociated energy in the
electromagnetic calorimeter was less than 200 MeV (300 MeWCLEO II (CLEO lll). The CLEO
mass spectra are shown in Fig. 3.20(a,b) , clearly indigagwidence for both the. andn.. Fits to

3%6The one publishethggedCLEO analysis started 8% = 1.5GeV2.
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these spectra (polynomial backgrounds, Breit—Wigner dim&pes, double-Gaussian detector resolution
functions) yielded the results shown in Table 3.18.

In the BaBar analysis, events are selected by requiringdoarged particles with total transverse
momentunmpr < 0.5 GeV/c and total energy in the laboratory framig,; < 9 GeV, in order to suppress
ete~—qq events. One track is required to be identified as a kaon amsl pldppositely charged tracks
are used to reconstrugf?— =7~ decays. The) K *r~ vertex is fitted, with thek’mass constrained
to the world average value.

Figure 3.20 (c) shows the resultidg? K =~ invariant mass spectrum. The presence of a peak at
the J /¢ mass is due to ISR events, where a photon is emitted in thal isiate, and a backward-going
J/ is produced, its decay products falling into the detectmeptance because of the Lorentz boost
of the centre of mass. A fit to this distribution with a sum ofnac®th background shape, a Gaussian
function for the.J/+ peak and the convolution of a non-relativistic Breit—-Wigskape with a Gaussian
resolution function for the,. peak, givesm (J/v) —m(n.) = (114.4+ 1.1) MeV/c?, m(J /) = (3093.6
+ 0.8) MeV/c?, T'(n.) = (34.34 2.3 MeV/c?), o(J/¢) = (7.6 + 0.8) MeV/c2. The numbers ofj. and
J /1 events are respectively 254790 and 358+ 33.

The results from B-factories can be compared in Table 3.19.

For CLEO, the three major sources of systematic uncertaintiie masses of these singlets are
(i) comparisons of masses of tH€2 (in 777 ~), the D° (in K27"7~), and theD™ (in KTnt7™)
between CLEO data and the Particle Data Group compilati@hslependences on fitting shapes used
for background and for signal, and (iii) the observed shiftbveen mass values used as input to the
Monte Carlo simulations and the mass values reconstrutrieabtaining the widths of these mesons, the
dominant source of possible bias is the shape assumed fbatkground.

In BaBar, they. mass resolution (7.) is constrained by the clos#/« peak; the small difference
(0.8 MeV/c?) observed between(.J/v)) anda(n.) in the simulation is taken into account in the fit to
data. The simulation is also used to check for possible bidise fitted masses. Thg and.J/¢¥mass
peaks are shifted by the same amount (1dV/c?) in the simulation, therefore the bias does not affect
the mass difference. The systematic error on the mass asclmuran uncertainty om(.J/¢) — m(n.)
due to the background subtraction, and for an uncertairggciated to the different angular distribu-
tions of the.J/vand then. . The systematic error on the width is dominated by the uagest in the
background-subtraction and in the mass resolution.

7.1.5 Overview on all results

Table 3.20 and Figs. 3.21 and 3.22 summarize the results atempt to fit the mass of thg.(1.5) by
using (a) all measurements quoted in this review, (b) onlgsueements published in the last 5 years,
and results from (c) (1, 2S) decays, (dpp annihilation, (e) B-factories. The onhationale for dataset
(b) is to exclude samples that were superseded by new data lbgithe same experiment. A scale factor
S was applied on the’s whenever the confidence level of tiyé obtained from the fits was below 10%.
The results are then compared with the values found in PD@.ZDBe B-factories have been arbitrarily
grouped together, despite they use different techniques.

Despite the substantial improvement in statistics, anchédve ways to explore thg.(n.S) states
which came from the B-factories, a discrepancy betweenltsesbtained by different techniques re-
mains. The increase in statistics has been surely beneficiablerstanding systematic effects. Nonethe-
less , crosschecks between all different measurementitpetmwill be even more vital in the future,
when statistic errors will be further reduced. Hopefullyttbasymmetric B-factories will be able to do
internal crosschecks of the results framfusion and from B-decays. CLEO-c will be able to crosscheck
they~ measurement by CLEO Il with one from(1,25) decays.

12
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Table 3.17: Various theoretical estimates for the mas#tisgliAm = m(Y) — m(n).

‘ ‘ Am [MeV /c?] ‘ Ref ‘
lattice NRQCD| 19 - 100 [53,406-410]
lattice potential| 60 — 110 [411]
pQCD 36 - 55 [93,412]
1/m expansion| 34 — 114 [413]
potential model| 57 — 141 | [414] [415-418]

Table 3.18: Summary of the results farands., for both CLEO Il and CLEO IIl data sets. The errors shown are
statistical only.

CLEOII CLEOII
Ne Ne e Ne
Yield (events)| 28230 2813 310+29 3314
Mass (MeV) | 2984.2:2.0 | 3642.4:4.4 || 2980.0:1.7 | 3643.4:4.3
Width (MeV) | 24.7£5.1 | 3.9+18.0 || 24.8:4.5 | 8.4+17.1
significance 1510 4.40 17.00 4.8
R(n./7¢) 0.17+0.07 0.19£0.08

Table 3.19: Comparison of CLEO, BaBar and Belle results.

Expt. CLEO BaBar Belle
Ldt(fo—1) 13+14 90 29.1[393], 31.3[207]
m(ne)(MeV/c?) 2981.841.3+1.5 2982.5+1.1+0.9 2979.6+£2.3+1.6[393]
I'(n.) (MeV) 24.8+3.4+3.5 34.3+2.3+0.9 29+8 +6 [393]
m(n.(25))(MeV/c?) 3642.9+43.1+1.5 3630.8+3.4+1.0 365446 +8 [207]
L'(n.(29)) (MeV) <31 (90%CL) 17.0:8.3+2.5 <55 (90%CL) [207]

Table 3.20: Fits of all). mass measurements

Dataset Mas(leV/c?) S C.L

(a) ALL 2980.0+1.2 1.82 0.09%
(b) ALL after 1999 2980.4+1.2 144 6.6%
(c) ¥ (1,2S) decays 2977.50.9 1(1.38) 13%
(d) pp 2984.5+1.6 1(1.05) 33%
(e) B-factories 2981.¢1.1 1(0.65) 65%
PDG 2004 2979.6-1.2 1.7 0.1%
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7.2 np(nS) andhy(nP): searches’

Over twenty-five years after the discovery of fié1.5), no pseudoscaladb states have been conclusively
uncovered. In recent years, the search has been condu@éd&a, LEP, and CDF, using both inclusive
and exclusive methods.

The inclusive CLEO search [399] identifies distinctive $nghotons with its high-resolution Csl
electromagnetic calorimeter. These photons are sigreatif€ radiative decays, in this cas®3S) —
Y, T(2S) — myy, T(3S) — npy, andY(3S) — hyn® or hyrw T~ followed by hy, — myy. Godfrey
and Rosner have pointed out that these hindered M1 tramsitiould have observable branching ratios,
in spite of their small associated matrix elements, becabtifeeir large phase space [204].

No evidence of a signal for any of the above modes has beenirs¢lea total2.4 fb~! of data
taken at thé'(25) andY (35) resonances between 2001 and 2002, corresponding to rasighmyillion
decays of each resonance. Figure 3.23 shows the resultiigQQ. upper limits on the branching
fractions. Several of the theoretical predictions shownlmaruled out.

It has been shown that with the full data samples of LEP 275&S) might be detected in two-
photon events [404,405]. Thg is fully reconstructed with four, six, or eight charged depeoducts and
possibly ar’. In the expected mass range, for which estimates are list&akile 3.17, the corresponding
invariant mass distribution is rapidly decreasing, andd@ekground fromr pairs can be kept small.

Table 3.21 summarizes the results for ALEPH, L3, and DELHWHE search by ALEPH [419] in
an800 MeV /c? window turned up one candidate, shown in Fig. 3.24, with arekent mass resolution
of 30 MeV/c? at a mass 09.30 + 0.03 GeV /c2. The signal expectation is about 1.6 events over one
background event.

Table 3.21: 95% C.L. upper limits on thg two-photon partial width times branching ratio into vascwadronic
states from searches at LEP.

Expt final state I, x B(keV) | Ref
Y

ALEPH | 4 charged < 0.048 [419]
6 charged < 0.132 [419]
L3 KtK—n0 < 2.83 [420]
4 charged < 0.21 [420]
4 chargedr” | < 0.50 [420]
6 charged < 0.33 [420]
6 chargedr® | < 5.50 [420]
I < 3.00 [420]
DELPHI | 4 charged < 0.093 [421]
6 charged < 0.270 [421]
8 charged < 0.780 [421]

L3 has reported an analysis, considered close to final, idestay modes [420]. Six candidates
are found, compatible with an expected background of 2.Btevd he mass measurement is dominated
by the detector resolution of abok0 MeV /2.

Recently, DELPHI has also reported preliminary resultslJ42A total of seven candidates are
found in a search window ofo0 MeV /2. The expected background level is 5.5 events, and the mass
resolution roughlyl20 MeV /c?.

$7Authors: A. Bohrer, T. Ferguson, J. Tseng
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Fig. 3.25: The 4-muon invariant mass distribution frdph).J /¢ events in CDF Run 1 data. The search window,
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CDF has searched for the exclusive degay- J/v.J /1, where both//+’s decay to muon pairs,
in the full 1992-96 “Run 1” data sample of aboli0 pb~! [422]. The mass spectrum is shown in
Fig. 3.25; in this region, the mass resolution is abmJMeV/CQ. A small cluster of seven events can
be seen, where 1.8 events are expected from background. tattstical significance of the cluster is
estimated to be.20. A simple fit to the mass distribution giveg45 + 6(stat) MeV /c? as the mass of
the cluster, where the error is only statistical. The mafferénce relative tor(15) is well to the low
side of the theoretical expectation. If this cluster is dueitdecay, then the product of its production
cross-section and decay branching fractions is near therupml of expectations [423].

The existence of the, is a solid prediction of the quark model, and its mass one @frtiost
tractable to calculate. Both its existence and mass rerfwiithe present time, open questions. Some
data at completed experiments remain to be published, rawehile Run 2 is well underway at the
Fermilab Tevatron.

7.3 h.: searches®

The search of the singlet state of P wave charmonium (dubbgdP)) poses a unique experimental
challenge for a variety of reasons:

— it cannot be resonantly producedeihe~annihilation;

— it cannot be reached via E1 radiative transitions fiofm C-parity conservation forbids the transi-
tion from al~~ to al™— state.

— its production in/ " hadronic decays th.(1P)= is isospin violating and has a small phase space
available (ifMj, 1 py = Mcoa, pro = 86 MeV/c; the two Doppler broadened photons will have
and energy between 30 and 100 MeV in thérest frame. Ire™e~machines, the sensitivity on
slow pions is not just affected by the physical backgroumdsfother:) ' decays, but also by the
large combinatorial background with low energy uncoregdgbhotons from the beam.

— its production in B decays via the intermediate sta{@.S), which can decay radiatively (E1) to
he(1P), is suppressed by the large hadronic width ofgh@5).

— its detection in the//y)7" decay mode, from) ’ and B decays, as well as in hadroproduction, is
shadowed by the more copious deoay »—~.J/1, with an extra photon accidentally matching

38authors: R. Mussa, D. Besson
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Fig. 3.26: Cross-section (black dots) observed by E7a&)(tfthe reactiomp— J /7" in the COG region; E835
could not confirm this evidence and observed the hint on tte m theyn.—3~ channel.

the 7° mass; this is also the most likely explanation of the sigeainsin.//7° by experiment
E705, in 300 GeV/er™ and proton interactions on a lithium target [426].

— its formation inpp annihilationmaybe suppressed by helicity selection rule, but the same rule
would forbid x .o andn,. formation , against the experimental evidence.

— its production in exclusive B decaysaybe suppressed & B— . K); if such selection mech-
anism does not apply, a search/of1P) via its E1 decay t@). may soon give positive results.

Such elusive state was extensively searched for in formdtmm pp annihilations: searching for a
resonance which has a width expected to be between #red y.; but with an expecteds to detectable
EM decay channels of interests which is 100 to 1000 times areidflan the radiative decay gf;, i.e.,
expected cross-sections between 1 and 10 picobarns. EgrarR704 at CERN [424] observed the
signal:
L (he(1P)—pp) x B(he(1P)—J/1 + X) x B(J/p—eTe™) = 0147553 eV

at a nominal mass of 3525:0.8+0.5 , which should be shifted down 0MeV/c?after comparing the
X Measurements done by the two experiments.

Experiment E760 at Fermilab [425] observed the signal:

T(he(1P)—pp) x B(ho(1LP)—J /¢ 4+ 7°) x B(J/p—e*e™) = 0.010 £ 0.003 eV

at a nominal mass of 3526:2 0.15, and did not see events in the chanoglgr 7, J /47’7 E760
also determined a level of continuum for the inclusive rneactvhich was consistent with the one ob-
served by R704.

In channels with such low statistics, a large amount of irstegl luminosity taken to precisely
quantify the background level is crucial. Such an issue \a&ert very seriously in E760, and even
more in E835. To complicate the experimental situation,sigaal observed by E760 is expected to be
comparable to the /¢7° continuum, as predicted in reference [427], from soft pidiation. It is hard
to predict how interference between the resonant and eamiramplitude can distort the lineshape.
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E835 took 6 times more data with respect to E760, to confirmotheervation ofh.(1P) and
possibly measure the width as well as its decay ratios tor afh@nnels:the probably dominant decay
mode ton.y was studied, relying upon the rang decays toyy. The first data set, 50 pb taken in
1996, proved lately to be affected by an anomaly in the beasitipning system, which prevented to
determine the absolute energy calibration of the machitiemthan 200 KeV. A second data taking
period in year 2000 allowed to accumulate a comparable saafjglata, but with 150 KeV resolution on
the CM energy determination.

The E835 experiment, despite the 6 times larger statistadd not confirm the/ /7" evidence
observed by E760. On the other side, a hint of a signal is wbdén the3~y channel [428] Very tight cuts
were applied in order to reject hadronic backgrounds froetiens with two neutral mesons in the final
state. In the3y Dalitz plot, invariant masses of all pairs were requestegetabove 1 GeYc?, to reject
backgrounds from?, n, 7, w. As the recoil photon angular distribution is expected tioave asin H%M
on the resonance, a cutak 6c;; < 0.5 was imposed. This allowed to suppress most of the two meson
background, which is prevalently forward-backward peak&®i events out of 29 ptd are observed in
adM = 0.5MeV/c? wide bin between 3.5257 and 3.5262¢V/c?, while 3 events are observed in
the remaining data between tlyg; and they.» (87 pb!). The statistical significance of the excess is
between 1 and 3102, with different hypotheses on the resonance width. If theees is not a statistical
fluctuation, assuming a total width of 0.5 MeV, it is possitdeneasuré&’(h.—pp)B(h.—n.y) = 10.4+
3.7 £ 3.4eV, where the systematic error comes from the statisticalr @moB(n.—~~)), at a mass
M(h.) = 3525.8 + 0.2 & 0.2MeV/c2. The CLEO Collaboration has preliminary evidence [429] for
the spin singlet.. (1'P;) in looking at~ 3 x 10° decays of tha)/(3686). This state is seen in two
independent analyses, both of which use the decay alfaint’h, followed by h.—~7.: one analysis
is inclusive and the other uses six dominartlusive decays of thg..

The inclusive analysis shows an enhancement at 8wesignificance at a mass @624.4 +
0.7sta¢ MeV. The systematic uncertainty is 1 MeV. The left plot in Fig. 3.27 shows the fit of the
data to the resolution function from Monte Carlo simulatiomd an “ARGUS” background shape.

Shown in the right panel of that figure is the exclusive arig)ysith a statistical significance of
~ bo. The figure shows the data with, again, a fit to an ARGUS backgtand detector resolution
function. Also shown are the events from the sideband ofrit@riant mass spectrum of the recon-
struction and the spectrum fromyd Monte Carlo simulation that does not include thedecay chain.
Further checks on backgrounds peaking in the signal regmaorader way. The mass from the exclusive
analysis is3524.4 + 0.9, Mev, with systematic studies ongoing. All of these CLEO fssan theh,
are considered preliminary. As a final remark, we can comneithe 20 years old search for this state
is not over yet, and its evidence is still weak. It is therefaecessary to (a) consolidate the evidence
for such a state from either B @r(2S5) decays , (b) to measure its mass at better than 1-2 MeV, (c) to
prove its coupling t@p, before planning to precisely measure its mass, total vadthpartial widths in
formation frompp annihilations.

8 STATES CLOSE TO OPEN FLAVOUR THRESHOLDS
8.1 R values between 3.7 and 5 Ge¥

The R value to be discussed in this section is one of the most furdtahquantities in particle physics
that is defined as,

R— o(ete™ — hadrons)

olete — ptpu) (3.49)

R value is expected to be constant so long as the centre--(cas.) energyE,,, does not
overlap with resonances or the threshold of production afa quark flavour. A thorough review of R

3%Author: Z. Zhao
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measurements on the full energy range can be found in Ch@ptehile this subsection focuses on its
complex structure in the energy region between 3.7 GeV and\b G

The most striking feature of th& values below 5 GeV is the complex structure in the energy
region between 3.7 GeV and 4.5 GeV. Besides the resonang@of0), broad resonance like structures
peaking at around 4.04, 4.1 and 4.41 GeV have not been wedlrstobd in terms of their components
and decay channels. These resonances near the charm kthnesh® observed more than 20 years ago
[439-445,447]. Table 3.22 lists the resonance parameatposted by these experiments.

8.1.1 PLUTO measurement between 3.1 and 4.8 GeV

The PLUTO Collaboration measurégtlvalues with the magnetic detector PLUTO at the=~ storage
ring DORIS between 3.1 and 4.8 GeV c.m. energy. A supercdimgducoil procedures a 2T magnetic
field parallel to the beam axis. Inside coil there are 14 dyloal proportional wire chambers and two
lead converter, a 2 mm converter at radius 37.5 cm and a 9 muexen at radius 59.4 cm. Two or
more charged tracks are triggered and selected as hadnanit eandidates. The background from
beam—gas interaction and cosmic ray events is subtracted tnre distribution of reconstructed event
vertices alone the beam direction. Monte Carlo events amergeed according to isotropic phase space
to determine the detection efficiency for the hadronic esieAn external luminosity monitor system is
employed to observe the beam luminosity. The uncertaintiyeofluminosity measurement is abatf%.

The systematic error i values is estimated to be about 12%. PLUTO results agreetiatde of the
SLAC-LBL group within systematic errors, but is about 10%lBwer than those of SLAC-LBL on the
narrow.J /vy resonance and higher energies. However, the agreemen¢ eméingy dependence and the
structure of theR values is quite good. The accuracy of PLUTO’s measureméimiied by systematic
error, which amount to almost one unitiiin the broad resonance region. The resonance parameters of
the broad resonances cannot be determined with such adiad@uracy and energy points.

8.1.2 DASP measurement between 3.6 and 5.2 GeV

DASP Collaboration measure values at c.m. energy between 3.6 and 5.2 GeV with a non niagnet
inner detector of the double arm spectrometer DASP, whishshnilar trigger and detection efficiencies
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Table 3.22: Resonance parameters measured for the braatliséss between 3.7 and 4.5 GeV

Resonance Experiment| Mass(MeV) | I'i\:(MeV) Tee(eV)
MARK | 3772+ 6 28+ 8 345 + 85
¥ (3770) DELCO | 3770+ 6 24+ 5 180 £+ 60
MARK I 3764+ 5 244+ 5 276 £ 50
BES([456]) | 3772.7+ 1.6 | 244+ 4.3 | 190+ 25
1 (4040) DASP 4040 + 10 52+ 10 750 £ 150
BES([456]) | 4050.4 + 4.3 | 98.5 £ 12.8 | 1030 £ 110
BES([246]) | 4040 + 1 89+ 6 911 £+ 130
CB([246]) | 4037 £+ 2 85+ 10 880 £+ 110
1 (4160) DASP 4159 £ 20 78 £ 20 770 £ 230
BES([456]) | 4166.5 + 6.1 | 55.9 + 12.3 | 370 + 81
BES([246]) | 4155+ 5 107 £+ 16 840 £ 130
CB([246]) | 4151 + 4 107 £ 10 830 £+ 80
1 (4415) DASP 4417 £ 10 66 + 15 490 + 130
MARK | 4414 £ 7 33+ 10 440 £ 140
BES([456]) | 4429.4 + 8.5 | 86.0 & 20.9 | 390 + 74
BES([246]) | 4429+ 9 118 +£ 35 640 £ 230
CB([246]) | 4425+ 6 119 + 16 720 £ 110

for photon and charged particles. The inner detector of DAsSSRiounted between the two magnet
arms of DASP. It is azimuthally divided into eight sectoiig,&f which consist of scintillation counters,
proportional chambers, lead scintillator sandwiches ahd thambers, and the remaining two facing the
magnet aperture, have only scintillation counter and ptoppmal chambers. Tracks are recorded over
solid angle of 62% for photon and 76% 4f for charged particles. DASP collected a total integrated
luminosity of 7500n6~!, which was determined by small angle Bhabha scattering umeasy four
identical hodoscopes with an uncertainty of 5%. The adalimormalization uncertainty is estimated to
be 15%. The uncertainties of the detection efficienciesfeitadronic events is about 12%. Three peaks
centred around 4.04, 4.16 and 4.42 are observed. The datssaficient to resolve structures between
3.7 and 4.5 GeV. By making a simplifying assumption that thess-section can be described by an
incoherent sum of Breit—Wigner resonances and a non resbaakground, DASP reported resonance
parameters as listed in Table 3.22.

8.1.3 SLAC-LBL measurement between 2.6 and 7.8 GeV

SLAC-LBL group did aR scan with MARK | at SPEAR which operated at c.m. energy betw2é
and 7.8 GeV with peak luminosity betwe&6?® and103' cm~2 sec’!. MARK | was a general purpose
collider detector of the first generation. Its solenoidalgmet provide a near uniform magnetic field
of 3891 + 1 G over a volume 3.6 m long and 3.3 m in diameter. A pipe coumesisting of four
hemicylindrical plastic counters surrounding the vacuupevere used to reduce the trigger rate of
cosmic ray. Two sets of proportional wire chambers on theidetof the pipe counters had spacial
resolution of 70Qum. Four modules of concertric cylindrical wire spark charshveere the main tracking
elements of the detector, which gave a spacial resolutidherazimuthal direction of 34pm, 1.0 and
0.5 cm for the2® and4” stereo gaps, respectively. Outside the spark chamber wasanof 48 plastic
scintillation counters with a width of 20 cm each. The tinfdlight for this system was about 480 psec.
An array of 24 shower counters made of five layers, each dimsisf 0.64 cm of pilot F scintillator and
0.64 cm of lead. The energy resolution measured with Bhabeate wasAE/E = 35%/vE. The
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muon-identification spark chamber, the end-cap spark cbgnaimd the photon-detection capabilities
of the shower counters were not used in this analysis. Ahalues and the corresponding resonance
parameters in the energy region between 3.4 and 5.5 GeVtiegltwgether with those from PLUTO
and DASP in Fig. 3.28 (right).

MARK | studied exclusive decay channels on the resonancé4® MeV and reported [446]
PsPs: PsV : VV =0.056+0.03 : 1: 32+ 12, wherePs representd) meson and V stands fdp*
meson. These early results stimulated a variety of thealdtiterpretations.

8.1.4 BES measurement between 2 to 5 GeV

BES Collaboration has donefascan with updated Beijing Spectrometer (BES 1) at Beijingdion—
Positron Collider(BEPC).

The trigger efficiencies, measured by comparing the regsotwsdifferent trigger requirements
in R scan data and special runs taken at.iji¢y resonance, are determined to be 99.96%, 99.33% and
99.76% for Bhabha, dimuon and hadronic events, respegtivel

BES’s measurement first selects charged tracks, then hadreents with charged tracks equal
and greater than two. The number of hadronic events and #®-associated background level are
determined by fitting the distribution of event verticesrgjdhe beam direction with a Gaussian for real
hadronic events and a polynomial of degree two for the backut.

The subtraction of the beam-associated backgrounds is chesked by applying the same hadronic
event selection criteria to separated-beam data.

A new Monte Carlo event generator called LUARLW is developmgkther with LUND group for
the determination of detection efficiencies of the hadrenints [450]. LUARLW removes the extreme-
high-energy approximations used in JETSET’s string fragiaiten algorithm. The final states simulated
in LUARLW are exclusive in contrast to JETSET, where theyiagusive. In addition, LUARLW uses
fewer free parameters in the fragmentation function thahSHT. Above 3.77 GeV, the production of
charmed mesons is included in the generator according tGititen Model [451, 452].

Different schemes for the radiative corrections were coenba[355, 453—-455]. Below charm
threshold the four different schemes agree with each otheithin 1%. Above charm threshold, where
resonances are important, the agreement is within 1 to 3% fdtfmalism of Ref. [455] is used in
our calculation, and differences between it and the schetessribed in Ref. [355] are included in
the systematic errors. In the calculation of the radiatwgection above charm threshold, where the
resonances are broad and where the total width of the reseriamelated to the energy, we take the
interference between resonances into account. The iméeghaminosity is determined to a precision
of 2—3% from the number of large-angle Bhabha events selesieg only the BSC energy deposition.
Figure 3.28 (right) shows the BES scan results between 3.6 and 4.6 GeV.

Previously, BES Collaboration measured cross-sectiorctiarm meson production, using 22.3
pb~! of ete~ data collected with BES | at/5=4.03 and 15 pb! at 4.14 GeV [460]. The charmed
mesons used in this measurement Beand D+, of which the number of signal events are selected
by fitting the inclusiveK ~7+ and K~ + «* invariant mass distribution with Gaussian as signal plus
a third order of polynomial background. Taking into accotlmg detection efficiency, the correction of
initial state radiation, and quote the corresponding brechatio from PDG1998, BES reported their
results as shown in Table 3.23, together with that predibyethe coupled channel model.

8.1.5 Remarks and prospects

DASP data agree with those of PLUTO resonabl well in shapexceed their cross-sections by about
half a unit in R above 4 GeV. In magnitude DASP’s data are isel@greement with those of SLAC—
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Fig. 3.28:R Values between 3.7 and 5 GeV from PLUTO, DASP and MARKI (leftjd BES (right) experiments.

Table 3.23: Comparison of tree level cross-section measemeof BES with predictions of the coupled channel
model. experimentaD, cross-section is taken from early work.

\/s=4.03 GeV Experiment Coupled channel modeg
T pot0 50 19.94-0.6£2.3 nb 18.2nb
op+top- 6.5+0.2+-0.8 nb 6.0 nb
Op+top- 0.814+0.16+0.27 nb 11.6 nb

Ocharm 13.6£0.3+1.5nb 12.9nb

V/s=4.14 GeV Experiment Coupled channel modeg
opo + 0 po 9.3+2.1+1.1 nb 15.1nb

op+ +op- 1.9+0.9+£0.2 nb 45nb
op+ +op- | 1.64£0.39% 0.42 nb 1.85nb
Ocharm 6.4+1.2+-0.7 nb 10.7 nb

LBL but show some difference in the finer details of the enetggendence. For example, SLAC-LBL
data didn’t resolve the structure at 4.16 GeV. The total kvideasured by SLAC-LBL is smaller than
that of DASP measurement. Despite of these discrepancedlifference observed among the three
experiments are within the systmatic errors quoted.
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Fig. 3.29: Refit the R data of CB and BES II.

BES’s R scan is done with a newer generation detectorand collider as compared with the
previous measurements, and has about 80 points in the emgigy from 3.7 to 5 GeV. Because of this
fine scan in this energy region that contributes most to theigion evaluation ofigrp(Mz).

BES also fitted resonances as a Breit—Wigner shape witheliffeontinue background and takes
into account the energy-dependence of resonance widttharmbherence of the resonance [457]. BES's
preliminary results are consistent with those of previowasurements for the peak positions at 3.77,
4.04, 4.16 and 4.42 GeV, and show lardey; of the resonances at 4.04 and 4.42 GeV and smBller
of the resonaces at 3.77 and 4.16 GeV.

Fitting BES'sR data between 3.7 and 4.6 GeV (75 data points) with Breit—@figgsonances and
none resonant background based on perturbative QCD [4B6]pbtain resonance parameters as listed
in Table 3.22. The results from this fit has similar conclusis the one from BES's, except that, is
no longer larger than the other measurements of the reseridc42 GeV.

Recently, Kamal K. Seth refitted resonance parameters dfigfiner vector states of charmonium
with existing R data [246]. Three Breit—Wigner resonances plus backgrthaids parametrized with a
linear function. He shows that the Crystal Ball (CB) and BE&surements are in excellent agreement.
The analysis of the CB and BES data leads to consistent nesemqarameters for the three vector reso-
nances above thB D threshold. The masses of the three resonances determirigch lry general agree
with PDG, but have much smaller errors. However, the totdthg of these three resonances determined
by this work are about 67%, 37% and 179% larger than thosetedidyy PDG. The corresponding elec-
tron widths determined by this work are 23%, 8% and 51% lavgtr about a factor of 2 less errors.
Figure 3.29 shows the fits to CB and BES data.

A factor of 2 to 3 reduction in uncertainty in the energy regaf 3—5 GeV significantly improved
the experimental situation, providing an opportunity teedily test QCD sum role where the notion of
guark—hadron duality (QHD) plays a dominant role [456], awdluate charm quark mass via experi-
mental data to a precision below 10%. However, BES’s dati#llisgt enough, in terms of both statistics
and systematic error restriction, to provide a clear pe&twirthe broad resonance structures. To fully
understand the complicated structures at the energieebpt@:7 and 4.5 GeV, one needs to:

— perform theR scan with smaller energy steps and higher statistic in thieeegnergy region to a
precision around 2—3%.

— collect data at the peak positions with high enough siedish study the exclusive decay channels
of the resonances.
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Fig. 3.30: From the Belle discovery paper [211]: projecsiofithe data (points with error bars) and the results of
an unbinned maximum likelihood fit (solid curve) for thg3872)—n* 7~ J /1 signal region. The variables (a)
beam-constrained madg,. = 2 am — D%, (D) invariant mass$/,.+ .- ;,,, and (c) energy differencAE =

Ep — Epeam, are those used in the fiffz andpp are the energy and momentum of tB& —K*nt7=J/¢
candidate, and,..., the energy of eithes™ beam, in thete~ centre-of-mass system.

These could be the important physics topics for CLEO-c atRHESNd BES Ill at BEPC Il [458, 459].
Both CLEO-c and BES Il may have the ability to clarify the @ity that has been bothering physicists
for over 20 years.

8.2 X(3872): discovery and interpretation§®

The X (3872) is a narrow state decaying into" 7~ .J/1, with a massMx ~ 3872MeV. Given the
observed final state and the observed mass, in the charmaegion, it is natural to assume that the
X (3872) is itself a charmonium state. It has however proved diffituidentify the X' (3872) with any

of the expected narrowe mesons, leading to suggestions that it may be a more exaticlpa In this
section, we briefly review the discovery and known propsrtiethe X (3872), and the difficulties they
create for its interpretation.

8.2.1 Discovery, confirmation, and properties

The X (3872) was discovered by the Belle collaboration in a studypef— K *n+7~.J /¢ decays [211].

In addition to the well-known)’, a second peak was seen in thx 7~ .J/v) distribution; the results
of an unbinned maximum likelihood fit to t€(3872) signal region in\/, and two other variables which
peak in the case dB* — K *n+r~.J /¢ decay, are shown in Fig. 3.30. A yield &3.7 + 6.8 events was
observed, with high significancé.30), and the width of the mass peak was found to be consistent wit
the detector resolution. As the measured mass is well abh@® D open charm threshold, the narrow
width implies that decays t® D are forbidden; Belle [461] reporfS(X (3872) — DD)/T'(X(3872)
—mtr=J/1) < 7(90% CL), to be compared with a corresponding vatug60 for the(3770) [462].
Comparing decays via th¥ (3872) to those via the)’, Belle finds a considerable production rateAn
decays, with product branching ratio

B(B+—K+X(3872)) x B(X (3872) = J /)
B(BT—K*¢') x B(y/—nta=J/¢)

= 0.063 4 0.012 (stat) =+ 0.007 (syst). (3.47)

The observation has been confirmed in inclugipeollisions by CDF [463] and DO [464], as shown in
Fig. 3.31, and in exclusiv®® meson decays by BaBar [465], shown in Fig. 3.32. The obsanastes

40Author: B. Yabsley
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Fig. 3.31: Confirmation of the& (3872) in inclusive pp collisions by CDF [463] (left) and DO [464] (right). In
each case peaks dueitdand X (3872)—= 7~ .J/+ can be clearly seen; the insets show (left) an enlargement of
the X (3872) region and (right) the mass distribution for tHgy— ™~ candidates used in the analysis.

are consistent, with a weighted average value
Mx = (3871.9 £ 0.5) MeV (3.48)

across the four experiments [211,463—-465]. Each of CDFab@ BaBar likewise find a width consistent
with the detector resolution; the only limit is that infedrby Belle [211],

'y < 2.3MeV (90% CL). (3.49)

Belle finds aM (7= ~) distribution concentrated at the kinematic boundary [2tbjnciding
with the p mass (Fig. 3.33). This is confirmed by CDF [463], who findditsignal withM (7t7~) <
500 MeV; BaBar report that their statistics are too small to alloweaicconclusion, but do not exclude
a concentration at the boundary [465].

8.2.2 Decay modes and interpretation of tki€3872)

The Belle collaboration has performed searches for vardeeay modes [211, 466] and an angular
distribution study [466], to compar& (3872) properties with those of predicted, but so far unseen,
charmonium states. They restrict their attention to staits
1. expected masses [401] within 200 MeVidfy ~ 3872 MeV;
2. unnatural quantum numberé = 0, 1, 2—, ... since decays t® D are not seen; and
3. spin angular momenturh < 3, since the state is seen in exclus®e» K X (3872) production with
a significant rate, making high unlikely (cf. B*— K"y, still not observed, an@™— K Ty.o
and Ky, with branching fractiong6 ~ 7) x 10™%).
Thel3 D5 stateg)s, is also studied following suggestions [187,188] that tte forys— DD, suppressed
by an. = 3 angular momentum barrier, may be low.
The search therefore includes the= —1 states)», h., andys, and theC' = +1 states).o, x.i,
andn/. The observation of decays to"n~.J/¢ favors C = —1, for which this mode is isospin-
conserving; this would imply (X —7°7%J /¢) ~ iT'(X —=*7~J/1). On the other hand, the observed
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Fig. 3.32: Confirmation of theX(3872) in B*—K*xt7~.J/¢ decay from BaBar [465]. Distributions of the
7T~ J/4 invariant mass are shown f@ candidates in (a) th&-signal region, together with expanded views
of the (b) k., (c) ¥(25), and (d)X (3872) mass regions. In (c) and (d), the results of an unbinned maxim
likelihood fit to the data are superimposed as a solid curve.

Events/0.008 GeV

[«]

) X(3872)

s,Jém‘é-

s |

s L

Q

0

©

8

S 125

3

=

[}

=

w
O =1
0.31

M(TT'TT) (GeV)

0.51

Fig. 3.33: From [211]M (z+ =) distribution for events in the (a)/ (=7~ .J/+) = 3872 MeV signal region and
(b) thev)’ region in Belle data. The shaded histograms are sidebaachdamalized to the signal-box area. Note

the different horizontal scales.

1490



CHAPTER 3

Events / (0.005 GeV )

Events / (0.01 GeV)
EARIARM]
o
e
—
>
P

10

00
T T

Events / ( 0.005 GeV )
ee]
T
Events / (0.01 GeV)
o~
T

(4]
TTT T

T T T AT T PR T T AN AN L N I N
g.Z 5.21 522 5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.3 C3.78 3.8 3.823.843.863.88 3.9 3.923.943.96
M, (GeV, GeV)

chicl gamma

Fig. 3.34: (Upper plots) Signal band projections for therbamnstrained B-candidate) masa/,., and charmo-
nium candidate mas¥/,,.,, in the Belle search for decay$" — K ™ X (3872), X —vx.1 [211]; the results of an
unbinned maximum likelihood fit are superimposed. The digiedd, 3.7 &+ 3.7 + 2.2, is consistent with zero.
(Lower plots) Similar distributions in the search for des&yyx .2 [466]; the fitted yield i22.9 + 3.0 + 1.5 events.

concentration of events &t (77~ ) ~ m,, suggests that the decay may proceedXi@872)— pJ /v,
an isospin-violating process; this requit@s= +1 and forbids the decay t0°7°.J /1. A study of the
7079.J /4 final state is therefore important.

8.2.3 Searches for radiative decays

If the X (3872) is identified with thel®>D, () state, the decay tgx.; is an allowed E1 transition
with a large partial width, calculated to b& X —~x.1) ~ 210keV in potential models, taking coupled
channel effects into account [187,188]. Similarly, thetiphwidth for 12 D3 (13)—~x.2 is calculated to
be~ 300keV. This is to be compared to the partial width f65 ;—7 "7~ .J/1), expected to be equal to
the(3770) partial width for both states. Ref. [466] conservativelganed (¢(3770)—r 7~ J /1) <
130keV, leading to predictiond (X —yxcs)/T(X—aTn~J/¢) > 1.6 for o—vyx. and> 2.3 for
3—yxc2 respectively. Belle has performed searches XaB872) decays to these final states (see
Fig. 3.34), setting upper limits on the branching ratios9@ CL) of0.89 for vx.1 [211], and1.1 for
vXxe2 [466], below these expectations. Other considerationfaais these states. If th& is thews, its
separation from the (3770), AM = 102 MeV, is larger than present theory can accomodate [188]. The
13 mass is expected to be similar. ProductiBri— K )3 is also expected to be suppressed relative
to other K+ (cc) decays, due to the high spih = 3, whereas the data implies a comparable rate if
X (3872) = 93 [466].

Another radiative decay search, fan(3872)—~.J/1, tests theX (3872) = 23P; (x.,) assign-
ment [466]. The partial width(x;, —~J/v), for M,, = 3872MeV, is expected to be 11 KeV in
the potential model [187], possibly reduced by coupled nkaeffects [188]. To estimate the partial
width for the isospin-violating procesg., —= "7~ .J/1, we take the isospin-violating hadronic charmo-
nium transitionyy’ —7%J /¢, with T ~ 0.3 keV: the ratiol'(X —~.J/¢) /T (X —m 7~ J/¢) should then
be O(10). The Belle search places an upper limit@i0 (90% CL) on this ratio, inconsistent with
the expected value. The,, mass is predicted [187, 188] to B830 ~ 3990 MeV or greater, likewise
inconsistent with theX (3872).
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8.2.4 Studies of angular distributions

The X (3872) will be produced polarized in the reactidit — K+ X (3872) for any spinJx > 0, as both
the initial stateB and the accompanying’ mesons are spin zero. Angular distributions of the finakstat
particles can therefore distinguish between differennéwa number assignmenid’ for the X (3872).

If the X is theh, with J©¢ = 17—, decays should be distributed @s— cos®6;,,,)d cos 0,5, [467],
whered;/,, is the angle between thg/y) and the negative of th& momentum vectors in th& (3872)

rest frame. In the Belle study [466], the data tend to peak aedd ;,, = 1, where thel ™~ expectation

is zero; both the data and expectation are shown in Fig. 388.poor fit to the datay?/dof = 75/9)
rules out anyl ™~ assignment for theX' (3872), including theh’; this state in any case has an expected
mass well above 3872 MeV. Further angular studies of othetamnare foreseen.

8.2.5 Other searches

If X(3872) = 1' D5 (ne2), the isospin conserving transitiop, — 777, should be much more com-
mon thamy.o— 7~ J /1, which is isospin violating; the branching fractié{{ X —= "7~ .J/+) would

be O(1%) or less, implying a largeB— K X (3872) rate. This seems unlikely but can be tested by
searching for theX (3872)— =+ 71, decay.

Similar considerations apply X (3872) = 7”: the branching fraction ta™ 7~ J/+ should be
small, although in this case (with th¢ below open charm threshold) the dominant decay would be into
two gluons, less convenient for a search. Assuming that awsthte would have a similar width to the
1. (17 £ 3MeV) [245], which also predominantly decay via two gluons, idieeady disfavored by the
2.3MeV upper limit on theX (3872) width. GivenM,;,35) = (4040 £ 10) MeV, M, = 3872 MeV
also implies a large(3.5) — n/ mass splitting~ 168 MeV, contrary to the expectation that the splitting
will decrease with increasing radial quantum numilgérX/,, — M,, = 48 MeV [391] andMy, — M, =
117 MeV) [245].

8.2.6 Summary

The status of the six candidates considered by Belle [468]nsmarized in Table 3.24: some are already
excluded by the data, and none is a natural candidate. S@miffurther information is expected once
searches for other decays become available; the sear&h(3872)— 7w 7%.J /4 is particularly important.
Already however the lack of a natural charmonium candidzifits the data suggests two possibilities:
(1) that the theory used to predict charmonium propertidtaised, or (2) that theX'(3872) is not a
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Table 3.24: From [466]: Some properties of candidate chammo states for the&X (3872), and a summary of the
comparison with data. Mass predictions are taken from [48q width predictions computed from [187], using
a 3872 MeV mass value; the predicted width for t}jgs taken to be the same as thewidth. Masses and widths
are shown in MeV.

state alias JP¢ Mpea Tprea COmMment

13Dy 1py 27 3838 0.7 Mass wrongl'y,,, too small
2'Py R, 1T 3953 1.6 Ruled out by cosf,,,| distribution
13Ds ¢35 37~ 3849 48 M, I'wrong;I',,,, too small;J too high

1Dy ne 27t 3837 09 B(rtn~J/y) expected to be very small
2P x., 1Yt 3956 1.7 T, toosmall
31So  nY 0=t 4060 ~20 Mass and width are wrong

conventional cz) state. As theX (3872) mass is very close to thel ;0 + M .o threshold, @>D" bound
state is a natural candidate [212,467-472].

9 THE OBSERVATION OF THE B, MESON AT CDF AND Do*

The CDF Collaboration has observed the ground state of titerbecharm mesoB* via the decay
mode Bf — J/yI*v and measured its mass, lifetime and production crossese{$9, 473]. The
measurement was done at the Tevatron, in Run L/at) = 1.8 TeV. Figure 3.36a shows the mass
spectra for the combined/e and.J /¢ i candidate samples, the combined backgrounds, and the fitted
contribution from theBX — J/vi*v decay. The fitted number d8. events is 20.4%2, out of which
12.0"35 come for the electron sample and 824 from the muon sample.A fit to the same distribution
with background alone was rejected at the level of 4.8 stahdeviations. Theé3* mass was measured

to be equal to 6.4080.39(stat ¥0.13(syst.) GeV/k

A measure of the time between production and decay/®faneson is

o= MU/ - Loy
)

whereL,,, is the distance between the beam centroid and the decaygbtietB:- candidate in the trans-
verse plane and projected along the)! direction, anchr(.J /1) is the tri-lepton transverse momentum.
Figure 3.36b shows the* distribution for the data, the signal and the backgroundrilligions. The
mean proper decay length and hence the lifetime of the B meson was obtained from the above dis-
tribution. It was determined that = 137733 (stat.)+9(syst.) pm orT = 0.46 7015 (stat.)+0.03(syst.)

ps.

(3.50)

Recently [474] the DO collaboration has reported the olzgem of a B, signal in the decay
mode Bf — J/vu*v, from a sample of 210 ptd of data taken during Run II, af/s = 1.96 TeV.
The dimuon coming from//« was required to be within 0.25 from th&/vy) mass, and a third muon
track was required to come from the same vertex. The anafislided 95-12+11 events, at a mass
M(BF) = 5.95T013(stat.}£0.34(syst.) GeV/é. The lifetime was calculated to bé BF) = 0.44870323
(stat.) £0.121(syst.) ps. Fitted mass and lifetime are found to be uncatedl Figure 3.37(left) shows
the invariant mass and pseudo-proper time distributionth®fevents. The analysis accounts for the
possible contribution fronB.—(25)u*v on the inclusive sample. As shown in Fig. 3.37(right), it
is estimated that about 15 events are due to this componahtha systematic errors are obtained by

“Author: V. Papadimitriou
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Fig. 3.36: On the left, (a) the histogram of thig! mass that compares the signal and background contributions
determined in the likelihood fit to the combined data fgiye and.J/« 1. The mass bins, indicated by tick marks

at the top, vary in width. The totaB* contribution is 20.4%2 events. The inset shows the behavior of the
log-likelihood function—2Ln(L) vs the number ofB. mesons. On the right, (b) the distributiondti* for the
combinedJ/ve and J /¢ data along with the fitted curve and contributions to it fragnal and background.
The inset shows the log-likelihood function &s for the B, meson.

varying this contribution from 0 to 30 events. In the neaufat the mass uncertainty can be improved
to better than 5(50) MeVfcby CDF(DO) by using hadronic exclusive decay channels.

10 EVIDENCE FOR DOUBLY CHARMED BARYONS AT SELEX#

The addition of the charmed quark to thei§) triplet extends the flavour symmetry of the baryon octet
and decuplet from SU(3) to SU(4). There is strong experialentidence for all the predicted baryon
states which contain zero or one valence charmed quark.[248] review here the first experimental
evidence for one of the six predicted baryon states whichagoriwo valence charmed quarks, the
doubly charmed baryons. There have been many predictiotie shasses and other properties of these
states [475—-478]. The properties of doubly charmed bargomade a new window into the structure of
baryonic matter.

10.1 The SELEX experiment

The SELEX experiment uses the Fermilab 86V /c charged hyperon beam to produce charm parti-
cles in a set of thin foil targets of Cu or diamond. The thriegrs magnetic spectrometer is shown else-
where [479, 481]. The most important features are: (a) tgb-precision, highly redundant, silicon ver-
tex detector that provides an average proper time resolofi@0 fs for single-charm particle decays, (b)
a 10 m long Ring-Imaging Cherenkov (RICH) detector that sstear from K up to 165GeV /¢ [480],
and (c) a high-resolution tracking system that has momengswoiution ofo p/ P < 1% for a 200GeV /¢
reconstructed\ .

The experiment selected charm candidate events using iae eelcondary vertex algorithm which
required full track reconstruction for measured fast tsackn event was written to tape if all the fast

“2Author:P. Cooper
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Fig. 3.37: TheJ/vu invariant mass (top left) and pseudo-proper time distidns (bottom left) of the
B.—J/v¥uX candidates (points with error bars) from DO. The signal M@grlo events, generated with a mass
of 5.95 GeV/¢?, as well as the most likely background sources are shownlidssstograms. The right plot shows
the J/¢ntn~ invariant mass of/ /¢ym 7~ uX events that have M{/y)7 7~ 1) between 4 and 6 Ge\?. The
background (solid histogram) is estimated from eventsideithis mass range.

tracks in the event were inconsistent with having come frasingle primary vertex. This filter passed
1/8 of all interaction triggers and had abadiits efficiency for otherwise accepted charm decays. The
experiment recorded data from.2 x 10? inelastic interactions and wroiex 10° events to tape using
both positive and negative beané§% of events were induced By, 13% by 7—, and18% by protons.

10.2 Search strategy

A Cabibbo-allowed decay of a doubly charmed baryon must laamet positive charge and contain a
charmed quark, a strange quark and a baryon. We chose th $eadecay modes ik, — AT K7+
with an intermediaté ~ 7" secondary vertex between the primary vertex and\theertex and

= — pDTK~ with an intermediate K ~ secondary vertex between the primary vertex andife

Events were analyzed for evidence of a secondary vertex asedpof an opposite-signed pair
between the primary and the single charm decay point. We alédxhcks not assigned to the single
charm candidate in the search. The new secondary vertex hasté an acceptable fi£ and a separation
of at least & from the new primary. These cuts were developed and fixedewiquis searches for short-
lived single-charm baryon states. We have applied themwi#h®ut change. As a background check
we also kept wrong-sign combinations in which the mass assgits are reversed.

10.3 Ef, — AT K=t Search results and significance

The signal and wrong-sign backgrounds are shown in Fig.. 33&re is a obvious peak at a mass
of 3519+ 2MeV/c?. The number of events in the signal region showa2svents. We estimate the
number of expected background events in the signal regmm the sidebands a&1 + 0.5 events.
This determination has a (Gaussian) statistical unceytasolely from counting statistics. The single-
bin significance of this signal is the excess in the signaioregivided by the total uncertainty in the
background estimatel5.9/v/6.1 + 0.52 = 6.30. The Poisson probability of observing at least this
excess, including the Gaussian uncertainty in the backgkos 1.0 x 10~%. The overall probability of
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Fig. 3.38: (a) TheAT K —=* mass distribution in ®MeV/c? bins. The shaded region 3.400-3.646V /c?
contains the signal peak and is shown in more detail in (c).Tt® wrong-sign combinatioAf K7~ mass
distribution in 5MeV /c? bins. (c) The signal (shaded) regiaz2(events) and sideband mass regions Wit
total events in 2.54eV /c? bins. The fit is a Gaussian plus linear background.

observing an excess at least as large as the one we see aaymvtier search interval is1 x 104, This
result is published in reference [481].

104 EF — pDTK~ search

After the discovery and publication of thef, — AT K=" signal we sought to confirm the discovery
in another decay mode which was likely to have a significaahtining ratio. Obvious choices were
Ernrtn and Ef, — pDT K~ . Since the SELEXD™ signal is large and well studied we began with it.

A similar analysis technique [482] resulted in the signall arong-sign background shown in
Fig. 3.39. In this new decay mode we observe an excessiofvents over an expected background
of 1.6 &+ 0.35 events. The Poisson probability that a background fluanatan produce the apparent
signal is less than.5 x 10~°. The observed mass of this state is 3518 MeV/cZ, consistent with
the published result. Averaging the two results gives a n88§18.7 1.7 MeV /2. The observation
of this new weak decay mode confirms the previous suggedtairthis state is a double charm baryon.
The relative branching ratib(=}. — pDT K~ )IT(E}. — A K~ 7" ) =0.078+ 0.045.

The lifetime of this state in both decay modes is very shadslthan 33s at 90% confidence.
The properties of these two signals are consistent with etiwr. SELEX reports an independent con-
firmation of the double charm barydy., previously seen in the}, — A+ K=" decay mode, via the
observation of its deca¥, — pDTK .

1658



CHAPTER 3

I (8 pOK
= 4 peak mass: [| 4-bin Poisson Prob
S350 3516 MeV || ; <2.3x10°
§ ¢ e L/o>1.0 % 2
wsr g 175~ [ (b) wrongsign: pDK™
25 F w15 E L/oc>1.0
: g o
2| _ | ; 1.25 ; _
: w 1
15 - ks g :
: 075 5
1) » g '
| os AL El n
: E A L B
Q6 348 35 356 358 %46 348 35 352 354 356 3.58
M(p D" K’) M(p D K")

Fig. 3.39: (a)=f, — pDT K~ mass distribution for right-sign mass combinations. (bpWg-sign events with a
D~ K™, scaled by 0.6. The line shows a maximum likelihood fit to gamcy.

10.5 Conclusions

TheZ={ (ccd doubly charmed baryon has now been observed by SELEX inéwaydmodes at a mass of
3518.7 1.7MeV /c*with a lifetime less than 3% at 90% confidence. Analysis continues with SELEX
data to searchfor additional decays modes for this statecaselarch for the two other doubly-charmed
baryons ground states expecté&tf;t(ccu) and27(ccs.

11 SUMMARY AND OUTLOOK 43

It took few years , after the discovery of thi/+), to sketch the spectroscopical pattern of the narrow
ortocharmonium and ortobottomonium states: the expefahe®termination of such energy levels is
extremely good, all states are know with precisions bétten tL MeV. On the other side, the experimental
history of spin singlet states has started to clear up onflgeérrecent years, but open puzzles remain:

— the total width of the).(15) (the ground state of charmonium) is as large as the one of(t3igr0),
which can decay to open charm:

— after 16 years, the reagl(2S5) has been observed, disconfirming an evidence by CrystakHsl|
misled theory calculations on hyperfine splittings for mibven a decade.

— two compatible evidences of thie state have been found in the last year, and may bring to an
end the saga of the spin singlet P state; a concrete straiegpnsolidate this observation is now
needed.

— none of the 5 spin singlet states in the bottomonium syst&sybben found yet; given the absence
of scheduled running time on narrdfvstates in the near future, it is necessary to elaborate smart
search strategies to spot these states at asymmetric @iémcor hadron colliders .

The quest to complete the experimental spectra is now exigmal the higher excitations:

— the search for narrow D-states resulted in the discovetiieoT (1D) states in CLEO lIl, and to
the observation of the intriguing X(3872) meson by Bellejlesthe bottomonium state falls well
in the expected pattern, there is a wide variety of speauaton the nature of the X(3872).

“3puthors: G. Bali, N. Brambilla, R. Mussa, J. Soto
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— the need to achieve a deeper understanding of the regicaljoge open charm threshold, together
with the improvement of the experimental tools, will allosvdisentangle each single contribution
to the R ratio, hopefully clarifying the puzzles opened by pioneering studies of Mark 1.

As we have seen in this chapter the application of EFTs of Q&Ciieavy quarkonium has considerably
increased our understanding of these systems from a fundahpmint of view. NRQCD has allowed,
on the one hand, for efficient lattice calculations of the seasof the bottomonium and charmonium
states below open heavy flavour threshold. On the other ligmals paved the way to pNRQCD, which
provides, in the strong coupling regime, a rigorous linknfr@CD to potential models for states below
open heavy flavour threshold. In the weak coupling regimeR@QED has allowed to carry out higher-
order calculations and to implement renormalization griegummations and renormalon subtractions
in a systematic way. This regime appears to be applicableaat for theY'(15) andn,(15). Interest-
ingly, as discussed in Section 2.3.1 (Tables 3.2 and 3.3) ssme excited states can be reproduced in
perturbation theory (inside the errors of the perturbatsges).

The most challenging theoretical problem at present is @seription of states above open heavy
flavour threshold. The recent discovery X{3872) has made clear that potential models suffer from
large systematic uncertainties in this region and thatribkision of, at least, heavy-light meson degrees
of freedom is necessary. Although NRQCD holds in this regextracting information from it on the
lattice is not simple, since besides heavy quarkonium, yaigkit meson pairs and hybrid states pop-
ulate it. It would be important to develop theoretical tomiorder to bring current phenomenological
approaches into QCD based ones.

In order to stimulate progress in heavy quarkonium spectmg we shall try to pose a number
of questions, and try to provide what we believe to be redsderenswers to them, from the theory and
experimental point of view.

¢ Q. What does theory need from experiment?

A1(TH:) Discovery and good mass measurements of the missing stltes tpen heavy flavour
threshold.

AL1(EXP:) Concerning triplet S and P states of neutral heavy quarkaxiperimental measure-
ments are mature and ahead of theory. Concerning the siBgletl P states, charmonia are under very
active investigation at present, and probably will be mbilewn to less than .5 MeWddn the near future,
with an active cooperation amid experimental groups. Itdmobnium, the situation looks less promis-
ing: only Tevatron experiments have currently some chamdetect the missing (narrow?) states, while
CLEO Il searches turned out no plausible candidates, andesth that more luminosity is needed at
T(1,2,35), but none of the active B-factories is planning to shift ou(@45).

The experimental study of the spectrum of the charged heaagkqnium, theB,., has not started
yet. The ground state has been seen by CDF and confirmed byub®jabits semileptonic decay,
which yield still very wide uncertainties on the mass (0.4/@2). The experimental search for an
exclusive, non leptonic mode is under way and will allow t@krthis state with accuracies better than
5 MeV/c in the near future. Beyond this, most experimental efforil$ e focused on finding the
dominant decay modes of the ground state. The search fdsthehich decays dominantly t,. via
M1 radiation of a soft photon , will be extremely challengifog current Tevatron experiments, due to
the high combinatorial background and to the low efficienoyaw energy photons. Same can be said
for the P states , which are expected to decaB&’B via dipion emission. It is hard to predict whether
the hadronic B-factories, BTEV and LHCB, will be able to ailmite to these spectroscopical studies.
The issue should be discussed in Chapter 9.

A2(TH:) Thorough analysis of the region above open heavy flavoustiotd in search for quarko-
nium states, hybrid states, molecules and other exotica.
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A2(EXP:) The BES Il R scan and the surprises from the asymmetric Byfizst (X(3872) and
doublecé production) have ignited new experimental and theoretidertest in this physics region. The
CLEO-c running at)(3770) and aboveD,D, threshold has a very large physics potential for heavy
guarkonium studies. At the same time, B factories can befrefit a large variety of techniques to
identify new charmonium states: (a) inclusive ones, such/dsandy ' recoil in doublece, or K recoil in
tagged B decays; (b) exclusive ones , sucBas(1, n.) X K *) (for narrower states)3— D) D(*) ()

(for wider states).

Some discovery potential is to be expected also from hadsthiders, where the large, very clean
samples of D mesons can be used as starting point to searphdks inD D invariant mass combina-
tions.

¢ Q. What does experiments need from theory?

AL1(EXP:) In spectroscopy, two are the crucial issues in the searchigsimg states: (a) a good
understanding of the production/formation mechanismsa (mmprehensive set of decay channels, with
solid predictions on the partial widths. The two issues el@ed between each other, and to the hot topics
of the next chapter.

There is NOT an infinite number of ways to produce charmoniass, for bottomonium, much less
for B.: these couplings deserve a higher level of understandiotty, theoretically and experimentally.
This is much more important, when we do want to understandheheve can get some deeper insight
from the non observation of a missing state. It must be ndtikat most production mechanisms are not
fully understood, and/or lead to wrong predictions.

A limited set of processes, then, deserve deeper thedretidarstanding:

— M1 hindered radiative transitions: relativistic coriens are dominant in these processes that are
the main gateways tg,’s.

— isospin violating hadronic transitions: it is now very ionfant to establish a physical relation
betweeny)(25)—h.m° andh.—J /47", This can help clarifying the consistency between the two
(still weak) evidences.

— factorization in B decays: exclusive B decays tocK+vere expected to yiel@~*, 17—, 1++
charmonia, and, in smaller quantitigs, ™, 27, The prediction holds for the second, but’s
are produced as copiously gs,’s . The understanding of the effective selection rules a&lp to
set limits on theh. production, and to find the possible quantum numbers of tlR8K) meson.

— coupling to exclusivep: helicity selection rule in perturbative QCD forbids therfation of,,
X0, he from pp annihilations; no suppression is observed in the first twsesaand the third is
under active investigation. It is auspicable that receneligpments in NRQCD can help to explain
the pp coupling and make testable predictions on the coupling.t®S) and X(3872).

— the doublece selection rules are not yet clear: so far only scalars anddosealars were ob-
served recoiling against th&/+) . This process has already allowed an indipendent confiomati
of then.(2S5) observation. By understanding the dynamics, one can cgevaore rapidly on the
determination of the quantum numbers of any bump that shews the.J /v recoil spectrum.

Within theory one may ask the following questions:
e Q. What does the phenomenological approach need from thectiwsirone?

A x That the theory clearly points out the most relevant feagtiinat should be implemented in
phenomenological models.

¢ Q. What does the theoretical approach need from the phenoogoal one?

A x To point out shortcomings in models which are relevant tceexpental observations.

1589



SPECTROSCOPY

Within the theoretical approach:
e Q. What does EFTs need from lattice?

x Calculation of the correlators which parameterize nonpbaétive effects in the weak coupling
regime of pNRQCD.

x Calculation of the various potentials which enter pPNRQCIEhim strong coupling regime.

e Q. What does lattice need from EFT?

x Calculation of the NRQCD matching coefficients in latticgukarizations.

x Chiral extrapolations.

Let us next describe the future development which are dasisgithin each particular approach.

From the side of the EFT the priority “to-do” list is:
— Develop a suitable EFT for the region above open heavy ftatweashold.

— Include the effects of virtual pions. Pions should be idelth in the strong coupling regime of
PNRQCD as ultrasoft degrees of freedom and their effect ersprectrum should be investigated.

— A systematic investigation of the structure of the rendomaubtractions in NRQCD matching
coefficients and in the perturbative potentials.

For what concerns lattice calculations the priority pieadtiattice "to-do list” is:
— Further investigations of sea quark effects, in particola charmonia and also in bottomonia,
including charm mass effects.

Calculation of threshold effects in charmonia and bottoiaofirst using lattice potentials, then a
multichannel analysis in lattice NRQCD/QCD.

Further investigations of OZI suppressed contributiamparticular in the PS charm-sector.
Mixing of charmonia and would-be glueballs.
Doubly charmed baryons.

QQq potentials.

From the side of phenomenological models the wish list e
— The major deficiency of these models is that they only inelinggg components of the Fock space
expansion and totally neglect higher Fock space compomwenitsh can be included as coupled
channel effects. These are expected to be most prominesiiates close to threshold.

From the side of experiments we need:

— to clarify the nature of the X(3872) state, fully explogithe four running experiments that see
this state.

— to strengthen thi, evidence , by asking for an active collaboration betweerexgents , in order
to intensify the checks which certify the compatibility Wween the two recent evidences.

— to support further cross checks on the systematic errotiseomasses of pseudoscalar charmonia:
both BaBar and Belle should already have a large sampjeefn.(1,25), to measure with high
precision both states.

— to search for doubly charmed baryons in asymmetric B-feagpas well as at the Tevatron.

— to measure, at CLEO-c, the coupling of thé3770) and theY (1, 2, 3S) states tqp, to quantify
the perspectives to study charmonium at open charm thiksimal bottomonium with antiproton
beams.

— to support further, searches at the Tevatron, and to strengthen the physiciocégeher running
at narrow bottomonium energies.
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1 INTRODUCTION!

The study of decay observables has witnessed in the last ggamarkable progress. New experimental
measurements, mainly coming from Belle, BES, CLEO and E&8% mproved existing data on inclu-
sive (Section 3 and 4), electromagnetic (Section 3) andrakggclusive (Section 5) decay channels as
well as on several electromagnetic (Section 6) and hadi(@=ction 7) transition amplitudes. In some
cases the new data have not only led to a reduction of the taimtt@es but also to significant shifts in the
central values. Also the error analysis of several cordlateasurements has evolved and improved our
determination of quarkonium branching fractions (Sec#hrNew data have also led to the discovery of
new states. These have been mainly discussed in Chapter 3.

From a theoretical point of view several heavy quarkoniuroagieobservables may be studied
nowadays in the framework of effective field theories of QTBese have been introduced in Chapters 1
and 3. In some cases, like inclusive and electromagneti@ydeiths, factorization of high and low en-
ergy contributions has been achieved rigorously. In sorherst where more degrees of freedom, apart
from the heavy-quarkonium state, are entangled and thdgmndbecomes quite complicated, models are
still used to some extent and factorization formulas, if¢hare, are on a less solid ground. There is
room there for new theoretical developments. High energyritutions can be calculated in perturba-
tion theory. Low energy matrix elements, which may includeong others, heavy quarkonium wave
functions, colour-octet matrix elements, correlatorertap integrals in radiative transitions, multipole
gluon emission factors, can be determined either by seitfitting of the data or on the lattice or by
means of potential models. They typically set the precisitime theoretical determinations.

In each of the following sections we will have a first part wdhéhne theoretical framework is
reviewed and the basic formalism set up and a second paduhanharizes the phenomenological appli-
cations and presents the experimental status. In the lesbis®f the chapter, Section 8, we will discuss
decay modes of th&,.. There are no data available yet (apart from the lifetimaj}, 8. will be copi-
ously produced at future hadron colliders. This systenfiediftly from bottomonium and charmonium,
decays only weakly. Therefore, it opens in quarkonium ptsyai window to some of the electroweak
parameters of the Standard Model.

The outline of the chapter is the following. We will start ir@ion 2 by making some general
remarks on the determination of quarkonium branching s&tiom experiments. In Section 3 we will
discuss inclusive and electromagnetic decay widths, iti@ed Y inclusive radiative decays, in Sec-
tion 5 exclusive decays, in Section 6 radiative and in Secfidnadronic transitions. Finally, Section 8
will be devoted to the decays of tHe..

LAuthor: A. Vairo
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2 BRANCHING RATIO MEASUREMENTS ?

The measurement of branching ratios (or partial wid#is} deceptively simple: the total number of
events observed in a given final st %S_) s is proportional to the total number of events produced
Ngrgd for that particular resonance:

NG5 = eff x NEST x B(QQ—), (4.2)

Nggd in turn needs to be measured by counting some specific eMentsost cases, depending on the

process under study and the analysis strat.é@‘gd is calculated from the number of events observed in

H & ” £ obs .
a given “reference” final stat®? 5, -

obs
QQ—Ref

Nprod _ Q@R
QQ eff! Bret

The reported value d8(QQ—+t) will therefore useBg,¢ as reported by some previous experiment:

obs

_ : f/
B(QQ—f) = —99=L & g (4.2)
Nobs eff
QQ—Ref

As discussed in [1], there are a number of potentially dasygeconsequences in this procedure.
First of all different experiments might use the same refeeemode, so their values #f are not in-
dependent. Even worse, tiQQ—f) reported in Eq. (4.2) will also be (hiddenly) correlated he t
normalizationRef’ chosen by the previous experiment(s) whBggr had been measured, and ultimately
may depend on some other branching rdtjg,,. Such hidden correlations are hard to identify and can
have pernicious consequences on the evaluati@ lbdsed on independent measurements from different
experiments.

For precision determination of branching ratios or pasiiaths, it is important to know the nor-
malization used in each measurement and to quote explikcélguantity that is indeed directly measured
by each experiment

= obs
BQQ—f) _ Nog—s eff “3)
BRef Ng;z_;—ﬁief eff

i.e., the ratio or product of branching ratios (even of défg particles), which is most directly related to
the event yield. Many experiments could also provide measants of ratios of branching ratios

Ro(f11) = e @4)

which do not depend on the normalization, and where usulstyaanumber of other systematics cancel.

With the increased statistical precision that is to be etqubin the next few years, it will become
increasingly important for an appropriate branching ratia partial width evaluation that individual
measurements are reported according to Eq. (4.3) and wiepessible also as in Eq. (4.4). In order
to perform the best estimate based on a set of measurememisiiiferent experiments, it might also
become important to take into account the systematic ethatsare common to all measurements per-
formed by the same experiment. An appropriate choice of afsadependent measurements of (4.3)
and (4.4) from each experiment is likely the best option faji@bal fit to quarkonium branching ra-
tios. A comparison ofz(f/f') that could be directly measured by virtually all experingercbuld also

2Author: C. Patrignani
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help understand possible systematic effects, which arggoibe the limiting factor on branching ratio
determinations.

Here, we briefly outline the experimental techniques andlyaisastrategies adopted to determine
these branching ratios with emphasis on the correspondisgjlie normalization choices, as a hecessary
ingredient to understand possible mutual dependencies@rsgdraints.

2.1 Branching ratios measured inet e~ formation experiments

ete~ formation experiments are undoubtedly the most importaol to investigate charmonium and
bottomonium branching ratios by a variety of techniquesthizse experiments the*S; quarkonium
states can be directly formed and 3 S; —f) are determined either normalizing to a specific decay
. nﬁ(n351—>f)

35, Norm)" or measuring the number af S; by

mode, i.e., providing a direct measuremen

performing a scan of the resonance.

The usual choice for the normalization channel is the inedukadronic decay mode, which is
close to 100% for all resonances, i.e., it provides to a gggamaximation an absolute normalization.
However, it requires subtraction of the non resonant hadromss-section whose vyield (at the given
running condition) must be calculated taking into accotmet interference with the resonance. When
the total number of events is determined by a scan of the aeeen(which also provides measurements
of T'iot, By and Bragy), there is in principle a possible correlation of the brangtratio to the values
for these quantities that is likely small if the scan has mpoints, but should not be overlooked. As
stressed in Chapter 2, Section 8.5, interference with tméiraoum for any specific final state might
introduce sizeable corrections. A measurement of the fiof /Norm) across the formation energy of
the resonance is needed to understand the interferencésambact on branching ratios.

All other states are studied in hadronic or radiative decand the number of events produced for
each state must be determined using the appropiiae branching ratio:

NESp, = NEGlx B(n®Si—ynPy), (4.5)
NPRS, = NP x BndSi—yn' S). (4.6)

Thus, for3P; and! S, states these experiments can only directly measure thes g (f/f') and the
following combinations of branching ratios:

B(n3S—~yn/3Py) 3
B(n351—>Norm) B(TL PJ_’f)> (4.7)
B(n*S1—yn"So) .. 1
B(n?5, —Norm) B(n"" Sy—f1). (4.8)

On the other hand, since th#&+)(25)—.J/¢ntx~) is reasonably large, and the events can be
easily selected by just reconstructing thér~ recoiling against the//v, absolute measurements of
J /4 branching ratios have been obtained based on “tagdgd’samples:

o effﬂ+7r* X NObs(q/}/_’(']TJ’_W_)recoilf)
- effﬂ*ﬁ* f NObS (1/}/_>(7T+7T_)rocoil X) ’

From the experimental point of view this is a particularigath measurement, since the efficiency ratio
can be determined with high precision. With the increase&@lIUI samples, it would be interesting to
fully exploit the possibility of using “taggedT (25) andY'(3.5) samples to perform absolut&g15) and

T (2S) branching ratios determinations.

Radiative decay branching ratios (e.g., direct —~v X and1~~—~ X —~yvX’) have also been
directly measured.

B(J/ip—f) (4.9)
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In all cases, photon candidates that are likely to origirfiam 7° are not consideredr{ veto),
and the efficiency correction relies on Monte Carlo, andndtely on the event generator used to model
the particle multiplicities, and the angular and momentustrithutions.

Despite efforts to tune JETSET [2] fragmentation paransetereproduce specific classes of inclu-
sive events (e.g., hadronic events in the continuum [3MadldD threshold orJ /v, 1(2S) decays [4]),
there are simply not enough experimentally measuwrgdys, 7., 1, decays to light hadrong.f.) to
compare these models with. That could eventually beconmaiiig systematic to these measurements.

2.2 Branching ratios and partial widths measured inpp formation experiments

In these experiments [5] a scan of the resonance allowstdirteasurements of mass, total width and
B(pp)B; for all charmonium resonancés-or resonances whose natural width is comparable or smaller
than the beam width@ (700 MeV) for E760 and E835), the produf(pp)B: is highly correlated to

the total width, and the quantity(pp)B; is more precisely determined. By detecting the resonance
formation in more than one final state, the ratio of branchitgps Rz(f/f’) can be determined inde-
pendently from the total width anl(pp), in general with small systematic errors since the finakstat
is fully reconstructed, and the angular distribution ongpdnds on a limited number of decay and for-
mation amplitudes. Interference effects with the contmurould affect the measurement B{pp)B;

and Rz(f/f), but as inete~ experiments, their relevance could be estimated by a measmt of
Rg(f/f') across the formation energy of the resonance. Unfortunately a few highly characteristic
final states of charmoniume{e™, J/v X, vv) can be detected by these experiments, because of the
large hadronic non-resonant cross-section.

Recently, a pioneering study pp—7"7% [6] and 7 differential cross-sections at theg, for-
mation energy has shown that also selected exclusive tag-badronic decays can be successfully
measured. The interference with the continuum could beesstally exploited by the next generation
of pp annihilation experiments to extend the knowledge ©andr,. branching ratios to baryons or light
hadrons.

2.3 Branching ratios and partial widths measured in two-phdon reactions

The number of events observed for a specific final state isyptiopal tol',, B; x £, where the effective
two-photon luminosity functior,., (see Chapter 2, Section 8.4) is calculated by all experisnasing
the same formalism (even if not all using the same generaltw only directly measurable quantity is

I, B, (4.10)

or (if more than one final state is detectdgl}(f/f’). The theoretical uncertainties 1, are largely
common to all experiments and that should be taken into axtdoufuture high statistics measurements.
It might be worth mentioning here that the values reportethenpast by different experiments for the
I'y,, derived from their measurement of (4.10), are not indepehdnd they are not always easily
comparable since some of them are obtained by a weightedgev@f many decay modes, which are
individually poorly known.

2.4 Branching ratios and partial widths measured by radiative return (ISR)

Because of initial state radiation (ISR, also referred tdhasd photon emission or radiative return),
ete™ colliders are effectively at the same time (asymmetricliaels for all/s energies below nominal
collision energy. The effective luminosity (and therefeneent yields) can be sizeable [7] and can be
determined quite accurately by counting~y events, for which precise expressions (and event gengrator

3The pp branching ratios of bottomonium states are likely 3 ordémmiagnitudes smaller than for charmonium, and only
when a measurement will be available, it will be possiblautige on the feasibility of such experiments.
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based on them) are commonly available. The major advantatsaechnique is tha¢™e~— X can
be measured simultaneously and under uniform detectortcam&lover a broad range fs. And they
“come for free” at any of the e~ factories, which are expected to collect large data samples

The main interest is the measurementiyfbut for any exclusive final state those experiments
could obtain a direct measurementlf. .- ; for any resonance whose mass is lower than the collision
energy, and, again by detecting more than one final skgéf/f’). To date only BES [8] and BaBar [9]
have used this technique to measlite¢’ —ete™)B(y'—J/¢rr) andl(J/v—ete™ ) B(J/p—utu™)
respectively. Measurements 6f+ .- 5,+;,- would provide important constraints on both the total width
andl’',+.- for all 1~ states, providing at the same time an important cross cleegioEsible systematic
errors.

2.5 Branching ratios measured inB decays

Asymmetric B factories focused originally on exclusive decays to final states involvinga as the
cleanest modes to study CP violation.

With the impressive amount of data collected so far (more @0 fbo-! as of summer 2004 adding
Belle and BaBar) and3(B—cc X) of order 10~3, both experiments are collecting larger and larger
samples of exclusivé3 decays to charmonia, and they are obviously interestedcomsgructing them
into as many different final states as possible. The sameaasfar DO and CDF, since the preliminary
reconstruction of highly characteristic exclusive chamimm (and bottomonium) final states is needed
for other analyses.

For charmonium the quantity directly measured by thesererpats is
B(B—cc X) x B(cc—t), (4.12)

and again from the number of fully reconstructed eventsdifferent final states these experiments can
directly measureR(f/f') for a variety of final states and for virtually all quarkoniustates. Even

if the precision might not always compete with other techei the wide range of possibles(f/f’)
measurements, with likely different sources of systematiors, would certainly be important in evalu-
ating quarkonium branching ratios, in particular for thetses { o andng) whose branching ratios are
largely unknown.

2.6 Indirect determinations as a tool to investigate systeatic effects

The possibilities offered by the mutual constraints posethbasurements of different products or ratios
of branching ratios have so far been only partially expbbite

The first advantage is that branching ratios measured lsrdift techniques have different sources
of systematic errors, and the comparison can provide ihsighow to nail them down. The current best
estimate fo3(x.o—~J/¢) [10] is largely determined by measurements 0f .o—pp) B(xc2—7J /%),
T'(xe2—77)B(xe2—vJ /) and B(xec2—v7)/B(xe2—7J /1), to the point that these measurements in-
directly constrain the estimate @f(y’—~x.2) to a value significantly lower than the world average
of direct measurements, since the prodB¢t)'—~x.2)B(x.2—7J /1) has been measured with high
precision’?

The other advantage is that measurements of different pt@hd ratios of branching ratios pose
constraints on their values: fat, at present the partial widtfis,, andI', ;,,, are known to~10% [10],
even if none of the many measurements more or less direddedeto these quantitied’( I, Bax,
Lo /T 5700 TygjBpps B —=vxc0)s B(Y'—=7Xc0)Bpp, B(¥'—vxc0)B.7/,, @nd others) is individually
known much better than that.

“New more precise measurements3gi)’ —~x.2) might in turn provide constraints fd (¢’ —yxc2)B(xc2—~J /%)
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The proposed next generationgf experiments with extended PID ability could provide invalu
able information by measurings— pp differential cross-section at thg (and possibly at thg ). This
would provide a direct measurement 8fcc—pp), indirectly constraining the radiativé/v> (andv’)
M1 transitions from the well measuré®{.J /+»—~n.—vypp). Since at present thee30% uncertainty in
B(J/v¥—~n.) is the major source of uncertainty in gll branching ratios, this will also directly affect
all n. branching ratios.

With the increased statistics available [atfactories it might soon become possible to deter-
mine at least some of thB(B—-ccl.h.) branching ratios without explicitly reconstructing theach
monium. In this case, simultaneous measurements of the Sadexay mode in exclusive final states
B(B—-ccl.h.)B(cc —f) would allow B factories to directly measu8(cc —f) from Eqg. (4.11). Con-
sidering that the photon ih(25)—~n.(25) is very soft and that this inclusive radiative transitiorlwi
likely be difficult to measure for both CLEO-c and BES |ll,ghiight well be the best way of determin-
ing then.(25) branching ratios, and indirectly determining the partiatvfor the M1:(2S5)—~n.(2S5)
transition itself.

3 ELECTROMAGNETIC AND INCLUSIVE DECAYS INTO LIGHT PARTICLES °
3.1 Theoretical framework

The main dynamical mechanism of heavy-quarkonium decayligtt particles is quark—antiquark anni-
hilation. Since this happens at a sc2te (m is the heavy quark mass), which is perturbative, the heavy
quarks annihilate into the minimal number of gluons allovigdcolour conservation and charge con-
jugation. The gluons subsequently create light quarkgaatk pairs that form the final state hadrons:
QQ—ng*—m(qq). Values ofn are given for various quarkonia in Table 4.1; for comparitua min-
imal number of photons into which@Q pair can annihilate is also listed. Experimentally thist fac
reflected by the narrow width of the heavy quarkonia decais hiadronic channels in a mass region
where strong decays typically have widths of hundreds of Me/an example let us consider thgy
decay into light hadrons. Following [11], this process areled as the decay into three real gluons. The
calculation of this width leads to the result

10 7T2 -9 Oég _ O 3
PIb=1h) = g = T(J/h—ete) = 205 keV (ﬁ> . (4.12)

Although this value is somewhat larger than the experintesta it explains the narrowness of the
hadronic decays of the quarkonia. Corrections like rektta; «; or colour-octet ones, may lead to a
better agreement with experiment. A systematic way to dielilnese corrections is provided by nonrel-
ativistic effective field theories of QCD.

In an effective field theory languagjeat scales lower tham heavy-quarkonium annihilation is
resolved as a contact interaction. This is described at #uygdngian level by four-fermion operators
whose matching coefficients develop an imaginary part. €qumesntly, the annihilation width of a heavy
quarkonium statéH ) into light particles may be written as

I'(H — light particles) = 2Im (H|Ly, |H), (4.13)

whereL,, is given by Eq. (1.8) of Chapter 1 up to four-fermion opersitof dimension 6. The low-
energy dynamics is encoded in the matrix elements of thefeaarion operators evaluated on the heavy-
guarkonium state. If one assumes that only heavy-quarkostates with quark-antiquark in a colour-
singlet configuration can exist, then only colour-singtairffermion operators contribute and the matrix
elements reduce to heavy-quarkonium wave functions (dvatemres of them) calculated at the origin.

SAuthors: T. Ferguson, C. Patrignani, A. Vairo
5We refer to Chapter 1 for a basic introduction to effectivédfieeories and NRQCD.
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Table 4.1: Quantum numbers of quarkonium states and thermalmumber of virtual gluons and photons into
which they can annihilate. The subscriptefers to a gluonic colour-singlet state that is totally syetric under
permutations of the gluons.

| | 25+1L,; | 16(J7€) | gluons| photons|

Nes M 'S | 0F(0~T) 29 2y
J/¥, T(1S) 851 | 07(177) || (39k gl
he, by 1P 0-(1*7) || (3gk 3y
Xc0» Xb0 Py | 0T(0%T) 29 2y
Xels Xbl *P 0*t(1**) 29 2y
Xe2s Xb2 5Py 0t (2t1) 29 2y

This assumption is known as the “colour-singlet model”. li&ipcalculations show that at higher order

the colour-singlet matching coefficients develop infradedrgences (for P waves this happens at NLO
[12]). In the colour-singlet model, these do not cancel i éxpression of the decay widths. It has
been the first success of NRQCD [13, 14] to show that the Foa&espf a heavy-quarkonium state may
contain a small component of quark—antiquark in a colotetomonfiguration, bound with some gluonic

degrees of freedom (the component is small because operopling transverse gluons with quarks
are suppressed by powers ©f< 1, v being the heavy-quark velocity in the centre-of-mass flame
that due to this component, matrix elements of colour-oittet-fermion operators contribute and that

exactly these contributions absorb the infrared divergem the colour-singlet matching coefficients in

the decay widths, giving rise to finite results [14, 15]. NRQIS now the standard framework to study

heavy-quarkonium inclusive decays.

The NRQCD factorization formulas are obtained by sepagationtributions coming from de-
grees of freedom of energy from those coming from degrees of freedom of lower energyhéncase
of heavy-quarkonium decay widths, they have been rigoyomisived [14]. High-energy contributions
are encoded into the imaginary parts of the four-fermioncitiag coefficientsyf, g1 s ce.r...(*T1 L)
and are ordered in powers @f (coefficients labeled withe, v+, ... refer to pure electromagnetic decays
intoe™e™, v, ...). Low-energy contributions are encoded into the matlements of the four-fermion
operators on the heavy-quarkonium stats$ ({...)y = (H|...|H)). These are, in general, nonper-
turbative objects, which can scale as powerdgt:p, mv, mv?, ... (i.e., of the low-energy dynamical
scales of NRQCD). Therefore, matrix elements of higher dsianality are suppressed by powers of
v or Aqep/m. Including up to four-fermion operators of dimension 8, MRQCD factorization for-
mulas for inclusive decay widths of heavy quarkonia intdniigadrons, which follow from Eq. (4.13),
read [14, 15]:

[(Vo(nS) — L.h.) = % (Im F1(381) (01 S1))vgms)

+Im f5(>51) (Os(*S1))v (ns) + Im fs(*So) (Os(*S0)) vy, (ns)

(083 Po))viy (ns)
)

<OS(3P2)>VQ(7LS)>
m2

+Im g1(351) + Im fg(?’Po)

(P1(*S1)) vy (ns)
m2

(08(*P1))vg (ns)

+Im fs(*Py) — +1Im fs(*Py) . (4.14)
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['(Pg(nS) — L.h.) = % (Im f1(*50) (01(*S0)) Py (ns)

+Im fs(*S0) (Os(180)) py (ns) +1Im f3(>S1) (Os(*S1)) g ms)
<P1(1SO)>PQ(TLS) 1 Im f8(1P1) <OS(1P1)>PQ(”S) ) . (4.15)

m2 m?

+Tm gy (*Sp)

2541
I'(xq(nJS) — Lh.) = % (Im [Py O1( ZJZ»XQ(”JS)
+Im fg(QS-i-lSS) <08(1SO)>XQ(7LJS)> . (416)

At the same order the electromagnetic decay widths are ¢pyen

I'(Vo(nS) —ete™) = % (Im Fee(*S1) (OrM (*S1)) v (ns)

(Pem(®S1)) vy (ns) )

+Im gee (3S1) (4.17)

m2

L(Po(nS) — vy) = % (Im Frry(150) (Orm(*50)) Py (ns)

(Pem(1S0)) Py (ns) )

+Im g (*Sp) (4.18)

m?2

(OeMCPr))yvo(n
T(xo(nJ1) — vy) = 2Im £, (3 P;) = xeml) 5 _ 0,2, (4.19)

The symbolsVy and Py indicate respectively the vector and pseudoscalar S-waseyhquarkonium
and the symbok, the generic P-wave quarkonium (the stafegn10) andy(nJ1) are usually called
hqo((n —1)P) andxqs((n — 1)P), respectively).

The operator®), P; s mv(>°T1 L) are the dimensiofi and8 four-fermion operators of the NR-
QCD Lagrangian. They are classified by their transformapooperties under colour as singlets (
and octets§), and under sping), orbital (L) and total angular momentund). The operators with the
subscript EM are the colour-singlet operators projectetherQCD vacuum. The explicit expressions of
the operators can be found in [14] (or listed in Appendix A18]). The dimension 6 operators are also
given in Eq. (1.8) of Chapter 1.

In general different power countings are possible at thelle¥ NRQCD, due to the fact that
different scalesv, Aqcp, mv?, \/mAqcp, ...) are still dynamically entangled [17, 18]. Likely
different power countings will apply to different physicgfstems. Therefore, the relative importance
of the different matrix elements that appear in Eqgs. (4.4)9) may change in going from lower to
higher quarkonium states and from bottomonium to charmmoniWhatever the power counting is, the
pseudoscalar and vector state decay widths are dominattgk lmplour-singlet matrix elements, which
contribute at ordernv®. The hadronic P-state decay widths have two contributitims ¢olour-singlet
and colour-octet matrix elements), which contribute atsdi@e ordernv®, if we assume that a fraction
v of the P-state wave function projects onto the colour-capetrator.

Since NRQCD is an expansion in two small parametegsafdv), progress comes typically from
(1) improving the perturbative series of the matching coiffits either by fixed order calculations or by
resumming large contributions (large logs or large contidms associated to renormalon singularities);
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(2) improving the knowledge of the NRQCD matrix elementba@itby direct evaluation, which may be
obtained by fitting the experimental data, by lattice caltiahs, and by models, or by exploiting the
hierarchy of scales still entangled in NRQCD and constngcEFTs of lower energy.

3.1.1 The perturbative expansion

The imaginary parts of the four-fermion matching coeffitseimave been calculated over the last twenty
years to different levels of precision. Up to ordet the imaginary parts ofs(*Sy), fi1(>P;), and
fz(3P;) can be found in [19], the imaginary parts £f(3S1), fs(* P1) in [20] and the imaginary part of
f1(1Sp) in [19, 21]. Two different determinations ¢f (> Fy) and f; (3 P,) exist at NLO in [19] and [22].
The imaginary part of; (3S;) has been calculated (numerically) up to ordgrin [23]. The imaginary
part ofg; (3S1) at ordera can be found in [24], the imaginary part@f(*Sy) at ordera? in [14]. Where
the electromagnetic coefficients are concerned, the imagipart off..(3S1) has been calculated up to
ordera?a? in [25, 26], the imaginary parts of,- (' So) and f.- (3 Py 2) up to ordera?a; can be found
in [19, 27] andg..(3S1) and g~ (1So) up to ordera? in [14]. A complete list of the above matching
coefficients at our present level of knowledge can be foundgpendix A of [28]. The LL running
for the imaginary parts of the matching coefficients of therffiermion NRQCD operators of dimension
6 and 8 have been obtained in [16] and can be read there in App€n The tree-level matching of
dimension 9 and 10 S-wave operators can be found in [29]. fBleelével matching of dimension 9 and
10 electromagnetic P-wave operators can be found in [30].

The convergence of the perturbative series of the fourifarrmatching coefficients is often poor.
While the large two-loop contribution din f..(3S;) seems to be related, at least in the bottomonium
case, to the factorization scale and, therefore, may berpstimably under control via renormalization
group improvement techniques [26, 31], large correctigmpearing in other S-wave decay channels have
been ascribed to renormalon-type contributions [32]. €lieno such study so far for P-wave decays.

3.1.2 The relativistic expansion

The NRQCD matrix elements may be fitted to the experimenteaylelata [33—35] or calculated on
the lattice [36, 37]. The matrix elements of colour-singdgerators can be linked at leading order to
the Schrodinger wave functions at the origin [1dhd, hence, may be evaluated by means of potential
models [38] or potentials calculated on the lattice [39].[3d] by fitting to the charmonium P-wave
decay data it was obtained th@d: (' 1))y, 1p) ~ 8.1 x 1072 GeV® and (Os(*So))p,(1p) = 5.3 x
10~3 Ge\? in theMS scheme and at the factorization scale of 1.5 Gev. In the dp@ehiattice simulation

of [37] it was obtained thatO (' Sp)),,1s) & 0.33 GeV?, (O1(* Py))p, 1p) =~ 8.0 x 1072 GeV° and
(Os(1S0))n.(1p) = 4.7 x 1073 GeV* in the MS scheme and at the factorization scale of 1.3 Gev. In
the lattice simulation of [36] and in the three light-quarkviburs extrapolation limit it was obtained that
(01(180))n,15) = 4.1 GeVP, (O1(*P1))p, 1p) = 3.3 GeV° and (Os(* So)) 5, (1p) = 5.9 x 1072 GeV’

in the MS scheme and at the factorization scale of 4.3 GeV.

It has been discussed in [30] and [29], that higher-orderaipes, not included in the formulas
(4.14)—(4.19), even if parametrically suppressed, may turt to give sizable contributions to the de-
cay widths. This may be the case, in particular, for charmnoniwherev? ~ 0.3, so that relativistic
corrections are large, and for P-wave decays where the dbovelas provide, indeed, only the leading-
order contribution in the velocity expansion. In fact it wasnted out in [30] (see also [40]) that if no
special cancellations among the matrix elements occun, tte orderv? relativistic corrections to the
electromagnetic decaygs.o—~~ andx.o—~7y may be as large as the leading terms.

In [24, 34] it was also noted that the numerical relevanceigiidr-order matrix elements may be
enhanced by their multiplying matching coefficients. Thisindeed, the case for the decay width of
S-wave vector states, where the matching coefficients jphyitig the colour-octet matrix elements (with

"This statement acquires a precise meaning only in the coot@NRQCD, see Section 3.1.3.
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the only exception ofmfs(3P;)) are enhanced by, with respect to the coefficierdin f;(*S) of the
leading colour-singlet matrix element.

In the bottomonium system, 14 S- and P-wave states lie bélewpen flavour threshold(».S)
andn,(nS) withn = 1,2, 3; hy(nP) andy,;(nP) withn = 1,2 andJ = 0, 1, 2) and in the charmonium
system 8 {(nS) andn.(nS) with n = 1,2; h.(1P) andx.s(1P) with J = 0, 1,2). For these states
Egs. (4.14)—(4.19) describe the decay widths into lighttwasi and into photons er e~ in terms of 46
NRQCD matrix elements (40 for the S-wave decays @ifior the P-wave decays), assuming the most
conservative power counting. More matrix elements are edécigher-order operators are included.

3.1.3 pNRQCD

The number of nonperturbative parameters may be reduceatdyrating out from NRQCD degrees of
freedom with energy lower tham, since each degree of freedom that is integrated out leadshéw
factorization. Eventually, one ends up with pNRQCD [41,4#here only degrees of freedom of energy
mwv? are left dynamical. In the context of pPNRQCD, the NRQCD féemmion matrix elements can
be written either as convolutions of Coulomb amplitudeshwibn-local correlators (in the dynamical
situationmv? > Aqep) or as products of wave functions at the origin by non-locat@ators (in the
dynamical situationnv? < Aqcp)-

The first situation may be the relevant one at least for théobainium ground state [42—44].
In the limiting casemv? > Aqcp, the correlators reduce to local condensates and explicitiflas
have been worked out in [45, 46]. Concerning the perturbatalculation of the electromagnetic decay
widths, the NLL renormalization group improved expressiam be found in [47] and has been used
in a phenomenological analysis in [48]. The perturbativeevainctions at the origin at NNLO order
can be found in [49]. Recently, a full NNLL analysis has bearried out in [31]; the authors predict
T(nmy—y7)/T(Y(1S)—ete™) = 0.502 + 0.068 &+ 0.014, where the first error is an estimate of the
theoretical uncertainty and the second reflects the unesrta o. We also mention that there exists a
determination of (Y(25) — ete™) /T(T(1S)—eTe™) in latice NRQCD with 2+1 flavours of dynam-
ical quarks [50]. The calculated ratio is still far from theperimental result, although the unqueching
has considerably reduced the discrepancy.

The last situation is expected to be the relevant one for rabshe existing excited heavy-
qguarkonium states (with the possible exception of the lbWwetomonium states) and has been studied
in [16,51,52]. However, a general consensus on the aboignassnts of heavy-quarkonium states to
dynamical regions has not been reached yet (see also CBapter

At leading order in thev and Aqcp/m expansion, the colour-singlet matrix elements can be
expressed in terms of the wave functions at the origin ordy 16]:

(01 S vo(ms) = (01(150)) Py (ns) = (OrM(>S1))vyns)

0) 1\ 12
R (0
= (Orm("S0)) Py (ns) = CA%7 (4.20)
3C
<01(23+1PJ)>XQ(TLJS) = <OEM(2S+1PJ)>XQ(7LJS) = 5714\3201),(0)’27 (4.21)

whereRﬁLOZ) is the zeroth-order radial part of the heavy-quarkoniumenanction, obtained from the
pNRQCD Hamiltonian [18,53] and'y = N, = 3.

In the situationmv? < Aqcp there are no dynamical gluons at energies of ordet. Under the
conditions that: (a) all higher gluonic excitations betwelee two heavy quarks develop a mass gap of
order Aqcp, (b) threshold effects are small, and (c) contributions iognfrom virtual pairs of quark—
antiquark with three-momentum of ordgrmAqcp are subleadin§,the NRQCD colour-octet matrix

8Condition (b) may be problematic for thg(2S), whose mass is very close to thED production threshold.
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elements relevant for Egs. (4.14)—(4.19) can be writteaaihg order in the and Aqcp/m expansion
as [16,51]:

o 3m?2

(0) 2 . (2)
(0551 s) = (05(S0)) sy = Ca 20 O (—2<C“/2 Cr)ts ) . (422

(08(%51)) py(ns R (0))2 C4/2 —Cp)ciB
(O Sl vy =y 222 — 0 g O (AE2ZCOER) .2
(OsCP))vgns) _ (Os( P))pyms) _ . RO [ (Ca/2—Cp)&i (4.2
2J +1 9 AT o 9 : '
)7 y12
Tr |R 0
(08("S0)) v (nas) = %%5& (4.25)

wherecp stands for the chromomagnetic matching coefficient, whickniown at NLL [54],Cr =
(N2 —1)/(2N,) = 4/3 andTr = 1/2. Therefore, at the considered order, the colour-octetirelt-
ments factorize into the product of the heavy-quarkoniumenfanction with some chromoelectric and
chromomagnetic correlator (Wilson lines connecting thie$iare not explicitly shown, but understood):

&= | e aRO gBO). B =5 [CdTB) - gBO). @20

e = oz [t [ [ttt — 0 { (B B )} (0Bt a0

- 7 (THB(t) - B(02)) TrgBi) - gBO)) |, (427)

C

where

(Tr (9E(t1) - gE(t2) gE(t3) - gE(0)))e = (Tr (¢E(t1) - gE(t2) gE(t3) - gE(0)))
1
— v (Tr(gE(t1) - gE(¢2)))(Tr(9E(ts) - gE(0))). (4.28)
These correlators are universal in the sense that they ddepand on the heavy-quarkonium state and,
hence, may be calculated once and for all, either by mearadtmd simulations [55], or specific models
of the QCD vacuum [56], or extracted from some set of expeantaialata [51].

Finally, at leading order the matrix elements of fAgoperators can be written as:
(PLCS))vons) = (Pr(*50)) po(ns) = (Pem(CS1))vyns)

©) ()12
_ 1 _ R (0)] (0)
= (Peu("S0) pyns) = Ca 2 = (mE) &), (429)

whereEfLOO) ~ M — 2m ~ mo? is the leading-order binding energy. Equation (4.29) reduo the
formula obtained in [24] if the heavy-quarkonium statesdfas also the conditiomv > Aqcp.

The leading corrections to the above formulas come fromlepgaatiquark pairs of three momen-
tum of order,/mAqcp. The existence of this degree of freedom in the heavy-quéwko system has
been pointed out in [52], where the leading correction to(E{0) has been calculated.

The pNRQCD factorization formulas reduce, when applicathe number of nonperturbative
parameters needed to describe heavy-quarkonium decalgswith]. In particular, using charmonium
data to extracts, in Ref. [51] it was foundS;(1GeV) = 5.3755, where the errors account for the
experimental uncertainties only. This value has been useutddict P-wave bottomonium inclusive
decay widths in [51,57]. We will come back to this in SectioB.3.
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3.2 Experimental status

This section is a snapshot of the current status of variopsr@rental results on the electromagnetic and
inclusive hadronic decays of heavy-quarkonium states.régglts come from the CLEO experiment at
CESR, the BES experiment at BEPC and E835 at Fermilab.

3.2.1 Y widths

Crucial parameters for any heavy-quarkonium state aretiswidth and its hadronic and three leptonic
partial widths. For the thre® bound states, since their total width,:, are much less than the energy
spread of the CESR machine: @ MeV) where they are studied, the procedure is to scan owdr ea
resonance measuring the hadronic ang.~ rates. Then we use:

Tee T T
/ Ohad ABem o <ﬂ> and B, = = (4.30)
Tiot Fiot
Assuming lepton universality, we hav€i,s = I'nag + 3 'ge. This allows us to solve for the total
width and the partial widths into electrons and hadrons:
r..rI r T
T = M7 Lot = —=, Thad = Tiot(1 —3B8,,) - (4.31)
1 — 3B, By,

Once the total width is known, the partial width into 7~ can then be determined from its respective
branching ratio. The current experimental status from 0@2°DG [10] is shown in Table 4.2.

Table 4.2: Present PDG values [10] for the parameters df thates.

Resonancg 'y, (keV)(% error)| I'c. (keV)(% error) | B,,.(%)(% error) | B.-(%)(% error)
T(1S) 53.0+ 1.5 (2.8%) | 1.314+ 0.029 (2.2%) 2.48+ 0.06 (2.4%) 2.67+ 0.15 (5.6%),
T (2S) 43+ 6 (14%) |0.576+ 0.024 (4.2%) 1.31+ 0.21 (16%)| 1.7+ 1.6 (94%)
T(3S) 26.3+ 3.4 (13%) - 1.81+4+ 0.17 (9.4%) -

The PDG does not use the 1984 CLEO measuremeht 4BS) = 0.42 £+ 0.05 keV because
new radiative corrections have now been accepted which megrgsed in that analysis, thus invalidating
the measurement. From the large percentage errors on mahng gfiantities in the table, it is obvious
that there is much room for improvement. To this end, the CILE@etector devoted a large amount of
running at each of the thréé resonances, as shown in Table 4.3.

Table 4.3: Summary of the CLEO Ill running at the thfééound states.

Resonance| [ L dt (fo~1) | Number of Decays (M) Factor Increase Over CLEO!|I
T(1S) 1.2 29 15
T (2S) 0.9 6.0 12
T(3S) 15 6.5 14

All the results from this running have not yet been finalizedt new measurements of the muonic
branching ratios for the 3 bounifi states have been published [58]. These new measuremestsoare
in Table 4.4, along with the corresponding new values fortéte widths. The nevl’ (2.S) and ' (35)

1Q6H/



DECAY

Table 4.4: New CLEO measurements [58] of the muonic bramchatios for the 3Y states, along with their
statistical and systematic errors and the correspondiwg/aties for the total widths.

Resonance B,.,,(%)(% error) ot (keV)(% error)
T(1S) 2.49+ 0.02+ 0.07 (2.8%)| 52.8+ 1.8 (3.4%)
T(2S) 2.03+ 0.03+ 0.08 (4.0%)| 29.0+ 1.6 (5.5%)
T(3S) 2.39+ 0.07+ 0.10 (5.1%)| 20.3+ 2.1 (10.3%)

muonic branching ratio measurements are substantiallyehipan previous results, giving correspond-
ingly smaller total widths for these resonances.

From the number of detected hadronic and leptonic eventa &ndwledge of the CLEO detector
performance, estimates of the final statistical and sydieraerors for the other resonance parameters
can be made. These are shown in Table 4.5. Thus, once thesesalye complete, there will be a
tremendous improvement in our knowledge of the basic paemef theY bound-state resonances.

Table 4.5: Expected fractional errors for various quaggifrom the eventual CLEO Il measurements.

Parameter || Statistical Error| Systematic Erron Total Error
Ceelhaa/Ttot 1% 2.5% 3%
| 2% 2% 3%
B 2% 3% 4%
ot 2% 3% 4%

3.2.2 J/v and(2S) widths

In the last two years the knowledge of boiliy) and(2S) parameters has improved. In 2002, the
BES collaboration reported results [59] from a new scan efitf2S) resonance, corresponding to an
integrated luminosity of 1.15 pid and 114k (2S) hadronic decays. In 2004 BaBar has presented the
first measurement df..3,,,, [9] from ISR production of//+ in 88.4 fb~! taken at thér (45) resonance.
Table4.6 lists the values of the widths and leptonic bramginatios for.J /v and(2S) from PDG [10].

Table 4.6: Present PDG values [10] for the parameters of thieand«(2S5) states.

Resonancel'; (keV)(% error) T, (keV)(% error) B,.,.(%)(% error) | B--(%)(% error)
J /1 91.0+ 3.2 (3.5%) | 5.40+ 0.15+0.07 (3.1%) 5.88+ 0.10 (1.7% —
Y(2S) 281+ 17 (6%) 2.12+ 0.12 (9%) 0.73+ 0.08 (11%)| 0.28+ 0.07 (25%

3.2.3 Two-photon partial widths measurements

Experimental determinations of two-photon partial widtifsquarkonia depend on measurements of
products and ratios of branching ratios performed by maae tine experiment, and the best estimate
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is obtained from a global fit to directly measured quantiiest is done by the PDG [10]. When more
measurements are available, subsets of measurementslovag airect extraction of the value far, .,

in general with a larger error than a global fit. But this carubeful both as a cross check for the global
fit and to identify which measurements could yield improvatae

The simplest case is the.o, where direct measurements of three independent quarditievs
one to extract’,, andl' ;

I' =2.00 4+ 0.18 MeV, (4.32)
LBy, =121 £ 13eV (4.33)
and 3
0 —(1.024+0.15) - 1073, (4.34)
BJ/#W

where experimental values are world averages [10] excehtjin4.34) where we averaged the E835
result with the ratio of3,;8,, and B,;5,,,, measured by E760 [61, 62]. The product of Eq. (4.32),
Eq. (4.33), and Eq. (4.34), yields , = 0.5040.05 keV, while taking Eq. (4.33) multiplied by Eq. (4.32)
and divided by Eq. (4.34), we would obtalty,,, = 490 &+ 50keV, or B;/,, = 0.244 + 0.024. The
global fit to all measurements [10] (including all other measnents related t8;,,,,) improves on

L j/yy = 430+40keV andB;,,, = 0.20240.017, but has almost no effect dn,, = 0.52 +0.05 keV,
indicating that the measurements considered above arayemes relevant td', ..

The case fory is similar to that of they.o, even if apparently more complicated. The world
average of total width measurements is [10]

I'=10.2+0.9MeV. (4.35)
There is a measurement of
Ly Bogton— =75 £13 £8eV [63], (4.36)

and measurements (from a single experimentBgf3,. [64] and B,;8,0,0 [6], from which we can
calculate (assuming isospin symmetry) the ratio

% =0.043 +0.011 . (4.37)

Even if B, andB,,+9,- are not directly measured, their ratio can be determined fjoantities mea-
sured by a single experiment (in this case BES [65-67]):

Bﬂw
B27r+ 27—

= 0.47 £ 0.10. (4.38)

This means that we can extrdct, = 3.9 &+ 0.8 keV from the product of the four quantities in Egs.
(4.35), (4.36), (4.37), and (4.38). Notice that includindARK Il measurements in the evaluation of
Eqg. (4.38) would givd',, = 3.1 £ 0.8. The global fit (which does not include the new measurement of
BB+ [64]) yields a significantly more precise valilig, = 2.6 &= 0.5 keV, indicating that in this case
there are other measurements that are relevant, SUsf/d8S)—~x«.0—3v).

The case for.(15) andn.(25) is different. To date these states have been observed iptwimn
reactions with direct measurement of

1e(18) :  ToBrg, =0.48+0.06keV, (4.39)
16(28) :  TonBrg, =T73+23eV [68]. (4.40)

Then.(15) has also been observedzip annihilations with direct measurement of

B, Byp = (0.26 & 0.05) x 1075, (4.41)
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In this case there are no measurements of the ratio of bragchtios between they and any other
decay mode, so it is necessary to use the valués.gf,. or B,; that (forn.(1S) only) are determined
b

’ J/p—yn.—v X)
B(J/—ne)
with precision limited by the= 30% uncertainty in3(.J/¢)—~n.) that is to date a common systematic to
all two-photon partial widths ofi.(15). Since no measurement is yet available forgh@.5) branching
ratio to K K, its I, cannot be determined.

The most obvious strategy to increase the precisioir.gnis to improve the measurements for
guantities used in its determination. But based on the dagg @iscussed above, a major improvement
could be obtained by measuring the pair of quantitiesBx andB3,./Bx for more than one final state
X. B factories can reasonably measuretd 0% precisionI',,Bx for more than one final state. It is
also reasonable that total widths will be more preciselysaesd inpp experiments, thus the question is
whether it is possible to measure to better tihé¥ the ratios,,/Bx. How well can BES and CLEO
measure)(2S) or J/v to 3y? How well canpp—~~ be measured and what are the channels that could
be measured in these experiments simultaneoushy-tey~? With a magnetic detectopp—¢¢ is the
obvious choice, but interference with two-body non-resbrreactions may offer other opportunities
(e.g.,pp—pp). The goal of< 5% precision on two-photon widths is not unreasonable.

By = B (4.42)

3.2.4 x; widths

Since thex,(2P;) states are not produced directlydrie~ annihilations, their hadronic widths cannot
be measured using the same technique as fof'thimtes. However, we can use the fact that the partial
width for their photonic E1 transitions to tig(25) state are proportional to a common matrix element
squared times a phase space factoEﬁi(see Secs. 6.1.3 and 6.2, = k). Thus, from measuring the
individual photon energies and branching ratios for theageg,(2P;) — Y(2S5) + v, along with the
branching ratios fox,(2P;) — Y(1S) + v, we can measure the ratio of thg(2P;) hadronic partial
widths,I'(had). We first use:

r'(2s)
(1S) + I'(2S) + T'(had)’
where B(2S) = B(x»(2Py) — Y(25) + v) and B(1S) = B(x»(2Py) — Y(1S) + ~) are the

two E1 branching ratios, anti(2S) andI'(1S) are the corresponding partial widths. Then, since
I'(25)/I'(1S) = B(2S)/B(1S), we can solve for the hadronic partial width, obtaining:

B(2S) = 7 (4.43)

T(had) = T(28) {iﬂs) - 1]

BES) (4.44)

Making the assumption mentioned above that the partialhsifttr E1 transitions of differeni states
to the samél" state should be proportional to a common matrix elementreguimesE?, we obtain an
expression for the ratio of hadronic partial widths for twifedent x;,(2P;) states. For example, fof =
0 andJ =2, we get:

1-B(1S
Puad(2Py) _ (B,(2P —25+7)\* [ 5e5," 1 (4.45)
Mad(2P2) E, (2P — 25 + ) 1;3?2(;)&2 1 :
2

whereB(25) = B(xs(2Py) — Y(25)+1), etc. Using this technique and the E1 branching ratios given
in Section 6.2.2, CLEO Il finds the ratio of the= 0 to theJ = 2 hadronic widths to be:

Fhad(2P0)

—— = 6.1 £ 2.8. 4.46
Mad(2P2) (4.48)
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For theJ = 1 andJ = 2 states, CLEO Ill measures:

Maa(2Py)

——= = 0.25 £ 0.09. 4.47
Mad(2P2) (4.47)

Since theJ = 1 state cannot annihilate into two massless gluons, todiddr its hadronic width is
expected to be suppressed by one ordexrsofompared to thel = 2 state. The measurement confirms
this suppression.

As discussed in Section 3.1, at leading order in the heagykguelocity expansion, the above
ratios depend on a colour-octet matrix element. One caridemne combination

I'ad(2P0) — Thaa (2P1)
Thad(2P2) — Thaa(2P1)’

(4.48)

which is completely determined by perturbative QCD [15]indg4.46) and (4.47), this ratio is measured
by CLEO Il to be:
IMaa(2Py) — Thaa(2P1)
IMhad(2P2) — Thaa(2P1)

LO QCD predicts 15/4 = 3.75 for this ratio, and NLO QCD abouwhjch is quite consistent with
(4.49). However, the combination (4.48) distinguishesvaen bottomonium and charmonium only at
NNLO, while the ratios (4.46) and (4.47) do so at NLO. A dirdetermination of these ratios has been
done in the framework of pPNRQCD, as discussed in Sectio 3uking the factorization formula (4.25)
and fixing the nonperturbative constant to the value fouathfcharmonium data. The result at NLO is
Thad(2Po) /Thaa(2P2) ~ 4.0, consistent with (4.46), anby,.q(2P1)/Thaqa(2P2) ~ 0.50, which is
somewhat larger than (4.47) [51, 57].

CLEO cannot resolve the individual photon lines for the #amdecays from thé(3S5) to the
x»(1Py) states (see Sec. 6.2.2). However, we can use the quitg,6ld’;) — Y (15) + ~ branching
ratios from the PDG [10] foJ = 1 and 2 (theJ = 0 branching ratio is very small, given the large
hadronic width of that state). In this case, the ratio of thdrbnic widths for the two states can be found

= 7.8 + 38. (4.49)

from: 1
Thaa(1P1) <E7(1P1 — 18 +7)>3 Basy — | “50)
Dhaa(1P%) E,(1P, — 1S +7) s~ 1) :
This leads to the result: Lo (1P
had 1
L = 046 + 0.20, 4.51
Thaa (1P) (4.51)

showing again the suppression of thie= 1 state’s hadronic width compared to thie= 2, albeit with
larger errors in this case.

3.2.5 x. widths

The y. states are also not directly produceckine™ annihilations. However, in this case an extremely
powerful alternative method has been used to measure tlasgen and total widths. In an experimental
technique first pioneered by experiment R704 at CERN, antime@d by experiments E760 and E835
at the Fermilab Antiproton Accumulator, a stochasticaliyleds beam collides with a hydrogen gas

jet target. In the subsequepp annihilations, allJ”“ states can be formed via 2 or 3 gluons. Thus,
the P-wave charmonium states are directly accessible. &yndug the proton beam energy over each
resonance, the mass and total width of eBctate can be measured with extremely high accuracy.

As mentioned in Section 3.2.3, these experiments have asguned products or ratios of branch-
ing ratios that help constrain the radiative andwidths of those states. Table 4.7 shows the current best
estimates of the . widths, using data from PDG [10]. E835 is finalizing the asalyof the scans of the
X1 andyo resonances [69], with an anticipated precision«df% on x.; andy.. total widths.
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Table 4.7: Widths ofy.. states from PDG [10].

Resonance| Ty (MeV)(% error) | T'(vJ/v) (keV)(% error) | T'(v+)(%)(% error)
Xc0 10.1+ 0.8 (8%) 119+ 16 (13%) 2.6+ 0.5 (19%)
Xel 0.91+ 0.13 (14%) 290+ 50 (17%) —

Xe2 2.11+ 0.16 (8%) 430+ 40 (9%) 0.52-:0.05 (10%)

In order to show the impact of the new measurements oftheidths, in Table 4.8 we compare
the PDG 2000 [70] with the PDG 2004 [10] determinations ofedént ratios of hadronic and electro-
magnetic widths (similar ratios have been considered iptheious section for thg;, case). There have
been sizable shifts in some central values and consideradietions in the errors. In particular, the
error on the ratio of the electromagnetig, andy.. widths has been reduced by about a factor 10, while
in all other ratios the errors have been reduced by a factar2 d'he considered ratios of hadronic
and electromagnetic widths do not depend at leading ord#rervelocity expansion (see Egs. (4.16)
and (4.19)) on any nonperturbative parameter. Therefbey, ¢an be calculated in perturbation theory.
The last two columns of Table 4.8 show the result of a leadimg) rrext-to-leading order calculation
respectively. Despite the fact that the convergence isIaatys very good and that, therefore, the NLO
calculation should be taken with some care (see also Segtioh), all data now clearly prefer (and are
consistent with) NLO results.

3.26 YT(AS)— v+ XandY(1S)— X

There has been much theoretical interest lately in tryingréalict the direct photon energy distribution
for T(1S) — « + X inclusive decays [71]. See the following section. The l@ported measurement
was from the CLEO Il experiment in 1997 [72], based on 1.4iomllY'(1S) decays. Besides the photon
energy spectrum, they measured the ratio:

['(vg9)
I'(999)

= (2.75 £ 0.04 + 0.15) %, (4.52)

which allowed a fairly accurate determination/of;g andas. Given the small statistical errors in these
measurements, it is doubtful that the CLEO Il experiment rgpeat them using their 29 millioif' (1S)
decays. Rather, the emphasis will be on detailed studiegobdissvey + X decays of thér'(1S), espe-
cially the search for possible glueball candidates.

For measurements of the inclusive production of variousdrad particle types from th& (1S),
one must go back to a 1985 paper by the CLEO | experiment [€3ed on only 50K (1S) decays.
They measured the average multiplicities and momentumtmisons ofr, K, p, K*, ¢, p, A and=
in T(1S) decays and compared them to those from the nearby gantinThe only addition to these
results was a 2003 CLEO Il measurement [74] of the inclusiyeroduction from theX'(1S), based on
1.9 million decays and motivated by the large obserised> ' + X branching ratio.

4 INCLUSIVE RADIATIVE DECAYS °

The radiative inclusive decay of heavy quarkonium has beeestigated for about a quarter century.
Here we will studyY— X~ decays in particular. The direct radiative decay is catedldy using the
operator product expansion, where the operators are the sanperturbative matrix elements that ap-
pear in the inclusive decay to hadrons (see Section 3.1)s Weuobtain an expansion in the velocity,

SAuthor: A. Leibovich
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Table 4.8: Comparison of ratios af.; partial widths. The experimental values PDG 2004 are obthinrom
the world averages of [10], with the assumptiBty.o—!.h.) =~ ['(xc0) = 10.1 £ 0.8 MeV, I'(x.1—1.h.) =
T(xe1) [1 = B(xe1—7J/v)] =0.62+0.10 MeV,T'(xc2—1.h.) = T'(xe2) [1 — B(xe2—vJ/%)] =1.68£0.15 MeV.
Similarly the experimental values PDG 2000 have been obdkbirom [70]. The chosen ratios do not depend at
leading order in the velocity expansion on octet or singlatrir elements. The LO and NLO columns refer to a
leading and next-to-leading order calculation done at ém@rmmalization scalgm,. with the following choice of
parametersin. = 1.5 Gev andog(2m..) = 0.245.

Ratio PDG 2004] PDG 2000 LO NLO
I'(xe

Lxe0—77) 5.1+1.1 13+10 3.75 | ~5.43
T'(xe2—77)

410+100 | 2704200 || ~ 347 | ~383
L(xXc0—77)

3600+700 | 3500+2500 || ~ 1300 | ~ 2781
L(Xc0—77)

7.9+1.5 12.1+3.2 275 | ~6.63

8.9+1.1 13.1£3.3 3.75 | ~7.63

of the heavy quarks. The rate is written as

1 drdr
Ty dz

where M = 2my, z = 2E,/M, the C,,(z, M) are short distance Wilson coefficients, calculable in
perturbation theory, and the NRQCD matrix elements scatle avcertain power im. The lowest order
contribution is the colour-singletS; operator, where the quark—antiquark pair annihilate inpdi@ton
and two gluons. Therefore, in the-0 limit, we obtain the colour-singlet model calculation offR&5].

At higher order in the velocity expansion, there are diramitibutions from the colour-octet matrix
elements [76]. The decay through a colour-octet matrix elgman occur at one lower orderdg, with
the bb decaying to a photon and a single gluon.

However, this calculation is only valid in the intermediaéege of photon energief.§ < z <
0.7). For low photon energieg, < 0.3, the major photon production mechanism is fragmentati@n [7
77]. At large photon energies, > 0.7, the perturbative [76] and nonperturbative expansion$ joéh

break down.

102



DECAY

4.1 Photon fragmentation
The inclusive photon spectrum can be written as a sum of atdired a fragmentation contribution [77],

d_r _ drdir N drfrag
dz  dz dz '’
where in the direct term the photon is produced in the hartdesazg, and in the fragmentation term the

photon fragments from a parton produced in the initial haattering. The fragmentation contribution
has been well studied in Ref. [76].

Catani and Hautmann pointed out the importance of fragnientéor the photon spectrum in
quarkonium decays [77]. The fragmentation rate can beesmriis

(4.54)

derag /1 d_a:dFa
dz </,

z

— Doy (=, M), 4.55

4 x dx " (m > ( )
a‘_q)q7g

where the rate to produce partondl’, /dzx, is convoluted with the probability that the parton fragrsen

to a photon,D,, with energy fractionz/x. The rate to produce partancan again be expanded in

powers ofv [76], with the leading term being the colour-singlet rateda Y to decay to three gluons,

drias U dz dT 2
LO :/ L T (—,M). (4.56)

dz

At higher orders inv, there are three colour-octet fragmentation contribgtiomhere the photon can
fragment off either a quark or a gluon.

The partonic rates must be convoluted with the fragmemtdimctions, D, (2, M). The M-
dependence of the fragmentation functions can be prediieg) perturbative QCD via Altarelli—Parisi
evolution equations. However, the solution depends on exdagbative fragmentation function at some
input scaleA, which must be measured from experiment. This has been dotleelALEPH collabora-
tion for the D, fragmentation function [79], but th®,, fragmentation function is unknown, so at this
point it must be modeled.

4.2 Resumming the largez contribution

The colour-octet contributions to the rate are the firstesathihg terms in the operator product expansion.
Diagrammatically, these contributions occur for the quarkiquark pair annihilating into a photon back-
to-back with a gluon. Thus th&S, and 3P, colour-octet contributions begin as a delta function of
(1 — 2) [76]. If we look at the integrated rate near the endpoint, dbleur-octet contributions are as
important as the “leading” colour-singlet piece, in theioegl — v? < z < 1. Perturbative corrections to
the colour-octet contributions have large kinematic lagars, which destroy the perturbative expansion.
The oy correction to the leading colour-singlet rate was caledatumerically in Ref. [80]. It leads to
small corrections over most of phase space; however, inrttipaint region the corrections are of order
the leading contribution. Thus both higher orders and inag are not suppressed in the endpoint region.
Both the nonperturbative and perturbative series brealndow

This breakdown at large is due to NRQCD not including collinear degrees of freedomthie
endpoint region, the outgoing gluons are moving back-tkha the photon, with large energy and small
invariant mass (i.e., a collinear jet). The correct effgzfield theory is a combination of NRQCD for
the heavy degrees of freedom and the soft-collinear effetiieory (SCET) [81,82] for the light degrees
of freedom.

SCET is an effective field theory describing collinear figligracting with soft degrees of free-
dom. Itis thus the appropriate effective field theory to ubemthere are energetic particles moving with
small invariant mass, such &— X+ in the endpoint region. We therefore use NRQCD to describe th
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LQQQQQQQ0,

+ crossed diagram

Fig. 4.1: Matching QCD onto NRQCD and SCET. The double lirggesents th&, while the spring with the
line through it represent a collinear gluon.

X

Fig. 4.2: The leading OPE: tree level matching of the time=oed productin the collinear-soft theory to a nonlocal
operator in the soft theory.

guarkonium, and SCET to describe the jet of collinear paicThe invariant mass of the jet of particles
isp? ~ M%(1 — z), which is small ag—1. In SCET there are three mass scales: the hard scale, which
for this process ig:, ~ M-y, the collinear scale, which ig. ~ M~y+/1 — z, and the ultrasoft scale,

wy ~ My (1 — z). These scales are widely separated in the endpoint regl©BET &llows us to separate
the physics coming from the disparate scales.

To calculate, the QCD process is matched onto operators HT&@d NRQCD. For example, the
matching for the colour-octet channel is pictured in Fid. 4.hen to resum the kinematic logarithms, we
use the renormalization group equations in SCET, by evgl¥iom ., to u,,. So we first renormalize
the operators in SCET, and calculate the anomalous dintensgiahe usual way. Then by running the
SCET operators to the ultrasoft scale, the logarithmk-efz are summed.

The colour-singlet process does not run below the collisgate. This is because the ultrasoft
gluons cannot couple to the colour-singlet jet or the ine@miolour-singlet quarkonium. This fact
was first pointed out by Hautmann [83]. However, there atklsgarithms that are generated between
the hard and collinear scales [71, 84]. For the colour-gatetesses [85], at the collinear scalewe
integrate out collinear modes. Since there are collinedigies in the final state, we first perform an
OPE for the inclusivel’ radiative decay rate in the endpoint region, and match déddrge energy
effective theory [86]. The result is a nonlocal OPE in whilh two currents are separated along a light-
like direction. Diagrammatically this is illustrated ing=i4.2. This is run to the ultrasoft scale, at which
point we are left with a nonperturbative shape function, ahilescribes the movement of the heavy
quark—antiquark pair within the meson. This function isgely what was shown to occur in Ref. [78].
Unfortunately, this nonperturbative function is unknownd must be modeled.

Before we proceed we need the NRQCD matrix elements. We d¢eacethe colour-singlet matrix
elements from th& leptonic width. The colour-octet matrix elements are maficdlt to determine.
NRQCD predicts that the colour-octet matrix elements saale! compared to the singlet matrix ele-
ments. In Ref. [19] it was argued that an extra factoi GIN,. should be included. By looking at the
shape of the resummed colour-octet rates, it appears thse tthannels would give a contribution an
order of magnitude too large compared with the data in the@ntregion if they were even as small as
v* /2N, times the colour-singlet, as shown in Fig. 4.3, so we willteetn to zero. This eliminates two
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Fig. 4.3: The differential decay spectra in the regioh < z. The dashed curves are the fully resummed colour-
octet result convoluted with a model for the shape functamtdvo choices of the colour-octet matrix elements.
The larger curves have the colour-octet matrix elementsrasgsed by? /10, while the lower curves have' /100.

In addition we have interpolated the fully resummed resith the next-to-leading order result in the region away
from the endpoint. The dotted curves are the next-to-lepdiault convoluted with the structure function for two
choices of the matrix elements. The solid curve is the tegeticolour-singlet contribution.

of the three possible colour-octet matrix elements, legatihe®S;. It also eliminates the dependence
at this order on the unknown shape functions and the larggstriience on the unknown fragmenta-
tion function, D,,. We set the colour-octetS; matrix element to be? suppressed compared to the
colour-singlet matrix element extracted from the leptamidth, where we use? = 0.08. This colour
colour-octet matrix element does not give a large contigiouin the largez region, but is important at
low z, due to the fragmentation functidn,, .

The CLEO collaboration measured the number of photons losie Y (1.5) radiative decays [72].
The data does not remove the efficiency or energy resolutidrissthe number of photons in the fiducial
region, | cos 8| < 0.7. In order to compare our theoretical prediction to the damjntegrate over the
barrel region and convolute with the efficiency that was nhedién the CLEO paper. We do not do a
bin-to-bin smearing of our prediction.

In Fig. 4.4 we compare the prediction to the data. The errcs ba the data are statistical only.
The dashed line is the direct tree-level plus fragmentatisult, while the solid curve includes the re-
summation of the kinematic logarithms. For these two cuwesuse thexyg extracted from these data,
ag(My) = 0.163, which corresponds tas(Mz) = 0.110 [72]. The shape of the resummed result is
much closer to the data than the tree-level curve, thoughibt a perfect fit. We also show the resummed
plus fragmentation result, using the PDG valuexgfM ), including theoretical uncertainties, denoted
by the shaded region. To obtain the darker band, we firstd/dinie choice ofn;, betweerd.7 GeV <
my, < 4.9 GeV and the value ofys within the errors given in the PDGy(Mz) = 0.1172(20) [87]. We
also varied the collinear scalg, from M /(1 — z)/2 < u. < M+/2(1 — z). Finally, the lighter band
also includes the variation, within the errors, of the pagtars for the quark to photon fragmentation
function extracted by ALEPH [79]. The low prediction is dominated by the quark to photon fragmen-
tation coming from the colour-octétS; channel. We did not assign any error to the colour-otggt
matrix elements. Since it is unknown, there is a very largeetainty in the lower part of the prediction
that we decided not to show. Recently, colour-oét&f and? P, contributions, calculated in the weak-
coupling regime, have been included in the analysis [88fyTdppear to improve the agreement with
the data in the end-point region. Also recently operatorimgibbetween the gluon jet, considered here,
and the quark—antiquark jet has been considered in [89].
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Fig. 4.4: The inclusive photon spectrum, compared with fi&@h The theory predictions are described in the text.
The plotis from Ref. [71].

5 EXCLUSIVE DECAYS 10

Exclusive charmonium decays have been investigated w@iid by many authors, e.g., [90-93]. As
already argued at the beginning of Section 3.1 the dominardrdical mechanism ig annihilation into
the minimal number of gluons allowed by symmetries and sylbseat creation of light quark—antiquark
pairs forming the final state hadrons.

In hard exclusive reactions higher Fock-state contrilmstiare usually suppressed by inverse pow-
ers of the hard scale), appearing in the process)(~ m,. for exclusive charmonium decays), as
compared to the valence Fock-state contributions. HenghghFock-state contributions are expected
to be negligible in most cases. It has turned out, howevat, litlgher Fock states of the charmonium
play an important role in understanding the production (Seapter 5) and the inclusive decays of char-
monium (see Section 3.1). As shown in [14] the long-distamedrix elements can there be organized
into a hierarchy according to their scaling withthe typical velocity of the: quark in the charmonium.
The velocity expansion can also be applied to exclusiversbaium decays [94]. The Fock expansions
of the charmonium states start (in the power counting of)[&4]

/) = |cer(P51)) + |ces(PPy) g) + |ces(*S1) gg) + - -,
O(1) O(v) O(v?)

| me) = |eer(*S0)) + |ces(" 1) g) + |ces(YS0) gg) + - .-,
O(1) O(v) O(v?)

| xes) = |eei(CPy)) +|ces(®S1) g) + ..., (4.57)
O(1) O(v)

where the subscripts at the pair specify whether it is in a colour-singlet)(or colour-octet §) state;
O(1), O(v) andO(v?) are the orders to which the corresponding Fock states batgtionce evaluated

Pauthor: P. Kroll (with contributions from C. Patrignani)
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in a matrix element. The amplitude for a two-body decay ofagctonium state satisfies a factorization
formula, which separates the scale from the lower momentum scales. The decay amplitude is then
expressed as a convolution of a partonic subprocess aaptitat involves the scale., the charmonium
wave function for the initial state that involves scales mfey m:. v and lower, and a factor that takes into
account the light hadron wave functions for the final statéis Tactor involves only the scalegcp. In

the formal limit of m.— oo the dominant terms in the factorization formula involve thimimal number

of partons in the hard scattering, which is given by the vadeguarks of the hadrons participating in
the considered process. Terms involving additional partorthe initial state are suppressed by powers
of v while terms involving additional partons in the final state auppressed by powers &f)cp /m..
Moreover, in this limit of an asymptotically large charm guaass, the valence quarks of a light hadron
move collinear with it, their transverse quark momenta @ndglected. In this situation the soft parton—
hadron transition is described by a leading-twist distidou amplitude,®(x, ), for finding valence
quarks in the hadron, each carrying some fractipof the hadron’s momentum and for which the quark
helicities sum up to the hadronic one. The distribution atmgés, which represent light-cone wave
functions integrated over transverse momenta up to a faatmm scaleur of orderm, [91, 92], are
the only nonperturbative input required in the calculat@gdrdecay amplitudes along these lines. The
convolution formula in such a leading-twist calculationeo€harmonium decay into a pair of hadrons
h1, ho reads

M = /[dfﬂ]N[dy]N[dgk]N’ Q1 (x, pr) oy, ur) T (2, y, me, pr) Ye(k), (4.58)

wherezx(y) represents the set of independent momentum fractions fof-particle Fock state of a light
hadron and¥. is the charmonium wave function for ax’-particle Fock state.k denotes the set of
momenta of the particles in that Fock state. Soft and hardipbys separated at the factorization scale

HF-

The relative strength of various contributions to speci@cal processes can be easily estimated.
Typical lowest-order Feynman graphs are shown in Fig. 4.B-wavecé pair requires a power of the
c-quark’s relative momenturk (k ~ m.v) from the hard scattering amplitude, which is to be combined
with ak from the P-wave charmonium spin wave function i&% In contrast tdk itself, a term pro-
portional tok? does not lead to a vanishing contribution after knmtegration. Since, for dimensional
reasonsk is to be replaced bk/m. the subprocess amplitude involving a P-waugair, is of orderv.
Combining this fact with the Fock-state expansion (4.5 finds for the amplitude of.; decays into,
say, a pairs of pseudoscalar mesaR} the behaviour

M(xegj—PP) = aq agv +aga? (v as) + O(’U2) , (4.59)

S

where thea; are process-typical constants. For the reactign— BB (B stands for baryon), on the
other hand, one has

M(J/Y—BB) = a1+ ag alv(vy/as) + bs ol v’as + O(v?). (4.60)
Or, for then, decaying for instance into a scalaf)(and a pseudoscalar meson
M(n.—SP) = a1 02+ ag agv(v as) + bs o2 (v/a5)2 + O(W%). (4.61)

Thus, one sees that in the case of ihg the colour-octet contributionsc ag are not suppressed by
powers of eithep or 1/m, as compared to the contributions from the valence Fockssfa4d. For char-
monium decays/a is large and does not suppress the colour-octet contribatmsiderably. Hence,
the colour-octet contribution, i.e., the next higher Foktes of the charmonium state, has to be included
for a consistent analysis of P-wave charmonium decays. iftrtion is different forJ/vy) decays into
baryon—antibaryon pairs g¢—SP: higher Fock state contributions first startav?). Moreover, there
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B P
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Fig. 4.5: Typical lowest-order Feynman graphsdgi) decays into a baryon-antibaryon pair (left) ang decays
into a pair of pseudoscalar mesons (right). The wavy linpsesent gluons.

is no obvious enhancement of the corresponding subprocegktides, they appear with at least the
same power ofy, as the valence Fock state contributions. Thus, despiteedfaitt thatm,. is not very
large andv not small ¢? ~ 0.3), it seems reasonable to expect small higher Fock-stateilmations to
the baryonic decays of th&/v.

The leading-twist formation of the light hadrons in the figtte has implications for their helicity
configurations. As a consequence of the vector nature of G@D QED) time-like virtual gluons (or
photons) create light, (almost) massless quarks and ankigjun opposite helicity states, see Fig. 4.6.
To leading-twist accuracy such partons form the valencekguaf the light hadrons and transfer their
helicities to them (see Fig. 4.6). Hence, the total hadrbeltity is zero

M+ = 0. (4.62)

The conservation of hadronic helicities is a dynamical egnence of QCD (and QED) which holds
to leading-twist order. The violation of helicity consetiega in a decay process signals the presence
of higher-twist, higher Fock state and/or soft, non-faztmsle contributions. Such processes (e.g.,
J/v—pm, n.—pp) have indeed been observed experimentally with often kiedaranching ratios. For
the two-meson channels involving pseudoscaldrgnd vector mesond/) they are characterized by

(1) P # (-1)""*2 PPy, (4.63)

where J; and P; are the spin and parity of the mesanThe amplitudes for processes of this kind are
proportional to the Levi-Civita tensot, which is to be contracted in all possible ways with the aldé
Lorentz vectors, namely the two independent light hadromerda,p; andp,, and the polarization
vectors (or tensors) of the light vector mesons and the aobiaiimm state. As an example let us consider
the process /¢—V P, for which the amplitude reads

A *
mg(p17p276 ()\V)76()‘J/1[1))7 (464)

MAV’AJW(J/¢—>VP) =

whereA is a constant. Now, in the rest frame of the decaying mesemadlarization vector of a helicity

zero vector meson can be expressed by a linear combinatithre dfvo final state momenta. The num-
ber of independent Lorentz vectors is, therefore, insefficto contract the Levi-Civita tensor with the
consequence of a vanishing amplitude for processes imgleingitudinally polarized vector mesons.
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Fig. 4.6: Helicity configurations in the creation of a ligfif pair (left) and for a leading-twist parton—proton
transition (right).

Thus, hadronic helicity conservation (4.62) is violated/jn)—V P decays. By the same argument lon-
gitudinally polarized vector mesons are forbidden in theage).— 1 V'. Since angular momentum con-
servation requires the same helicity for both vector meduedronic helicity is not conserved in the case
of transversally polarized vector mesons, too. With simalayjuments the processgs;, h.— V'V and
Xc2—V P are also forbidden to leading twist order. We note that haidroelicity conservation does also
not hold inn. andx .o decays into baryon—antibaryon pairs where, in the charamomést frame, angular
momentum conservation requirdg = Az. A systematic investigation of higher-twist contributsoto
these processes is still lacking despite some attemptdiofadgg them, for a review see [95]. Recent
progress in classifying higher-twist distribution amypdies and understanding their properties [96, 97]
now permits such analyses. The most important question &mbwered is whether or not factorization
holds for these decays to higher-twist order. It goes witlsaying that besides higher-twist effects, the
leading-twist forbidden channels might be under contraytber dynamical mechanisms such as higher
Fock state contributions or soft power corrections. In Back.1 a variety of such mechanisms will be
discussed.

Next, let us consideé-parity and isospin.G-parity or isospin-violating decays are not strictly
forbidden since they can proceed through electromagretannihilation and may receive contribu-
tions from the isospin-violating part of QCD. The latter tiibutions, being related to the — d quark
mass difference, seem to be small [9@}parity or isospin-violating decays 6f-even charmonia (e.g.,
Ne, Xel, Xc2— PV for non-strange final state mesons) have not been obserpedi@entally as yet [10].
Proceeding on the assumption that these decays are dotpimadiated bycc—2~*— PV, this is un-
derstandable. They are suppressed by a fdetqy /o )* as compared to th€-parity and isospin al-
lowed decays of thé€'-even charmonia and their decay widths are therefore ertyesmall. Channels
involving strange mesons (e.d K ™), are also expected to be strongly suppressed by virtuié-ggin
invariance. Fot//1 decays the situation is different. Ma®parity violating (e.g.7*7~) or isospin-
violating (e.g.wn") decays have been observed, the experimental branching bating of the order of
10~4-1073 [10]. As compared t@--parity and isospin allowed /) decays they are typically suppressed
by factors of about0~2-10~"! in accord with what is expected for an electromagnetic devaghanism,
see Fig. 4.7. An overview over the allowed and forbiddenloaium decays into pseudoscalar and vec-
tor mesons is given in Table 4.9.

Fig. 4.7: Electromagneti¢(n.S) decays into pairs of hadrons. The shaded blob indicatesealii® electromag-
netic transition form factor.
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Table 4.9: Charmonium decays in&?, PV andV'V meson pairs. The symbdise, 1/ denote channels forbidden
by angular momentum and parity conservation, forbiddeeading-twist accuracy, and allowed, respectively. The
brackets indicate that these channels violate eithearity or isospin invariance for non-strange mesons.

| | PP | PV | VvV

Ne 0 | (V) €
J/v | () € (V)
he 0 V €
Xc0 v 0 v
Xel 0 /) €
Xc2 V (€) v

All what we have discussed so far holds for exclusive bottoomm decays as well. The situation
is even better in this case. Due to the larger mass ob tingark, corrections to the leading-twist QCD
results for bottomonium decays are probably reasonablyl.siflaus, the data on branching ratios can
be expected to exhibit the pattern of leading-twist préalist. Exclusive quarkonium decays constitute
an interesting laboratory for investigating correctiongtie leading-twist lowest-order approach from
various sources such as power and higher-twist correctisngell as higher Fock-state contributions. A
systematic study of such is still lacking.

5.1 Decays off/+ and(2S) into two mesong?
The most dramatic unsolved problem in quarkonium physiggabably thep—r puzzle. In analyzing

the 2-body decays of thé/+) andt(2S) into two light hadrongi; andhs, it is convenient to consider
the following quantity:

B(1(2S)—h1ha) B(J/yp—ete™)  o[J/vphihs]

B(J/?/J—”hhz) B(T/)(2S)—>e+e—) Q[w(zsv)hl hg] ) (465)

I{[hlhg] =

where

MHMhﬂ:Vh—zmﬁr+MéyMg+(M;—A@QwMg. (4.66)

is a phase space factor that depends on the masses of the$&drb,, andh,. As will be explained
shortly, very simple theoretical considerations lead ®dkpectation that this quantity should be close
to 1 for all light hadrong; andh.:

This prediction was once referred to as the 12% rule becdgsexperimental value of the ratio of the
electronic branching fractions of thg2.5) and.J /¢ was at one time near 12%. That experimental value
is now 15 + 2%. The last factor in (4.65) is a phase space factor that #edo 1 for hadrons whose
masses are much smaller than that of fi@. Thus the prediction (4.67) implies that the ratio of the
branching fractions of the(2S) and.J/« into hihs should be near 15%. All the baryon—antibaryon
decay modes that have been measured are compatible withdtlietmn (4.67), see Sec. 5.2. Some
two-meson decay modes are compatible with this predictiahthere are others for which it is badly
violated. The most severe violation that has been obsess@dthe pm decay mode. The first hint of
this problem was seen by the Mark Il collaboration in 1983.[9®e decay//¢— pm, with a branching
fraction of about 1.3%, is the largest 2-body hadronic devagle of theJ/+. In contrast, the partial

YAuthor: E. Braaten
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width for ¢)(2S5)— pm is so small that this decay was not observed until very récegtthe CLEO and
BES collaborations [99,100]. The branching fraction is sugad to bé.46 + 0.09, and the ratio defined
in (4.65) isk[pm] = 0.028 + 0.006. The dramatic discrepancy between this result and the gifedliin
Eq. (4.67) is thep — 7 puzzle.

We proceed to explain the assumptions underlying the piedi¢4.67). Because there is a
nonzero amplitude for thd /1 to be a purecc state, the matrix element for its decay into two light
hadronsh, andh, can be expressed in the form

d3p _

M(J/p—hihy) = / W%m(p)A(C(p)C(—p)thhz% (4.68)
wherey s/, (p) is the momentum-space wave function for the ptireomponent of the//1. This can
be regarded as an exact formula that defines the ampliifde—h, h). It relies on the fact that wave
functions satisfy integral equations, so even if there aherocomponents of thé/¢) wave function
besidesc, the iteration of the integral equation will eventually puce a purec state. The annihilation
of the c¢ pair produces an intermediate state consisting of partdétsmomenta of ordemn,, which is
much larger than either the momentum sqate m.v for the c¢ wave function of the//« or the scale
Aqcp associated with the wave functions of the light hadrbpsindh,. If the factored expression in
(4.68) also corresponds to a separation of small momenteiagsd with the wave function of/« from
small momenta associated with the wave functiong,0éndhs, then the amplituded in (4.68) should
be insensitive to the value @f It can be approximated by its valuegt= 0 up to corrections suppressed
by powers ofv andAqcp/me:

A(c(p)e(—p)—hihs) =~ A(c(0)c(0)—hihs). (4.69)
With this approximation, the matrix element (4.68) reduices
M(J/tp—h1h2) = /4 (r = 0)A(c(0)c(0)—hihs), (4.70)

wherei ;4 (r) is the coordinate-space wave function for the ptireomponent of//+. The decay rate
then has the factored form

_ J/hih
DI f—hihe) = [5(r = 0)* | A(c(0)e(0)—hiho) %MW]

(4.71)
The corresponding expression for the de¢&®.5)— hq ho differs only in the mass and the wave function
factor. These factored expressions apply equally well tageintoe e . Taking the ratio of decay rates
in (4.65), we obtain the predictiotih, he] = 1 for any light hadrong, andhs. Any significant deviation
of k[hihs] from 1 indicates a breakdown of the approximation (4.69).

An important reference point for the prediction (4.67) isypded by the (leading twist) asymptotic
predictions of perturbative QCD [91, 92]. These predictiame most easily described using a ratio
defined by
L(J/p—h1hs)
L(J/¢p—ete)
The asymptotic predictions for this ratio depend on theckteds A\, and s of the two hadroné; andhs.
If the hadrons are mesons and the decay proceeds via thelatimihprocess:c—ggg, the prediction
for the scaling behavior of the ratio is

6(m, 442 A1+ A2
Ryl (A)ha(Ag)] ~ 207e) (AQCD> . (4.73)

a2, me

Ryplhihe] = (4.72)

If the decay proceeds via the annihilation process~*, the prefacton’ /a2, is replaced byy2. The
scaling behavior (4.73) illustrates one of the basic qat@li¢ features of the asymptotic QCD predic-
tions: light hadron helicity conservation. The dominantalemodes are predicted to satisfy the helicity
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selection rule (4.62). In the case of the deddy— p, the helicity of the pion is\; = 0 and the helicity

of the p is constrained by Lorentz invariance to bg = +1. Thus this decay necessarily violates the
helicity selection rule, and its rate is predicted to be sepged by\éCD /m? relative to modes that are
compatible with the helicity selection rule. Bpt is observed to be the largest 2-body decay mode of
the .J/+. This appears to be a clear violation of the asymptotic PQ&iptions. An understanding of
the p—r puzzle may have important implications for the relevancasyimptotic PQCD to charmonium
decays.

The dramatic failure of the prediction (4.67) in some chésimdicates a breakdown of the ap-
proximation (4.69) for either thd /) decay or the)(2S) decay or both. The contribution to the am-
plitude A from the annihilation ot¢ into 3 hard gluons or a virtual photon should be insensitivéhe
relative momentunp of the c¢ pair. The failure of the prediction (4.67) indicates thalkeaist one other
dynamical mechanism must be involved. The sensitivity efamplitude tgp could arise from a fluc-
tuation of the charmonium state into some component of theevitanction other thamc. In a hadronic
basis, this fluctuation can be expressed in terms of mixinh@tharmonium state with other hadrons.
In a parton basis, it can be expressed in term&@nnihilation from a higher Fock state that includes
soft gluons.

Many explanations for ther puzzle have been proposed. The small upper boungl@r| can
be explained either by an enhancement of the rate/far—pm or by a suppression of the rate for
¥ (2S)—pr. The enhancement of/y— pr relative toy(2.S)— pr could occur through mixing of /4
with another narrow state that has a much larger branchaggidn intop7. One such possibility is

1. mixing of J /¢ with a narrow glueball [101, 102].

Direct searches have failed to reveal any evidence for sughedall. The suppression @f(2.S)—pr
relative to.J/1)— pm could be explained if the decay is dominated by a particidangonent of the wave
function that is suppressed fgr25) relative to.J /. The possibilities include

2. suppression of thet wave function at the origin for a component©f2.S) in which thecc is in a
colour-octet® S state [103],

3. suppression of the¢ component oi)(2.S) [104].

The suppression af(2S)— pr relative to.J/¢)— pr could be explained if the amplitude is dominated
by two components of the wave function that nearly cancehéndase of)(2S5) but not for.J /. The
possibilities include

4. cancellation betweert and DD components of)(2S) [105],
5. cancellation betweett and glueball components ¢f(2.5) [105],
6. cancellation between S-waveand D-waverc components of)(2S) [106].

This last proposal leads to the very simple and unambigueedigtion that the D-wave charmonium
statey(3770) should have a branching fraction inter of about4 x 10~* [106]. A recently proposed
explanation for the—r puzzle is a

7. cancellation between the amplitudes for the resonamepset e~ —1)(25)— pr and the direct
process:te” —prm. See Sec. 2.8.5.

This proposal predicts that the observed suppressian(2f)— pr relative toJ/y— pn is specific to
ete™ annihilation and should not occur for other charmonium pobidn processes, such &meson
decay.

It is reasonable to expect that a definitive solution toghe puzzle should also explain the de-
viations of k[hyhs] from the prediction 1 for other hadrortg andhs. The existing measurements of
the branching fractions into two mesons f6f) and(2S) are shown in Table 4.10. While many of
the values of:[h, ho] are compatible with 1, there are modes other tharfor which « is significantly
smaller than 1, such asi», and and there are modes for whiglis significantly greater than 1, such as
KOKY.
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Table 4.10: Comparison of/¢» andt)’ branching ratios to VP, PP, PA, VS, VV and VT mesons. Unlessi§ipd
data are from PDG [10]. Where specified we have included iratlezages recent data @r{2.5) decays from
BES [100, 107-109] and CLEO [99], the latter derived fromamted ratios of branching ratios using values in
PDG [10].

Decay modé ho B(J/v{—hihs) B('—hyhsg) k[h1ho]
(x10%) (x10%) (Eq. 4.65)
om 127+9 0.46 £ 0.09 [99] [100] | 0.028 4 0.006
wn? 42406 0.22 +0.09 [99] [109] | 0.40 +0.17
on 1.93 £+ 0.23 0.23 + 0.12 [99] [109] 0.9+0.5
wn 1584+ 1.6 < 0.11[108] < 0.06
on 6.5+ 0.7 0.35+£0.11[99] [108] | 0.4040.13
o1’ (958) 1.05 £0.18 0.19%35, +0.03 [109] 2.5+0.9
wn’ (958) 1.67 4+ 0.25 < 0.81[108] <43
o1’ (958) 3.3+04 0.33 £0.13 £0.07 [108] | 0.71 4 0.33
K*(892)FT K= 50 + 4 0.26 £ 0.11 [99] [107] | 0.039 4 0.017
K*(892)°K%+c.c. 42 + 4 1.55 4+ 0.25 [99] [107] | 0.28 £0.05
ek 1.47 £+ 0.23 0.8+0.5 4.3+2.7
KTK~ 2.37 +0.31 1.0 +£0.7 32423
KJKY 1.46 + 0.26 0.52 4 0.07 2.7+0.6
b1 (1235)F 30+5 3.9 £ 1.6 (incl. [99]) 1.04+0.4
m9b;(1235)° 23+6 4.010% + 0.6 [99] 1.3+0.5
K*K;(1270)F < 30 10.0 +2.8 > 1.7
K*K;(1400)F 38+ 14 <3.1 <0.8
w fo(980)—wrm 1.1+04
¢ f0(980)— g 2.5+0.7 0.60 + 0.22 1.7+0.8
wfo(1710)—wK K 4.8+ 1.1
Gfo(1710)—pK K 3.6+0.6
w f1(1420) 6.8 + 2.4
¢ f1(1285) 2.6 £ 0.5
w f2(1270) 43 +6 2.140.6[111] 0.34 £0.11
0az(1320) 109 + 22 2.6 +0.9[111] 0.17 £ 0.07
K*(892)° K3(1430)° + c.c. 67 & 26 1.9 4 0.5 [111] 0.19 4 0.09
B f5(1525) 123 +£2.1 0.44 +0.16 [111] 0.22 +0.09
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One clue to the mechanism is hoh; ho] depends on thg”C quantum numbers for hadrons
h1he with the same flavour quantum numbersas As can be seen in Table 4.10, there also seems to be
suppression in the vector-tensor (VT) chanmel, but there seems to be no significant suppression in the
axial vector-pseudoscalar (AP) chanbgt or in the pseudoscalar-pseudoscalar (PP) charinet . The
absence of any suppression in the channet~ is to be expected, because it proceeds predominantly
throughcé annihilation into a single photon, and therefore the apipnaton (4.70) should hold.

Another clue to the suppression mechanism is the pattetfhehi,] for different radial excitations
of mesons with the sam&’“ quantum numbers. An example is the AP decay mddés%(f for differ-
entK; resonances. The modé®™ K;(1400)T has been observed ifyy decays but not iny(25) decays.
The modeK * K1(1270)T has been observed if(25) decays but not i/ /v decays. The lower bound
on x for KTK1(1270)F is significantly greater than the upper boundofor K+ K(1400)F. This
demonstrates that whetheis suppressed or enhanced relative to the prediction (&80t determined
solely by theJ”¢ quantum numbers of the mesons.

The suppression pattern in a given channel as a functionediakiour quantum numbers should
also provide important clues to the suppression mechanidm.channel for which the most measure-
ments are available is the VP channel. The decay amplitudé f@—V P can be resolved into 3 terms
with distinct flavour structures:

— a flavour-connected amplitudewith quark structuréq;q;)(q;d),

— aflavour-disconnected amplitudewith quark structurég;g;)(q;q;),

— an electromagnetic amplitudewith quark structureQ;x (¢;;)(¢;3) Where@ is the light quark

charge matrix.

For example, the amplitude fof /¢)— p7 is proportional tog + e. A quantitative analysis should also
take into account SU(3) symmetry breaking from the strangelgmass and k1) symmetry breaking
from the triangle anomaly. In the case.ffy, there are enough precise measurements of VP decays to
completely determine the flavour decomposition of the atoqdi [112, 113]. The conclusion is that
and|h| are comparable in magnitude and about an order of magnitadées than|g|.

The analogous flavour decomposition {6(25)—V P expresses the decay amplitudes as a linear
combination of amplitudeg’, h’, ande’ with distinct flavour structures. The same reasoning ththtde
the predictions[hyh2] = 0 implies that these amplitudes$, 1’ ande’ should differ from the correspond-
ing amplitudesy;, hy ande for J/v by the factor

<Mw(23)r(ﬂ)(25)—>6+€_) )
My U (J/p—eter)

1/2
~ 0.70. (4.74)

However, the measuremenfpr] ~ 0.028 implies|g’ + ¢'| ~ 0.12|g + e|. Since|g| > |e|, this requires

|¢'| to be suppressed relativeGd@0|g|. A mechanism for such a suppression was proposed in Refl.[103
If ¢’ was so strongly suppressed that it was small comparkd tit would make the rate for(25)— pm
comparable to electromagnetic processes sugh{2S)—wn’. The stronger suppression©f25)— pm

that is observed requires thgtande’ be comparable in magnitude and to have phases such thatghere
a further cancellation in the sugh + ¢’.

The CLEO collaboration has recently presented the firsteenid for two-body decays of the
T(1S5) [114]. They observed signals with a statistical signifieof greater thaho for decays into
¢ £5(1525) and K K1 (1400). The decay off (1) into K K;(1270) is observed to be suppressed relative
to K K1(1400), which is the same pattern observedjifx) decays. The CLEO collaboration also set
upper limits on other decay modes, the strongest of whidd{(18(15)—pr) < 4 x 1076,

5.2 Decays off /1 and (2S5 into baryon—antibaryon

As we already discussed these decays seem to be dominateardylysics where the charm and
anticharm quark annihilate into gluons at short distanbea.leading-order calculation of decay widths
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for the BB channels contributions from higher charmonium Fock stedesbe neglected since they only
produceO(v?) corrections, see Eq. (4.60); contributions from higheybarFock states are suppressed
by powers ofl /m.. For consistency, the masses of the) andi(25) are to be replaced Bm.. (except

in phase space factors) since the energy for the bindingcofpair in a charmonium state is &(v?)
effect. The only soft physics information on the charmonatate needed in a calculation to lowest order
in v is its decay constant. The corresponding electronic deddtjhsv

47 63 azm f3/¢

MU—ete) =

(4.75)
provide their valuesy ;,,, = 409 MeV, f, 5 = 282MeV. The other soft physics information required
is the leading-twist baryon distribution amplitude. As danshown [115] the proton is described by
one independent distribution amplitude), (), to leading-twist accuracy. The set of subscript8, 3
refers to the quark configuratian. u_ d. of a proton with positive helicity. The distribution ampides

for other valence quark configurations in the proton areinbthby permutations of the subscripts. Since
flavour SU(3) is a good symmetry, only mildly broken by quarlig® effects, it is reasonable to assume
that the other members of the lowest-lying baryon octet &e described by only one independent
distribution amplitude, which, up to flavour symmetry breakeffects, is the same as the proton one.

To start with and for orientation, we present the leadingttwesult for the width of the decays of
transversely polarized/+s, as for instance are producedeine™ annihilations, into proton—antiproton
pairs. The width, evaluated from the asymptotic form of taeybn wave functiorqb[’fS = 120z z2 x3,
reads

6 910 = 2 2
L(J/—pp) = 5325 ™ ag(me)° Q[Zﬁfp] (fﬁ@ijp> I, (4.76)
where
_ Z1Y3
s = 6 [l s o T @77

The normalization parametg}, represents the proton’s light-cone wave function for z@atial separa-
tion of the quarks. Strictly speaking, it is defined by [116]

folur)
8v/n.!

HE
DLy pr) = / 02k )30 (kL) (4.78)
with
/[dw]gq)l%?,(w,uF) = 1. (4.79)

Both the distribution amplitude anf}, are subject to evolution [116]. A typical value fg is ~ 6 x
1073 GeV?[92,117]. Evaluating the branching ratio from (4.76), ®,7ne obtains

_ . ras\3 [1.5GeV\’ f 1
B(J/b—pp) = 1.5x 107 (0_4) ( . ) <6X _y GeV2> , (4.80)

which is in quite good agreement with experiment, see Talile. 4r'he predictions for the branching ratio
are more robust than that from thi¢y—pp decay widths since the totdl/«) width is dominated by the
decays into light hadrons. Hence, according to (4.12) arntbj4the branching ratios approximately
scale ad /m[ anda?.

In previous calculations [92, 118] of th&/¢»—pp decay width, distribution amplitudes have been
employed that are strongly concentrated in the end-pogibns where one of the momentum fractions
is small. The use of such distribution amplitudes has beenilyecriticized [119]. Due to their prop-
erties the bulk of the amplitude for the subprocess 3¢*—3(¢q) is accumulated in the soft end-point
regions where the use of perturbative QCD is inconsistertrellver, such distribution amplitudes lead
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to extremely strong contributions to the decay amplitude mguire compensation by small values of
ag, typically in the range 00.2-0.3. Such values are unrealistically small with regard to trerabteris-
tic scales available in charmonium decays. For an averagmgiirtuality of aboutl GeV? one would
expecta; to be rathe.4.

Recent theoretical [97,120] and phenomenological [11ist provide evidence that the proton
distribution amplitude is close to the asymptotic form faryons: the end-point concentrated forms seem
to be obsolete. In a recent analysis of the) and«(2S) decays into baryon—antibaryon pairs [121] use
is made of the phenomenological proton distribution amgbtproposed in [117]

1
fya(w, o) = s 5 (14 321), (4.81)

which is valid at the factorization scaley = 1 GeV. This distribution amplitude goes along with the
normalization parametef, (i) = 6.64 x 1072 GeV2. In [121] the distribution amplitude (4.81) has
been suitably generalized to the cases of hyperons andléebapyons by allowing for flavour symme-
try breaking due to the effect of the strange quark massedwsof the collinear approximation as used
in [92,118] or in (4.76), the modified perturbative approft??] is applied in [121]. In this approach
guark transverse momenta are retained and Sudakov suppgessomprising those gluonic radiative
corrections not included in the evolution of the distribatiamplitude, are taken into account. The ad-
vantage of the modified perturbative approach is the stropgression of the soft end-point regions
where perturbative QCD cannot be applied. If distributiompéitudes close to the asymptotic form are
employed the difference between a calculation on the bétfie @ollinear approximation and one within
the modified perturbative approach is, however, not subiatagiven that theJ/y— BB amplitude is
anyhow not very sensitive to the end-point regions. Thia imarked contrast to the case of the proton’s
electromagnetic form factor [123]. On the other hand, adliaatage of the modified perturbative ap-
proach is that the full baryon light-cone wave function igded and not just the distribution amplitude.
In [121] the transverse momentum dependence of the baryee fuactions has been parameterized by
a simple Gaussian

X exp [—aZB Zk‘iz/xl} , (4.82)

where a value 06.75 GeV~! has been adopted for the transverse size paramgteFor the decuplet
baryons a somewhat larger value has been us&d GeV~'). Calculating the subprocess amplitude
from the Feynman graphs shown in Fig. 4.5 and working out tmaution of subprocess amplitude
and baryon wave functions, one obtains the widths for the J/¢» decays intaB B pairs mediated by
the hard annihilation procesgs—3¢*—3(qq). The results are listed and compared to experimental data
in Table 4.11. In addition to the three-gluon contributitvere is also an isospin symmtetry violating
electromagnetic one generated by the subprocessy*—3(¢q), see Fig. 4.7. According to [121] this
contribution is probably small, of the order of a few peraamify. An important ingredient in this estimate
of the size of the electromagnetic contribution is the ame@ of the experimental widths fof/y
decays intonn and pp within the errors [10]. The contributions from thé—g*g*v*—3(qq) to the
baryon—antibaryon channels amount to less amf the three-gluon contribution and can be neglected.

The widths for the corresponding decays of the.S) are easily obtained within the perturbative
approach by rescaling th&/v) ones by the ratio of the electronig25) and.J /¢ decay widths, the5%
rule, i.e., Eq. (4.65) withi[BB] = 1, holds strictly in the approach put forward in [121]. Theulés
obtained that way are also quoted in Table 4.11. Good agmdmeéveen theory and experiment [10] is
observed. Predictions of the absolute value of a decay waidtisubject to many uncertainties, see (4.76)
while ratios of any twoB B decay widths are robust since most of the uncertaintiesetdoa large
extent. Itis to be emphasized that thé25) and.J/+ decay widths do not scale &&7/,, /My 2s))® ~
1/4 as suggested in [91] since the subprocess amplitude in ala@n to lowest order in the charm

quark velocity (see (4.60)) has to be calculated ®ith. and not with the bound state mass.
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Table 4.11: Results faf /1) and(2S) branching ratios fo3 B channels in units of0~2 and10~4, respectively.
The three-gluon contributions, taken from [121], are eatdd fromm,. = 1.5 Gev, and the one-loop, with
Aqcp = 210 MeV. Unless specified data are taken from Ref. [10]. For.Jli¢—pp we have included the
recent BES measurement [124] in the average. The thedrbt@aching ratios are evaluated usifg//v) =

91.0 + 3.2keV [10].

channel PP »0y0 AA ==t ATTA— DO S
Bsg(J /1) 1.91 1.24 1.29 0.69 0.72 0.45
Bexp [10] 2.164+0.08 | 1.27+0.17 | 1.30+0.12 | 0.90 +£0.20 | 1.10 £0.29 | 1.03 £0.13

Bsy(1(25)) 2.50 1.79 1.79 1.11 1.07 0.80
Bexp [10] 2.07 +£0.31 1.24+0.6 1.81+£0.34 | 0.94 £0.31 | 1.28 =0.35 | 1.10 = 0.40

Bottomonium decays intd@ B pairs can be calculated along the same lines. The hard scale i
now provided by thé-quark mass. Hence, relativistic and higher-twist coroast are expected to be
smaller than in the charmonium case. But, as it turns outptadicted decay widths for the baryonic
channels are very small. Approximately, i.e., ignoring taet that thek | -dependent suppression of
the three-gluon contribution is perhaps a bit differenthia two cases, one finds the following rescaling
formula

o[TBB] T(Y—ete)
o[J/¥BB] T'(J/p—eter)

o () (et (m\Y L

€p as(mc) me .
Usingm;, = 4.5 GeV one obtains, for instance, a value®62 eV for the T —pp decay width, which
value corresponds to a branching ratic0df x 107 well below the present experimental upper bound
[10].

It goes without saying that the hard contributioRs,, to the.J /¢ andy(25) decays intd3 B pairs

respect the helicity sum rule (4.62), i.e., the amplitudetii@ production of baryon and antibaryon in
equal helicities states vanishes. Measurements of theaardistribution ine*e=—.J /1, ¥(25) — Bg B

I'(Y—BB)

(4.83)

dI’
dcos v

whereBg is any member of the lowest-lying baryon octet ahthe c.m.s. production angle, allow for a
test of this prediction. In the formal limit of an infinitelyelavy charm quarkip, = 1 as a consequence
of hadronic helicity conservation [91]. The available dgta4—128], listed in Table 4.12, tell us that
only a fraction of about(0% of the total number of33 Bg pairs are produced with the same helicity of
baryon and antibaryon. This observation is in fair agreg¢meiin hadronic helicity conservation. The
production ofBg Bg pairs with equal helicities has been modeled as a constituemk [129,130] and/or
hadron mass effect [131], both the effects are part of2e?) and higher-twist/power corrections. Also
electromagnetic effects imp have been investigated. For results we refer to Table 4.12.

o 1+ apyg cos? 1, (4.84)

5.3 Hadronic two-body decays of thep.

Such decays of the. have been observed in experiment only for 18 andV V' channels, upper bounds
exist for a few others like(980)r. Decays intoP P and PV have not been observed, they are either
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Table 4.12: Experimental and theoretical results for theup@terap, in J/v,(25)—BsBs as defined in
Eq. (4.84). Experimental values obtained averaging data BES [124], DM2 [125], MARK 11 [126], E760 [127]
and E835 [128].

apg(J/Y) pp AA »O30
Predicted: [131] 0.46 0.32 0.31
[129] (no e.m. corr) 0.69 0.51 0.43
[129] (incl. e.m. corr) 0.70
Experiment:.J /4 0.66 = 0.05 | 0.65 £0.19 | 0.26 £ 0.30
(29) 0.68 +0.14

strictly forbidden or strongly suppressed, see Table 49ndted at the beginning of this section A&
and V'V channels are forbidden to leading-twist accuracy sincedméa helicity conservation (4.62) is
in conflict with angular momentum conservation for thesecpsses. In contrast to the expectation from
the leading-twist approximation the measured branchitiggare rather largel(—3-1072). We repeat,

it is worthwhile to explore the role of higher-twist baryomdavector meson wave functions in the decays
of then, [96, 97].

In [104] a mixing approach for the explanation of theselecays has been advocated. As is well-
known theU, (1) anomaly leads to mixing among the pseudoscalar meseng’ — 7. [132,133]. This
mixing can adequately be treated in the quark-flavour misicigeme [134] where one starts from the
guark-flavour basis and assumes that the basis states andkttey constants follow the same pattern of
mixing with common mixing angles. This assumption is supgabby an analysis of the—n andy —r/
transition form factors at large momentum transfer [139je fuark-flavour basis states are defined by
the flavour content of their valence Fock states

Mg — (’LL’L_L—I—dJ)/\/i, Ns — 88, e — CC. (4.85)

The admixture of the light quarks to thg, which we need here in this work, is controlled by a mixing
angled. [134]

_ _ Y
‘770> - ‘7700> \/m |:’77Q>+ \/5‘778>:| .

The ratio of the basis decay constagifsand f, is denoted by,

y = fol fs- (4.87)

According to [134], its value amounts to 0.81 whitg = —1° £ 0.1°. The light-quark admixture
to then. (4.86) is somewhat smaller than estimates given in [132]shghtly larger than quoted in
[136]. In combination with the strong vertgg— V'V this small light-quark component of the suffices

to account for thé/V decays. In the spirit of this dynamical mechanism (see ERB). the invariant

amplitude, A, for then.— V'V decays can be parameterized as

(4.86)

A(e—VV) = O ovy Fuix(s = M7 ). (4.88)

It is related to the decay width by

1 Q[UCVVP

A(n, 2 4.89
5275y, M, |A(ne—VV)| (4.89)

P(n—VV) =

20



DECAY

Table 4.13: Mixing factors as well as experimental and thtcal ratios of decay widths for,.—V°V°. The ratios
are quoted with respect to th&p° channel ;’f’)i;‘o = 1). Experimental ratios are calculated taking into account
the common systematics.

L v o [ Ba |  Rey |
ww 1 0.63 | <0.37[137]
< 0.75 [138]

KOK || (1+42)/2 || 061 | 0.47 £ 0.09 [138]
0.55 = 0.27 [137]
ol y? 0.13 | 0.93 4+ 0.33 [137]
0.35 £ 0.10 [138]
0.30 £ 0.10 [139]
0.21 = 0.14 [140]

The statistical factor for the decay into a pair of identjgaiticles is denoted hyy . The mixing factor
C{}l‘i}‘ embodies the mixing of thg. with the basis stateg, andz, (4.86). These factors are quoted in
Table 4.13. Flavour symmetry breaking effects in the titgorss ;,— V'V (i = g, s) are absorbed in the
factoroy . As a simple model for it one may take the square of the vectsom's decay constants as a
representative of SU(3) violations in these transitiofys=¢ 216 MeV, f,, = 195MeV, f4 = 237 MeV,
fr+ = 214 MeV). In order to have a dimensionless quantﬂ&, is scaled by the squared vector meson

mass 5
oy = (AJ;—VV> : (4.90)

Ratios of decay widths are free of the unknown transitiomnféactor F},,;,. With respect to the?®p°
channel one finds for the other uncharged vector mesons elsann

I‘(nc_ﬂ/’(]v(]) 2 mix 2 Oy0y0 2 Q[T]CVOVO] 3
0.0 = ( VOVO) 0.0 . (491)
L'(ne—p°p?) Syoyo 0[nep°p°]

o pO pO

The theoretical and experimental results on the ratiosstegllin Table 4.13. Reasonable agreement be-
tween theory and experiment can be seen although the erelarge. Assuming a monopole behaviour
for the transition form factoiF,,,;, and fitting its strength to thgp data, one obtains a value that is in
accord with the concept of mixing.

q hy

q hs
Fig. 4.8: The mixing mechanism for charmonium decays irgbtlhadrons.
The mixing approach can also be applied totheecays into baryon—antibaryon pairs. It seems
that at least thgp channel for which the decay width has been measured, is atgotled by the mixing

mechanism [104].

200



CHAPTER4

5.4 The decays of they.s and the role of the colour-octet contribution

The colour-singlet contribution tg.; decays into pairs of pseudoscalar or vector mesons is wellkg,

it has been calculated several times [90, 92, 95]. The cativol of wave functions and hard subprocess
amplitudes, which are to be calculated from Feynman grapkla@wn in Fig. 4.5, leads to a decay width
for ther ™7~ channel as.f = 0, 2)

72 Q[XCJ 777] f4
D(xeg—rtn) = 22 SXITR I pr ()% al(m.)
35 MXcJ mz Xel
X |ag+by B3 (me) + ¢y By (mo)?|” (4.92)

where the parameters;, b; andc; are analytically calculable real numbers in the leadingpthap-
proximation; they represent the convolution of distribatiamplitudes an subprocess amplitude. The
parametery, for instance, reads

ap = 277?/2 —36. (4.93)

The representation (4.92) also holds in the modified peativd approach but the parameters are then
complex valued. The constaBt] (1) is the first coefficient of the expansion of the leading-tvpisn

distribution amplitude upon Gegenbauer polynom'(évlg,é2 [116]

o = @M [1+ > Bi(up)CYz-1)| (4.94)
n=24,--

whereCIﬂAVfS is the asymptotic form of a meson distribution amplitude

N = 62(1 — ), (4.95)
and Y ,
In(p3/ AQCD) !
Bu(pr) = | w22 | Bnluo)- (4.96)
<1n<u3/AaCD>
In Eqg. (4.92) terms of order higher than 2 in the expansionnagdected and the factorization scale
dependence of the Gegenbauer coefficBatis controlled byy, = —50/81. As the starting scale of

the evolution,u, a value ofl GeV is taken. Finally,f; (= 132MeV) is the pion decay constant and
R/ (0) (= 0.22GeV®/? [33,141]) denotes the derivative of the nonrelativistidiahcc wave functions
at the origin (in coordinate space). As usual a normalipataxtor f,/(21/6) is pulled out from the
distribution amplitude.

The distribution amplitude of the pion is fairly well-knowsy now from analyses of the® —

~ transition form factor. It is close to the asymptotic formaimeson distribution amplitude [142].
Deviations from that form are difficult to estimate sinceytisérongly depend on details of the analysis
such as whether or not NLO, higher-twist corrections orviease degrees of freedom are taken into
account [142, 143]. But in any case the Gegenbauer coeffiéi§nseems to be small in magnitude.
Combining the results from different analyses of #ffe— + transition form factor, one may conclude
that| Bf| < 0.1atpuy = 1GeV. Taking firstB] = 0in (4.92), one evaluates from (4.92) the branching
ratio

3
N —3 (0s\? (1.5GeV
B(Xeo2)—77) = 0.31(0.10) x 10 ( > 4) ( - . (4.97)
The majority of the widths of the .y and x.o come from decays into light hadrons. The contribution
coming from the decay of a colour-singl&tinto real gluons is given by [33]

2

aS
I'(xes—lh.) o R (0)]? —- (4.98)
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Therefore, the branching ratios approximately scale asngiv (4.97) and not as in (4.92). Thewave
function R} __(0) almost cancel in the ratio. Otherwise its well-known saglimoperties [144] would
have to be taken into account as well.

The variation of the branching ratio with the Gegenbaueffimsent B7 is displayed in Fig. 4.9.
One can conclude that, stretching all parametBrs (v, m.) to the extreme, the predictions fB(x .o(2)
— w7~ ) from the colour-singlet contribution to leading-twist acacy stay a factor 3—6 below the data.
Results of similar magnitude are found within the modifiedymbative approach.

0.8

0.6 ==

0.2 =

1073 B(xeo — 1)

0 i i i i

L] L]
—0.15 —0.10 —0.05 0.00 0.05 0.10
Bs(po)

Fig. 4.9: Dependence of the leading-twist colour-singtattdbution to they.o—= 7~ branching ratio on the
expansion parametd8] of the pion distribution amplitude at the scale = 1GeV. The evolution ofBJ is
evaluated from\qcp = 200 MeV.

Thus, there is obviously room for the colour-octet contitms (see (4.59)), i.e., from the sub-
process:cg—2(qq). A first attempt to include the colour-octet contributiorstieeen undertaken in [94].
This calculation, performed within the modified perturbatapproach [122], is based on a very rough
model for the colour-octet.; wave function, the new ingredient of this calculation. Desthis the au-
thors of Ref. [94] were able to show that the combined cokinglet and -octet contributions are likely
large enough to account for the data [10, 66], see Table 4.id.calculation of the,.;—7 "7~ decay
width can be generalized to other pseudoscalar meson deamitie results of similar quality as for the
7w channels. For the'n’ channel an additional two-gluon Fock component ofsthis to be taken into
account whose leading-twist distribution amplitude haengly been extracted from a NLO analysis of
then — v andn’ — v transition form factor [145, 146]. For thg; channel the two-gluon contribution is
probably negligible.

The colour-singlet contribution to the decays;—pp (J = 1,2) has been investigated by many
authors [92, 95, 118, 150]. Employing the proton distribatemplitude (4.81) or a similar one, one
again finds results that are clearly below experiment, whighin signals the lack of the colour-octet
contributions. An analysis of the., ;) decays into the octet and decuplet baryons along the sae lin
as for the pseudoscalar meson channels [94] has been cmmedih by Wong [147]. The branching
ratios have been evaluated from the baryon wave functia®4)4(4.82) and the same colour-octet;
wave function as in [94]. Some of the results obtained in [4& shown and compared to experiment in
Table 4.14. As can be seen from the table the results fopalehannels are in excellent agreement with
experiment while the branching ratios f@A channels are much smaller than experiment [148] although
the errors are large. A peculiar fact has to be noted: therempatal AA branching ratios are larger than
the proton—antiproton ones although there is agreemehintivo standard deviations.
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Table 4.14: Comparison of theoretical and experimentaldiring ratios for varioug.; decays into pairs of light
hadrons. The theoretical values have been computed witleinmiodified perturbative approach, colour-singlet
and -octet contributions are taken into accou§ (= By = BE = 0, BX = —0.1, baryon wave functions
(4.81), (4.82)). The branching ratios are quoted in unitd®f* for the mesonic channels arld—> for the
baryonic ones. Data taken from [10]. The values listeghfoloranching rates do not include the most recent values
(274752 £45) - 107°, (5.7F1: £0.9) - 107> and (6.9733 £ 1.1) - 10~° measured by BES [149] foy.0,

X1 andyo respectively.

‘ process H theory ‘ experiment‘
Blxeo—mt7) || 3.0[94] | 49406
B(xee—ntn™) || 1.8 [94] | 1.77+0.27
B(xeo—KTK™) || 241[94] | 6.0+0.9
B(xeo—KTK™) || 1.4 [94] | 0.94+0.21

B(xco—nn) 201[94] | 21+1.1
B(xe2—nn) 1.3 [94] <15
B(xco—pp) - 22.4+2.7
B(Xc1—pDp) 6.4 [147] | 72+1.3
B(xc2—p D) 7.7 [147] | 6.8+0.7
B(xco— AA) - 47 + 16
B(xe—ARN) || 3.8 [147] | 26+£12
B(xeo— AN) || 3.5 [147] | 34+17

The present analyses of tlye; decays suffer from the rough treatment of the colour-odiatmo-
nium wave function. As we mentioned before a reanalysis @tiécays into thé P and BB channels
as well as an extension to tHéV ones is required. Our knowledge of the colour-octet wave-fun
tion has been improved recently due to the intense analfseslasive processes involving charmonia,
e.g., [151]. This new information may be used to ameliorhgeanalysis of the.;— PP, BB decays
and, perhaps, to reach a satisfactory quantitative uradhetisty of these processes. We finally want to
remark that the colour-octet contribution does not only gla important role in thg.; decays intaP P
and BB pairs but potentially also in their two-photon decays [3)152] (see also Section 3).

The leading-twist forbidderny.c— BB decays have sizeable experimental branching ratios, see
Table 4.14. There is no reliable theoretical interpretatib these decays as yet. The only proposition
[153] is the use of a diquark model, a variant of the leadimgttapproach in which baryons are viewed
as being composed of quarks and quasi-elementary diqudrits.vector diquarks as constituents one
may overcome the helicity sum rule (4.62). The diquark maddéis present form, however, contends
with difficulties. Large momentum transfer data on the P&adin factor of the proton as well as a
helicity correlation parameter for Compton scatteringpsfitons are in severe conflict with predictions
from the diquark model.

5.5 Radiative decays of charmonia into light hadrons

First let us consider the proceggy—~n. The apparently leading contribution to it is generatedhay t
subprocessc— g* g* —~qq, which, in principle, leads to a decay width of ordef. However, due to
the pion’s flavour contenic wi — dd this contribution exactly cancels to zero in the limit of rslass
quarks. A VDM contributionJ/:)— pr followed by ap — v conversion [95] seems to dominate this
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process. Indeed, an estimate of the VDM contribution leads tranching ratio 08.3 x 10, which
compares favorably with the experimental resulfaf + 1.3) x 10~° [10]. Analogue estimates of the
1 and~n’ branching ratios lead to similar values, about 10~2, which fall short of the experimental
results by two orders of magnitude. The solution of this @ipancy is a gluonic contribution, which
occurs as a consequence of thg(ll) anomaly; it formally presents a power correction. Aciiog to
Novikov et al. [154], the photon is emitted by thequark with a subsequent annihilation of tepair

into lighter quarks through the effect of the anomaly. Theation of the corresponding light quarks is
controlled by the gluonic matrix elemet|a, GG |n")) whereG is the gluon field strength tensor and
G its dual. Photon emission from the light quarks is negligia$ can be seen from the smallness of the
~ width. This mechanism leads to the following width for theiegive .J /v decay intop’) [154]

2 My \* (0152 GG ")
Ny — 2 /¥
LT /=1") = o5 meZad, ol J /"] ( e > (J/w_@e ) (4.99)
In the quark-flavour mixing scheme the gluonic matrix eletrfenthe is given by [155]
(0 \—GGm = —sinfg /2 +y? f,a*. (4.100)

For then’ matrix elementin s is to be replaced byos fs. The anglés controls the mixing of the octet
decay constants. In [134] the various mixing parameters baen determined; their values amount to:

0 = —21.2°; f, = 1.07fx; a®> = 0.265GeV?; ¢ = 39.3°. (4.101)

The latter angle is the mixing angle in the quark-flavour ©adihe parametey has been defined in
Eq. (4.87). Evaluating the decay width or rather the bramghatio from these parameter values, one
obtains

7
1.5GeV> (4.102)

Me

B(J/ip—~n) = 3.7x 1074 (

The comparison with the experimental valug&f+0.8) - 10~ [10] reveals that the order of magnitude
is correctly predicted. As happens frequently in exclugiiarmonium decays the charm-quark mass
appears to a high power in the theoretical estimates of hmagaatios with the consequence of large
uncertainties in the predicted values. With regard to thetfat the total//«) decay width is dominated
by the decays into light hadrons (4.12), the powemgfin (4.102) is approximately seven. The mass of
the J /v appears in (4.99) through a pole saturation of a QCD sum 4] it should not be replaced
by 2m..

While the calculation of the individual decay widths is nasg, ratios of the) and»’ widths can
be reliably predicted frony — " mixing. Using the quark-flavour mixing scheme again, onesfifndm
(4.99) and (4.100) the following ratios for radiativéy decays [134]

B(J /=) 2 <Q[J/¢777’]>3
— = = cot“ls | ————— ] . 4.103
B(J/—n) * \olJ /vy ( )
The extension to thg, is also possible. With (4.86) one obtains
B(J/Y—1) 2 2 <Q[J/¢777’]>3
= 6Zcos” 6 . 4.104
B(J/h—me) * \elJ/vyne] ( )
This approach leads to the following numerical results:
B(J/h—n)
——T 7. = 539, Exp: 5.0 0.6 [10] ,
B /i) P 10l
B(J/¢Y—n)
— = = 048, Exp: 0.33+£0.1 [10] . 4.105
B(J/v—ne) P 0] ( )
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Due to the large uncertainties in the anglethe prediction for the second ratio has an error of about
20%.

It is tempting to extend the anomaly dominance to the cadeeofadiativeY decays. One obtains

B(T—v1') B(T—~n)
B(T—n) B(T—vn.)

Comparison with experiment is not yet possible, only uppmrmuls exist for the individual branching
ratios. Doubts have, however, been raised by Ma [156] on dhdity of this approach for th&" de-
cays. Generalizing the result for thgvy case (4.99) appropriately, one finds a too large branchiig ra
namely~ 8.3 x 10~°, as compared to the experimental upper limitot.6 x 10~° [10]. The estimate
advocated for by Ma, is based on the assumption of scale emdigmce of the gluonic matrix element.
With regard to the well separated scates andmy, this assumption is suspicious. Nonetheless, the in-
vestigation of thél —~n") decays is to be addressed further. Of interest would alsm lxevastigation

of the radiativeh. decays into pseudoscalar mesons. It is likely that thesaydeare under control of
the same dynamical mechanism as the correspondliggdecays. Results analogue to (4.103), (4.104)
would then hold. Instead of the decays into pseudoscalanmsesne may also explore radiative quarko-
nium decays into scalar mesons. As is well-known scalar nestay have sizeable glue—glue Fock
components [157], they may even be glueballs although ftlkelylhave sizeable admixtures of light
quarks [158, 159]. It would be interesting to unravel the aiyits mediating these decays. For first
attempts see for instance [159, 160].

The decayy /zp—>p77(’) can be treated analogously to the radiative decays. Sinbese processes
G-parity is not conserved, they proceed through-~*. On account of the flavour content of tiwe
meson, they*— pn") transition only probes the, component of the") if OZI-suppressed contributions
are neglected. Hence,

= 6.51, = 35x107%. (4.106)

B(J/v—pn') 2 <@[J/wpn’]>3

= tan? ¢ , (4.107)
B(J/v—pn) o[J /¢ pn]

the p — ), form factor cancels in the ratio. Equation (4.107) lead 3@ for the ratio of the decay widths

while the experimental value 554 + 0.21 [10].

Finally, we want to mention the radiativ&/+) decay into a proton—antiproton pair. Recently, an
enhancement nean/, in the invariant mass spectrum g pairs has been observed whilgy—7%pp
behaves regular near th threshold [161]. The combination of both the results hirita peculiar be-
haviour of thepp pair in an isospin-zero state. The enhancement observéd/in>~ypp parallels similar
anomalies near thep threshold. They have been reported by Belle [162] for thageB ™ — K ™ pp and
§0—>D0pp. An anomalous threshold behaviour is also seen in the psotiome-like form factor [163],
in the charged pion spectrum fropd—7— 7% and 77~ n reactions [164] and in the real part of the
elastic proton—antiproton forward amplitude [165].

Frequently these anomalies have been associated witmnggroound states. Indeed, an analysis
of the BES provides evidence for an S-wave bound state withssnafl859 f{’o (stat) 35 (syst) MeV
and a total width less thadd MeV [161]. A P-wave bound state instead of an S-wave one dammo
excluded from the BES data. This BES result is very close tlirfgs from an analysis gid reactions
[166] (a bound state mass o870 MeV and a width oft0 MeV) and from a proton—antiproton forward
dispersion relation [167] (masd852 MeV, width: 35 MeV). In the CERN WA56 experiment [168],
on the other hand, a narrow peak (magg GeV) has been observed in thg invariant mass spectrum
of the reactionr—p—p 7~ [pp] wherepy is a fast forward going proton. Puzzling is, however, the fac
that this peak is not seen ify¢)—~pp [161] while there is no indication of a threshold enhanceimen
in the WA56 measurement. Several authors [169] have pomtéthat the dynamics of the low-energy
pp system such as pion exchange or the physics inherent infiéwieé range expansion, provides an
important contribution to the threshold enhancement. Apeaping mechanism has been suggested by
Rosner [170]. He assumes that the partonic subprocess prabess//y—~pp is cc—~gg followed
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by a nonperturbativegg— (pp)s transition where the subscript indicatepzapair in a resonant S-state.
Rosner further assumes that the correspondimtgcays, for instancB*— K *pp, receives a substantial
contribution associated with the subprocésssgg and the same nonperturbatiye— (pp)s transition

as for.J/v)—~pp. Producing an’ through this mechanism instead of the proton—antiprotanlgads

to similar contributions except that now a different gluomatrix element occurs, see (4.99). In ratios
of these processes most details cancel and, according teRase arrives at

BB K" (pp)s)lgg _ @[B+K+(pp)s]< ol /¢yn] >33(J/1/1—>’Y(Pp)s) (4.108)
B(Bt—=K*1)|gg e[BYK ] \elJ/¢y(pp)sl)  B(J/v—m') '

The gg subscript at theB-meson matrix elements is meant as a hint that there mighther oon-
negligible contributions to th& decays than those from the subprodesssgg. This mechanism relates
the threshold enhancement Bi*— K *pp to that in.J/«—~pp. Using the experimental information
on the latter process, Rosner found that this mechanismida®wa substantial fraction of the first one.
It is to be stressed that the ratio Bft(?) decays intak (97 and K+(©)y are not in conflict with this
interpretation.

6 ELECTROMAGNETIC TRANSITIONS 12

For quarkonium state);Q-, above the ground state but below threshold for strong dataya pair
of heavy flavoured mesons, electromagnetic transitionofea significant decay modes. In fact, the
first charmonium states not directly produced:ire™ collisions, they! states, were discovered in pho-
tonic transitions of the)’ resonance. Even today, such transitions continue to betosalosserve new
quarkonium states [171].

6.1 Theoretical framework
6.1.1 Effective Lagrangian

The theory of electromagnetic transitions between thesekquium states is straightforward. Much
of the terminology and techniques are familiar from the gtaflEM transitions in atomic and nuclear
systems. The photon field %, couples to charged quarks through the electromagnetiemtirr

Ju= Y Y gL (4.109)

i=u,d,s i=c,b,t

The heavy valence quarks ¢, t) can be described by the usual effective action:

D? c-B D, E|

. . o |Dx,E
ﬁNRQCD:ZZ)T{ZDO‘F — +tcryg +cpg e +2659¥

8m?2

2m 2m

T }qp, (4.110)

where theE: andB fields are the chromoelectric and chromomagnetic fieldsre€tions to the leading

NR behaviour are determined by the expansion in the quarkaatiquark velocities. For photon mo-
mentum small compared to the heavy quark masses, the foime &Nl interaction (in Coulomb gauge)
is determined in the same way as the NRQCD action itself @314, 172], the leading order terms are:

D- Aem
(D Ao} ,
2m

jAem = qu,zﬁ{ (1+ k) 7 Bew +... }1/1. (4.111)

2m

The first term of Eq. (4.111) produces electric and the seaweghetic transitions. The coefficient
k¢ Is a possible anomalous magnetic moment for the heavy gliasla perturbative quantity at the level

2author: E. Eichten
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of NRQCD, but may get nonperturbative contributions in gadio lower energy effective field theories,
once the scaldgcp has been integrated out. Since we may assume that potewtiglsnare an attempt
to mimic such theories, we will interpret in this last way tpgantity « that appears there and will be
used in the following.

For quarkonium systems, light quarks, {, s) only contribute to internal quark loops, described
perturbatively at short distance and as virtual pairs offpdlavour mesons at large distance. In the
SU(3) limit the total contribution from light quarks vanehsince its EM current has no SU(3) singlet
part. Hence, to leading order in SU(3) breaking these dauttans can be ignored. We return to these
corrections in Sec. 6.5.

6.1.2 Transition amplitudes

Within aQ»Q1 quarkonium system, the electromagnetic transition aomgdiis determined by the matrix
element of the EM current f| &, |i), between an initial quarkonium staigand a final stat¢. Including
the emission of a photon of momentunand polarizatiore.,, the general form of the transition amplitude
is the sum of two terms

M(@i— ) =MD — )+ M — )] ey (k), (4.112)

where in the termM () the photon is emitted off the quatk; with massmn; and charge;,

MO — f) = 5= [ @2(i|Q](@)(D,exp (ix - k) + (1 + rg,)o x kexp (ix - k))Qu (@)1 F),
1
(4.113)
and in the corresponding terivi(?) the photon is emitted off the antiquatk with massm, and charge
—€9.

Electromagnetic transition amplitudes can be computed fitst principles in Lattice QCD [173].
Preliminary studies [174] have even included electromfgnateractions directly into Lattice QCD
simulations. However, these transitions for quarkoniusteayps have not yet been computed. Various
relations between transitions also arise from QCD sum [a/&s].

Although other calculational models, e.g., using the MIT Ibaodel [176], have been explored,
only potential model approaches provide the detailed ptiedis for the strength of individual transition
amplitudes needed to compare with experiments. The remaofdhis section will focus on the issues
within potential model approaches.

Within nonrelativistic (NR) potential models, a quarkomistate is characterized by a radial quan-
tum numberpn, orbital angular momentund, total spin,s, and total angular momentund, In the NR
limit the spin dependence decouples from the spatial depered The spatial wave function for a NR
state(x), can be expressed in terms of a radial wave functiqp(-) and an orbital angular momentum
dependence by:

() = Yim (0, ) Unt(7). (4.114)

T
The spatial dependence of EM transition amplitudes rediaoegpectation values of various functions of
guark position and momentum between the initial and fina¢steave functions. Expanding Eq. (4.113)
in powers of photon momentum generates the electric and etiagmultipole moments. This is also
an expansion in powers of velocity. The leading order ttaorsiamplitudes are electric dipole (E1) or
magnetic dipole (M1).

6.1.3 Electric transitions

Electric transitions do not change quark spin. The lowestoxtier transition is the electric dipole (E1)
transition. These transitions havel = +1 and As = 0. To compute the E1 transition amplitudes
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exp (ix - k) can be replaced by in electric transition term in Eq. (4.113). Separating dwg overall
centre of mass motion of the system, the quark momentum topei® /m¢, can be replaced by the
commutator/h, x|, of the bound state Hamiltoniah, with the quark position operatax, Finally, the
Hamiltonian acting on the initial or final state is simply thmass of that state. To leading NR order,
this is equal to the momentum of the final photor= (M? — MJ%)/(2M,-). The E1 radiative transition

amplitude between initial state{>*! ;), 7, and final stater(’2'*1 ., f, is [177]:

M(i — f)y = Oou(—1) /ML /07 1 1) (207 +1)(20 + 1)(20' 4 1)

J 1 J r 1 1 I sq J

where(eq) = (e1mg — eamy)/(m1 + mg) and the overlap integrd;; is

if = / dr U (T)TUrgr (7). (4.116)
0

If the full photon momentum dependence in Eq. (4.113) ismeth(even through this is formally a higher
order relativistic corrections); the overlap integfdior m; = mg ande; = —ep = eg is given by

Eif = %/Ooilr U (1) Uy (1) [%jo (%) —J1 <%>] + O(k/m). (4.117)

The spin averaged decay rate is given by

dae?
T 25 f4q) = TQ(zj/ + 1)SEES [, (4.118)

where the statistical factét}; = S¥; is

/ 2
o } . (4.119)

E _ /
Sif—max(f,ﬁ){é, s ¢

6.1.4 Magnetic transitions
Magnetic transitions flip the quark spin. The M1 transititlase Al = 0 and the amplitude is given by:

M (i — f), = Ggp(—1)HHIHFEM SO T 1) (207 +1)(25 + 1) (28 + 1)

Zk‘ 1 1 1 J J 1 s 1 J 1 12 1/2
— \—pu o v -M' M v J 1§ 12 s &

{6—1 + (—1)8“’6—2] My, (4.120)
mi mo
where for equal mass quarks the overlap integrais given by
o k
M= 1+ RQ)/ dr wne(r)ul, (1) jo <7T> + O(k/m) . (4.121)
0

The spin-flip radiative transition rate between an inittatts 2+ ), 4, and a final stater(2s+15 ),

f,is:

4oe?
(i =5 f+7) = 3sz (27" + IS Mg 2, (4.122)
Q

where the statistical factér; = S} is

(2

(4.123)

~ =
w N

2
—

[N
—
N|—= =
C’J\I\DI)—l
®» N
—

[N

J
Sif = 6(2s +1)(2s' +1) { Y
Forl =0 transitionsS% =1.
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6.1.5 Relativistic corrections

The leading relativistic corrections for electric trammsis have been considered by a number of authors
[178-186]. A general form was derived by Grotch, Owen andaSkdn [184]. For example, for the
equal mass quark-antiquatk andbb systems the E1 transition amplitude(j§Xo + X1 i),

Xo = eqr,
k K
xi = iged (5 (0%0) - il - exs)) (4.124)

wherexg is the quark anomalous magnetic moment gnid the relative momentum. The decay rate
then has the general form:
® = TRL(1 4+ R1 + R2 + R3),

where R1 are corrections due to the modification of the nonrelativigtave functions,R2 originates
from the relativistic modification of the transition opemaandR3 are the finite size corrections (arising
from the plane wave expansion for the emitted photon). Fetiti®; — 13S; E1 transition:

(4.125)

Rl = 2F{ + (F{)?
Ry — Fra [J(JH)—z}, (4.126)
2mg 2
R3 = —i(M-—M)2E +LE
0 T g
where
o 0 1)J 1 0
/0 drr [u§0>(r)u§1> (7“)"‘“&0)(7“)“&1)(7”)]
E =
1 g@f ’
| e
Ey = 29 5 , (4.127)
if
o d d
[ [0 (2l - ) - (2l - a0 ) )
E3 _ 0 T T :

andu(!) (r) is the first order relativistic correction to the NR (redugceatiial wave functions:(9) (r).

The corrections for M1 transitions are more complicatedd@eend explicitly on the structure of
the nonrelativistic potential. Assuming that the potdnten be decomposed into three teriig:) =
Vp(r) + (1 — n)Vy(r) + nVs(r), i.e., a perturbative pafit,(r) and a (nonperturbative) confining part,
which is a linear combination of a Lorentz vectidr(r) and a scala¥/;(r) term, the expressiof\1; ¢ |2
in Eq. (4.121) is replaced by [188]; + I + I3 + 14|, where forS wave transitions i)Q systems:

o= [T [0+ soui () + M

L = /O oodmi%(r)uﬁfg(r) _—(1+/<;Q)25% —% : (4.128)
R R Yo ] [ A A

no= [Tafedio -2 ()]
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Fig. 4.10: E1 transitions in the narrow spin triplét states. For each S—P transition indicated there are three
individual transitions (one for eacR; state); while for transitions involving any other pair obdal angular
momenta (P-D, D-F, F-G, ...) there are six individual trémss (AJ = 0, £1).

Further details of these relativistic corrections can bieemd at the original papers of Feinberg and
Sucher [178-180], Zambetakis and Byers [182] and GrotctSmtdstian [183,184]. General treatments
of relativistic corrections for all quarkonium states canfbund in recent works [185, 186].

6.2 E1 transitions

Since the discovery of thd/¢) and )’ resonances in November 1974, E1 transitions have played an
important theoretical and experimental role in quarkonplngsics. Initial theoretical papers on charmo-
nium [187,188] predicted theP states in thec system and suggested that the trigl&tstates could be
observed through the E1 transitions from tii@esonance. In fact, explicit calculations of thg¢ — 1P
and1P — 1S E1 transition amplitudes;; by the Cornell group [187] agree within 25% with present
experimental values [189].

Today there is a wealth of theoretical predictions and erpartal data on E1 transitions. Many
E1 transitions have been observed in thebb and more are expected. For example, Fig. 4.10 shows
the E1 transitions from narrow spin triplet states in shesystem. Transitions occur between two states
differing in L by one and J by zero or one; thus for filesystem there are a total of 99 E1 transitions, 30
of which are theoretically accessibledrie™ collisions from theY' (2S) andY'(3S) resonances.

6.2.1 Model predictions

The theoretical models used to calculate the E1 transitiande classified by the following two consid-
erations: (1) What nonrelativistic potential was used? @)dVhich relativistic corrections (as shown
in Eq. (4.125)) were included in the calculations?

An early choice for the potential was the Cornell model [1187, 190-192]. Here the exchange
interaction was the time component of a vector with a Couladrt range part- K /r plus a linear
r/a? long range confining part. The Coulomb part was modified te@gyith perturbative QCD at short
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Table 4.15: E1 transition rates for low-lying states. The measured masses are used for observed stages. Th
mass values used for tA®,, ' D, and3 D states are suggested by the coupled channel calculatiGtef gR07].

The E1 rates are shown for the (NR) model described in the T variation of results fof;; with inclusion

of relativistic corrections is shown for two models of Ref8p] with scalar confinement (RA) and a mixture of
vector and scalar confining terms (RB).

Transition k S;.Ef LG — fINR)  &r(NR)  &fr(RA)  &(RB)

i = f ( MeV) ( keV) (Gev'!) (Gev!) (Gevl)
13Py(3.415)  1351(3.097) 304 : 120 1.724 2.121 1.720
13P1(3 511) 1351(3 097) 389 3 241 1.684 1.896 1.767
1P(3.526) 1'S0(2.979) 504 : 482 1.615 1.742 1.742
13P2(3 556) 1351(3 097) 430 : 315 1.661 1.596 1.689
2351(3.686) 13Py(3.415) 261 3 47.0 -2.350  —2.296  —1.775
2150(3.638)  1'P;(3.526) 110 : 35.1 —2.469  —2.126  —2.126
2351(3.686) 13P(3.511) 171 3 42.8 —2.432  —2305  —1.782
2351(3.686) 13Py(3.556) 127 5 30.1 —2460  —2.362  —1.901
13D1(3.770) 13Py(3.415) 338 2 299 2.841 2.718 2.802
13D1(3.770) 13Py(3.511) 250 & 99.0 2.957 2.799 2.969
13D (3.770)  13P»(3.556) 208 5 3.88 3.002 3.016 3.348
13D9(3.831) 13P(3.511) 307 L 313 2.886 2.593 2.593
13D,(3.831) 13P»(3.556) 265 = 69.5 2.940 2.781 2.991
1'D,(3.838) 1'Py(3.526) 299 2 389 2.896 2.610 2.610
13D3(3.872) 13P»(3.556) 303 Z 402 2.892 2.508 2.402

distance by Buchmiller and Tye [141, 193]. Other simplenfofor the potential, logarithmic [144, 194]
and power law [195, 196], were also proposed.

In the NRQCD limit the quark—antiquark interaction is spidépendent, but including relativistic
corrections introduces dependencies on the Lorentz steucf the potential. Of particular importance
is the vector versus scalar nature of the long-range coxfimteraction. Many modern theoretical
calculations assume a long range scalar confining potda@al] or a linear combination of the form
nVs(r) + (1 — n)Vy (r) [181, 186, 198]. Moxhay and Rosner [199] assumed an additiong range
tensor force.

The second consideration is the extent of the inclusion efrétativistic corrections. Some cal-
culations are essentially nonrelativistic. These catauia often include some finite size effeci33 of
Eq. (4.125)) by retaining the form fdf;; given in Eq. (4.117) [177,187,190-192, 200]. Other mod-
els also include relativistic corrections to the wave fiord (R1 of Eq. (4.125)) either perturbatively
or nonperturbatively. The relativistic quark model of Gagf and Isgur [201] is an example in this
class. Gupta, Radford and Repko computed the relativisticections using only the gluon exchange
interactions of QCD perturbation theory [202—204]. Manyd®lg include the full relativistic correc-
tions [181, 184,185, 199, 205, 206].

Differences in theoretical assumptions and experimenfaltifor the various potential model cal-
culations of E1 transitions make it difficult to draw sharmclisions from the level of agreement of
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Table 4.16: E1 transition rates for low-lying spin triplétstates.

Transition k sEf L(i — f)(NR)  &f(NR)  &f(RA) & (RB)

i ELog ( MeV) (keV) (Gev'!) (Gev!) (Gev)
13Py(9.860)  1351(9.460) 392 : 22.2 1.013 1.205 1.178
13P1(9.893)  1351(9.460) 423 : 27.8 1.010 1.175 1.163
13P»(9.913)  1351(9.460) 442 : 31.6 1.007 1.124 1.137
2351(10.023)  13P»(9.913) 110 : 2.04 -1.597  —1.800  —1.778
2351(10.023)  13P;(9.893) 130 : 2.00 ~1.595  —1.781  —1.759
2351(10.023) 13 Py(9.860) 162 : 1.29 -1.590  —1.803  —1.781
13D1(10.151)  13P»(9.913) 236 15 0.564 1.896 2.104 2.104
13D1(10.151)  13P;(9.893) 255 L 10.7 1.890 2.050 2.050
13D1(10.151)  13Py(9.860) 287 2 20.1 1.880 2.106 2.106
13D5(10.157)  13P5(9.913) 241 = 5.46 1.894 2.048 2.048
13D5(10.157)  13P;(9.893) 261 L 20.5 1.888 1.999 1.999
13D5(10.160)  13P»(9.913) 244 Z 22.6 1.893 1.979 1.979
23P(10.232)  13D;(10.151) 81 2 1.13 —1.723  —1.740  —1.740
23P(10.232)  2351(10.023) 207 : 9.17 1.697 1.872 1.855
23P(10.232)  13.51(9.460) 743 : 10.9 0.272 0.214 0.239
23P1(10.255)  13D5(10.157) 98 L 1.49 -1.720 —-1.751  —1.751
23P1(10.255) 13D;(10.151) 104 L 0.593 -1.718  —1.721  —1.721
23P(10.255)  2351(10.023) 229 : 12.4 1.688 1.837 1.831
23P1(10.255)  13.51(9.460) 764 : 12.0 0.274 0.228 0.216
23P(10.268) 13D3(10.160) 108 Z 2.25 -1.717  -1.763  —1.763
23P(10.268) 13Dy(10.157) 111 = 0.434 -1.717  —-1.737  —1.737
28P5(10.268)  13Dy(10.151) 117 0.034 -1.715  —1.766  —1.766
23P(10.268)  2351(10.023) 242 : 14.5 1.682 1.792 1.797
23P(10.268)  13.51(9.460) 776 : 12.7 0.274 0.207 0.218
3351(10.355) 23 P»(10.268) 86 : 2.40 —2.493 —2.663  —2.644
3381(10.355)  23P;(10.255) 100 5 2.20 —2.489  —2.607  —2.586
3351(10.355)  23Py(10.232) 122 : 1.35 —2.479  —2.608  —2.582
3391(10.355)  13P»(9.913) 433 : 0.015 0.016 0.063 0.045
3351(10.355)  13P;(9.893) 452 : 0.008 0.011 0.063 0.045
3351(10.355)  13Py(9.860) 483 : 0.001 0.004 0.063 0.045
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Table 4.17: E1 transition rates for low-lying spin singlestates.

Transition k S;.Ef L@ — fINR)  &fr(NR)  &fr(RA)  &((RB)

i 2L f (MeV) (keV) (Gevl) (Gev!) (Gevl)

11 P;(9.900) 150(9 400) 487 3 41.8 1.001 1.149 1.149
21.55(9.990) 1 P(9.900) 90 : 1.99 —1.600  —1.743  —1.743
1'Dy(10.157) 1! P1(9 900) 254 X 25.3 1.891 2.002 2.002
21 P1(10.260)  21.55(9.990) 266 3 19.0 1.671 1.817 1.817
21P(10.260)  1'Dy(10.157) 102 & 2.29 ~1.719  —1.782  —1.782
3150(10.328) 2! P;(10.260) 68 3 2.10 —2.498  —2.571  —2.571
3190(10.328)  1'P(9.900) 419 : 0.007 0.010 0.064 0.064

a particular model and experimental data. However, it issknthat there is usually very little model
variation in the NR predictions (lowest order) if the modais fit to the same states [200]. The only ex-
ceptions are transitions where the overlap integyakxhibits large dynamical cancellations. Therefore,
to compare the variations in results due to the inclusiorelativistic corrections from a common base,
three models for E1 radiative transitions are presented;hndre fit with the same input masses. First a
reference Cornell model [191] (NR), with parameterad K) adjusted to fit the COG positions of the
1S, 1P and 2S states in each of theandbb systems [208]. Here E1 transitions are computed ith
given in Eq. (4.117), i.e., with only finite size relativisttorrections included. Second, a recent model
by Ebert, Faustov and Galkin [186] with full relativistic rcections in two cases: (RA) = 1 (scalar
confinement) and (RB) = —1 (a fitted mixture of scalar and vector confinement).

The results fo€;; are shown for thec narrow states in Table 4.15. The size of the relativistic
corrections tcf; y shown in Table 4.15 vary as much-#85%. This variation is perfectly consistent with
naive expectations far?/c? corrections. McClary and Byers [181] first emphasized tleatlnse of the
node in the radial wave function of tlxS' state the overlags 1p is particularly sensitive to relativistic
corrections in théc system. The significant leptonic width for thg3770) resonance implies that there
is a sizeable S-D mixing between théS; and 12D, states. This mixing arises both from the usual
relativistic correction terms and coupling to strong decagnnels and will affect th# (3686) — 13 P;
andW¥(3770) — 13 P; E1 transitions rates (See Section 6.2.3). Forlthestates there may be additional
large effects on rates associated with this coupling tolyestrong decay channels. (See Section 6.5.)

Results for narrowb states accessible from th&(3S) or Y (2S) resonances are shown for spin-
triplets in Table 4.16 and for the spin-singlets in Tabler4 The typical size of the relativistic corrections
for £;; are approximately half as large as in the correspondinigansition. This is again as expected,
since (v?/c?) is smaller in thebb system. There is a notable exception for the oveflap;p. In the
NR limit this overlap is less than 5% of any other S—P overl@his dynamical accident makes these
transition rates very sensitive to the details of wave fiamst and relativistic corrections, which amet
well under control theoretically.

Finally, for completeness, radiative transitions invotybb states not accessible from t8§ states
are shown in Table 4.18. Only the NR rates are shown. Onessst&arge dynamical cancellations for
the overlaptsp 1p and to a lesser extent in the overlads 1s, £op,1p aNdEsp os.
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Table 4.18: E1 transition rates for the remaining spin étipb states. For eactn’ and/’) only the final state
J' with the largest rate is shown. The transition rates for-sigletbd states differ from the corresponding spin
triplet rates by the ratio of statistical factd#¥(s = 0)/S®(s = 1): 3, 2/3, 9/8 and 16/15 for S-P, P-D, D-F and
F—G transitions respectively.

Transition k St Er T —f)

i 2Ly ( MeV) (Gev'!)  (keV)
13F»(10.370)  13D;(10.151) 217 2 2.681 28.5
13F3(10.370)  13D,(10.157) 211 % 2.684 27.8
13F4(10.370)  13D3(10.160) 208 2 2.686 30.0
23D1(10.441)  13F,(10.370) 71 2 —1.904  0.833
23D1(10.441)  23Py(10.232) 207 2 2.487 13.1
23D1(10.441)  13Py(9.860) 565 2 0.288  3.60
23D,(10.446) 13F3(10.370) 76 S —1.903  0.907
23D3(10.450)  13F4(10.370) 80 2 —1.902 1.09
23D3(10.450) 23 P,»(10.268) 180 Z 2.506 15.8
23D3(10.450) 13P»(9.913) 524 £ 0.278  4.80
33P(10.498)  23D;(10.441) 57 2 —2.584  0.884
33Py(10.498)  335(10.355) 142 : 2.308 5.47
33P(10.498) 13D;(10.151) 341 2 —0.047  0.063
33Py(10.498)  235(10.023) 464 : 0.351 4.44
33P(10.498)  1351(9.460) 986 : 0.137  6.46
33P1(10.516)  23D5(10.446) 70 & —2.579 1.22
33P1(10.516)  3351(10.355) 160 : 2.295 7.71
33P1(10.516) 13D5(10.157) 353 - —0.050  0.060
33P;(10.516)  2351(10.023) 481 : 0.355 5.06
33P1(10.516)  1351(9.460) 1003 & 0.137  6.86
13G3(10.520)  13F3(10.498) 22 i 3.812  0.068
13G4(10.520)  13F3(10.498) 22 = 3.812  0.069
13G5(10.520)  13F4(10.498) 22 & 3.812  0.074
33P5(10.529)  23D3(10.450) 79 Z —2.576 1.96
33P»(10.529)  335(10.355) 172 : 2.284 9.63
33P5(10.529) 13D3(10.160) 363 £ —0.053  0.082
33P»(10.529)  2351(10.023) 494 : 0.358 5.54
33P(10.529)  1351(9.460) 1014 & 0.138 7.16
23F»(10.530)  23D;(10.441) 89 < 3.337 3.02
23F5(10.530)  23D5(10.446) 84 S 3.340 2.69
23F4(10.530)  23D3(10.450) 80 2 3.342 2.62
2315(10.530)  13G3(10.520) 10 i —2.262  0.003
23F3(10.530)  13G4(10.520) 10 = —2.262  0.003
23F4(10.530)  13G5(10.520) 10 & —2.262  0.003
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6.2.2 Comparison with experimer:and P states3

There is now extensive data on electromagnetic transiaomsng heavy quarkonium states. Figure 4.11
shows the inclusive photon spectra from theandbb 23S, decays measured with the CLEO detector
[209]. This section provides a snapshot of the current stakwarious S—P transitions. New data come
mainly from the CLEO experiment at CESR.

In the NR limit the overlagf,,s wp, = [(n’'Ps|r|nS)| is independent off. Experimentally, it is
useful to define averages ovéiby
B(nS—~n'Py) Ty (nS)
/ = 4.129
Ens e (aV8) ¢ DS, (27 + 1) B, (nS—n'Py)3 (4.129)

gan’S(an) D ZJ E,Y(nPJ—>TL/S)3

\/B(nPJ—wn’S) ot (nPy)

whereD = 4/3 « ebQSSEPLgsl. These quantities reduce to the usual overlaps in the NR limorder to
see the relativistic corrections (which vary withit is also useful to define ratio$,s ,/p, /Ens n/p (avg).
Given the total width of the initial state these overlaps bandetermined directly from experimental
branching ratios. The experimental results for theand bb states are shown in Table 4.19. These
results are extracted from the world average result8far.(1P;)—~.J/v) andB(1(2S)—vx:(1Py)).
Also shown are recent results from CLEO-c (v (2S)—~yx.(1Py)) transitions [210]. Results for
B(T(3S5)—vxp(2P;)) and B(T(25)—~x»(1P;) are taken from Ref. [10]. The E1 transitions show
clear evidence off dependence and, hence, relativisitic correction$' state transitions. The largest
relativistic effects are in the®S; to 13 P; éc transitions.

With their largeY (3S) data sample and excellent Csl electromagnetic caddemnthe CLEO IlI
experiment has been able to measure the E1 photon trasditan theY (3S) to they,(2P;) states, and
the subsequent photon decays of those states t& (28) andY (1S). They identify exclusive~y/* ¢~
events, which are consistent with photon transitions thinotine x,(2P;) states to thér(2S) orY(1S),
followed by the leptonic decay of th®. This provides a very clean signal with little background.
Tables 4.20 and 4.21 give a summary of their preliminarylte$f11] on the product branching ratios,
along with comparisons with the previous CLEO 1l [212] and®RJ213] measurements. Then, by using
the world average values for th&(3S) — x,(2P;) + v andY leptonic branching ratios, the,(2P;) —

T + ~ branching ratios can be obtained.

For the similar transitions through thg(1P;) states: Y (3S)— ~vx»(1Py), x»(1P;) — ~Y(1S), the
photon lines for the different J states cannot be resolvae td the finite crystal energy resolution. The
J = 0 branching ratio is expected to be small, given the laggiEdnic width of this state. So CLEO IlI
gives a combined product branching ratio, summed over the drel J = 2 states. The results are shown
in Table 4.22.

We can extract th&€;p 35| matrix element from the photon transitions via thg1P) states:

B(3S—~1P,1P—~1S) Tyor (35
Elp,ss(avg)z\/ 8527 115) Lo (35) (4.130)

DY, (20 + 1)E,(1P;—18)3B(1P;—+15)’

This formula assumes that the matrix element is spin indégremn Taking3(3S—~y1P, 1 P—~v1S) from
Table 4.22 and the world average values for the other qigmfiom PDGO04 [10], we obtain:

E1p 3s(ave) = (0.050 £ 0.006) GeV 1.

The error here includes the statistical and systematicrtainges on all quantities added in quadrature.
The averaging is only ovef = 1 andJ = 2.

Bauthors: E. Eichten, T. Ferguson
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Table 4.19: Measured E1 overlap integrals for S—P tramstioTransition rates use branching ratios and total
widths from PDGO04 world averages [10] except for second Sedloes for there transition23S; — 13 P;, which
uses branching ratios from recent results of CLEO-c [210].

Transition |Eave| E1/Eawg
i Loy (Gev) J=0 J=1 J=2
cc
1°P; 138, | 1.874+0.07 | 0.92+0.05 0.99+0.06 1.0440.03
2381 13P; | 1.78 £0.07 | 0.944+0.04 1.014+0.05 1.0740.05
1.94 +£0.07 | 0.90£0.02 0.97+0.03 1.19 £0.04
bb
3381 23P; | 2754021 | 0.924+0.06 1.0640.05 1.02+0.06
2381 13P; | 1.944+0.18 | 0.924+0.06 1.0940.05 0.98 +0.06

Table 4.20: CLEO Il preliminary results [211] f6f (3S) — ~ x»(2P;) — vy Y(2S) — ~y£T£~, along with
comparisons with CLEO 11[212] and CUSB [213].

Parameter (units) Ref. J=2 J=1 J=0
B(yytte~) (1074) [211] | 2.73+£0.15+£0.24 | 5.84 £0.17 £ 0.41 | 0.17 £ 0.06 & 0.02
[212] | 2.49 £0.47 +£0.31 | 5.11 = 0.60 £ 0.63 < 0.60
[213] | 2.74 £ 0.33 £0.18 | 3.30 £0.33 £0.19 | 0.40 £ 0.17 £ 0.03
B(Y(3S)— vyY(2S)) (%) | [211] | 2.20 £0.12 £ 0.31 | 4.69 £0.14 £ 0.62 | 0.14 + 0.05 £ 0.02
B(xs(2P;) — 7Y (2S)) (%) | [211] | 19.3+1.1+3.1 415+12+59 | 2594+0.9240.51

Table 4.21: CLEO Il preliminary results [211] f6f (3S) — ~ x»(2P;) — vy Y(1S) — ~y£T£~, along with

comparisons with CLEO 11[212

]and CUSB [213].

Parameter (units) Ref. J=2 J=1 J=0
B(yytte~) (1074) [211]]1.93 +£0.12 +0.17|3.19 £0.13 £ 0.18 < 0.16
[212]]2.51 +0.47 £0.32|3.24 + 0.56 + 0.41 < 0.32

[213]|1.98 £0.28 £ 0.12|2.34 = 0.28 = 0.14{0.13 = 0.10 &= 0.03
B(Y(3S)— vyY(1S)) (%)|[211]|0.79 4+ 0.05 + 0.07 | 1.31 £ 0.05 £ 0.08 < 0.08
B(x»(2P;) — vY(1S)) (%)|[211]| 7.0£0.4+0.8 11.6+0.4+0.9 < 1.44

Table 4.22: CLEO Il preliminary results [211] fof (3S) — v xu(1Ps) — vy Y(AS) — yy£T¢~, along with
comparisons with the CUSB experiment [213]. The valuesanmensed over the J =1 and J = 2 transitions.

Parameter Ref. | J=1 and 2 Combined
B(yytem) (1074 [211]]0.520 + 0.054 + 0.052
B(Y(3S)— 7Y (1S)) (%)[[211]]0.241 + 0.022 £ 0.021
[213]| 0.12 £0.04 £0.01
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Table 4.23: Comparison of average E1 matrix elements amd #i@s predicted by different potential models with
measurements fromb data. “NR” denotes nonrelativistic calculations and “nefers to models with relativistic
corrections. The first set of model entries are the referermmdels considered here. The second set is a selection
of other models taken from Ref. [211].

|E3s2p| | |E28,1P] |E3s.1p| |E2p 15|
|E2p 25
GeV! GeV! GeV!
DATA 2.7+0.2 \ 1.94+0.2 | 0.050 £ 0.006 \ 0.096 =+ 0.005
World Average CLEO Il [211]

Model NR rel | NR rel| NR rel NR rel
NR 2.5 1.6 0.014 0.16

RA 2.6 1.8 0.063 0.12
RB 2.6 1.8 0.045 0.12
Kwong, Rosner [200] 2.7 1.6 0.023 0.13
Fulcher [214] 2.6 1.6 0.023 0.13
Buchmuller et al. [141, 193] 2.7 1.6 0.010 0.12
Moxhay, Rosner [199] 27 27|16 16| 0.024 0.044| 0.13 0.15
Gupta et al. [204] 2.6 1.6 0.040 0.11

Gupta et al. [202, 203] 2.6 1.6 0.010 0.12
Fulcher [215] 2.6 1.6 0.018 0.11
Danghighian et al. [206] 28 25|17 1.3|0.024 0.037/0.13 0.10
McClary, Byers [181] 26 25|17 16 0.15 0.13
Eichten et al. [191] 2.6 1.7 0.110 0.15

Grotch et al. [184] 27 25|17 15|0.011 0.061| 0.13 0.19

Results for the values of(avg) in thebb P system are compared to various potential model
predictions in Table 4.23. We also include resultsdgy.p and&;s 1p from Table 4.19 extracted from
the world average results fét(Y (35)—~vyx,(2P)) andB(Y (25)—~vyx»(1P;) [10]. While most of the
potential models have no trouble reproducing the largeir@gments£ss op, E25.1p, Which show also
little model dependence, only a few models predigt;p in agreement with measurements. Clearly, the
latter transition is highly sensitive to the underlying cigstion of bb states as discussed above.

The branching ratios given in the Tables 4.20—-4.22 can asséd to measure the ratios of various
E1 matrix elements, which can then be compared to differetgrial model predictions. First, the ratio
of the matrix elements for the decay of the sapé P;) state to differenfl’ states can be found using:

Expyas \/3(35 — 42P;,2P; — 418) (EV(ZPJ . 25))3

4,131
52})(],25 B(3S — ’YQPJ,QPJ — 725) E—y(2PJ — IS) ( )
With this method, the following values are obtained:
& &
“2P215 0105 + 0.004 + 0.006, 2115 — 0.087 + 0.002 + 0.005, (4.132)
Eap, 25 2P1,28
&
Eoppis  Eopits o) 4 gps  2P2IS (006 £ 0.002 £ 0.005. (4.133)
Eop, 08 ' Eapy 28 Eapy 5,28

To compare to potential model predictions, the last numbevais an average over the J =1 and
J =2 values. In the nonrelativistic limit, the E1 matrix ekemts should not depend on J. Since the values
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for the J = 1 and J = 2 matrix elements differ by 3.5 standardatiens, there appears to be evidence
for relativistic effects in theb system in both thes and P states transitions. Again these results are
compared to various potential model predictions in Tat?84Predictions for the rati@sp 15|/|E2p 25|

are very model dependent, but somewhat higher than theimemgal values.

Overall, the comparison of the measured matrix elementgtangredictions of various potential
models shows that the recent theoretical calculationsititatrporate relativistic effects are better at
reproducing the data [209, 211].

6.2.3 D states

In theéc system, the 3 D; and13 D5 states are abov® D threshold and have open flavour strong decays.
The J = 2 statesl® D, and1' D, are below (or at) thé>*D + DD* threshold and are expected to be
narrow. In all cases, the coupling to real and virtual strdegay channels is likely to significantly
alter the potential model radiative transition rates shawhable 4.15. (We will discuss this further in
Section 6.5 below.) One effect of these couplings is thay/tf3770) state will not be a puré3 D, state

but will have a sizeable mixing component with th&s; state:

Y(3770) = cos(¢)|13Dy) + sin(4)[23S)) . (4.134)

Using the measured leptonic width of thi€3770) and resolving a two-fold ambiguity in favor of the
value of the mixing angle favored by Cornell coupled charoadtulations [191], Rosner finds [106]
¢ = (12 £ 2)°. Employing the NR results of Table 4.15, the ratios of E1gi#ons to variousy. states
are:

LWETI0) = et) _ g (£ +t0(0)

L(%(3770) — vXeo) ' f 3+ tan(¢)
o
o

DEBTT0) = Xed) _ 4 4 ( 30+ tan(9) i
L(4(3770) — vxco) . \/_+tan()

Measuring these branching ratios is experimentally chgitey. [The only existing data is contained in
an unpublished Ph. D. thesis based on MARK Il data [216].]EQc may be able to determine some
of these branching ratios in the near future.

In the bb system CLEO Il [171] has presented evidence for the pradamodf Y(1D) states
in the four-photon cascade (see Fig. 4.10§3S)—vx»(2P), x»(2P)—~yY(1D), T(1D)—vx,(1P),
x»(1P)—~T(1S5), followed by theY (15) annihilation intoe™e™ or u*u™.

In addition to the four-photon cascade via fli€l D) states, they observe events with the four-
photon cascade via tHE(2S5) state: T(3S5) — vxu(2P), xs(2P) — T (25), T(2S) — vxu(1P),
xo(1P) — ~yY(1S), Y(18)—I"I~ The product branching ratio for this entire decay sequeinctuling
Y(1S)—I*17) is predicted to b&.84 - 1075 [217], thus comparable to the predictéd1 D) production
rate. In the four-photon cascade via tfi¢1D) the second highest energy photon is due to the third
transition, while in these cascades the second highegyyepboton is due to the second photon transition
(see Fig. 4.10). This allows the discrimination of ffiel D) signal from theY' (2S) background events.

CLEO 11l [171] finds their data are dominated by the produttaf oneY (1D) state consistent
with theJ = 2 assignment and a mag€)161.1+0.6+1.6) MeV, which is consistent with the predictions
from potential models and lattice QCD calculations.

The signal product branching ratio obtainedsi8yyyI™1™)yap) = (2.5 0.5 £ 0.5) - 107°.
The first error is statistical, while the second one is syatean The significance of the signal is 10.2
standard deviations. This branching ratio is consistett Wie theoretically estimated rates. Godfrey
and Rosner [217], summing ov&i(1D; 2 3) contributions, obtained.76 x 10~°; while the predicted
rate [200, 217] for thé'(1D) state alone i€.6 x 1072,

(4.135)
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Forming the ratio of('(1D) to Y (2S) four-photon cascades would allow the measurement in a
fairly model independent way of the estimate of the totalttvidf the Y(1D) state, if the individual
T(2P;) andY (1Pj/) transitions could be resolved.

6.3 M1 transitions

For M1 transitions, the leading order NRQCD prediction floe bverlapM; is independent of the
potential model. The spin independence and orthogondlitates guarantee that the spatial overlap
matrix is one for states within the same multiplet and zercaftowed transitions between multiplets,
which have different radial quantum numbers.

Including relativistic corrections, e.g., finite size awtions, will spoil these exact results and
induce a small overlap between states with different ragliantum numbers. Sueh# »’ transitions
are denoted hindered.

6.3.1 Model predictions

Within the (NR) model used for the E1 transitions (i.e., anetativistic treatment except for finite size
corrections andig = 0) the M1 transition rates and overlap matrix elememsfor cc andbb S states
are shown in Table 4.24.

Numerous papers have considered these M1 transitionglinglfull relativistic corrections [182,
184-186,201,217,218]. There are several sources of amgrthat contribute making M1 transitions
particularly complicated to calculate. In addition to theual issues associated with the form of the
long range potential there is the unknown value for the ahousamagnetic moment for the quarky).
Furthermore, the results depend explicitly on the quarksesmand on other details of the potential (see
Egs. 4.128). For the models (RA) and (RB) used for the E1 itians, ko = —1. The theoretical
uncertainty in the value ofg will eventually be reduced by lattice calculations in quamkim systems.

6.3.2 Comparison with experiment

M1 transitions have only been observed in thesystem. The allowed transitions in thesystem below
threshold are shown in Fig. 4.12. The transitions within iz system are tinys£ 1 eV). Only the
J/¢Y — n.andy’ — 7. are observed experimentally [10]. For thiesystem CLEO [219] sees no
evidence for the hindered M1 transitioh(3S) — n,(1S). The90% cl upper bound on the branching
ratio varies fromd — 6 x 10~* depending on the mass splitting. For the expected splittiri 0 MeV
the bound is5.3 x 10~ [219]. This rules out a number of older models [182, 201]. Anparison
of the experimental results with a variety of more modern ef®ds shown in Table 4.25. For each
model the assumptions for the mixture of scalar and vectofimement and the value af; is exhibited
explicitly. For the model of Lahde [185] the results are akown without including the exchange term
(NEX). This (NEX) piece neglects the time ordering of phoémnission and potential interaction, which
vanishes in the NR limit. Generally models with a scalar ¢on§ interaction and/or a sizable negative
anomalous quark magnetic moment are favored.

6.4 Higher order corrections
6.4.1 Higher multipole contributions

In lowest order, only the E1 amplitude contributesytostates radiative transitions. In higher order in
v?/c* a M2 amplitude contributes fof = 1,2 and an E3 amplitudes is also possible for the= 2
state. To ordew?/c? these M2 and E3 corrections to the dominant E1 term can boigrito angular
distributions but cannot contribute to total decay ratekis Tomes from the orthogonality of terms in
the multipole expansion.
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Table 4.24: M1 transition rates for S-wave quarkonium staiging the NR model described in text. Finite size

corrections are included in the calculation/ef (see Eq. (4.121)) anely = 0.

CHAPTER4

Transition k I'(i = f)(NR) M;¢(NR)
i ML g ( MeV) (eV)

cc
1351(3.097) 1! 50(2 979) 115 1,960 0.998
2351(3.686)  2150(3.638) 48 140 0.999
2154(3.638) 1351(3 097) 501 538 0.033
2351(3.686)  1150(2.979) 639 926 0.053

bb
1251(9.460)  1155(9.400) 60 8.953 1.000
21.50(9.990) 1351(9 460) 516 2.832 0.013
2351(10.023)  2150(9.990) 33 1.509 1.000
2351(10.023)  1154(9.400) 604 2.809 0.018
3150(10.328) 235(10.023) 300 0.620 0.014
3150(10.328)  13.51(9.460) 831 3.757 0.007
3351(10.355)  3150(10.328) 27 0.826 1.000
3351(10.355)  2154(9.990) 359 0.707 0.019
3351(10.355)  11.54(9.400) 911 2.435 0.009

Table 4.25: Comparison of M1 transition overlaps with eipent for various models. The transition overlap
3 —

I= %{?Mﬁ is from nS spin triplet to the n’S spin singltstates in théc andbb systems. The experimental

upper bounds are0% cl.

Type TransitionI,, ,,/

Model parameters (n,n') [ed] (n,n') [bb]
N kg (1,1) enley @y 631 62
Cornell [191] | NR 0.84 0.028 | 0.92 0.017  0.007  0.018
GOS84 [184] 0 0 0.86 0.075| 0.88  0.058 - —
0 -1 0.58 0.054 | 0.081  0.007 - —
1 0 0.65 0.127 | 0.91  0.048 - —
1 -1 0.39 0.029 | 0.049  0.021 - -
EFGO02 [186] 0 0.84 0.036| 0.91  0.018 0.013  0.016
1 0 1.06 0.027| 1.08 0.011  0.009  0.007
-1 -1 0.62 0.045| 0.75  0.025  0.026  0.017
LahdeO2 [185] NEX 0 0.87 0.011| 0.92 0.020 0.009  0.016
1 0 0.67 0.049| 0.88 0.032  0.014  0.037
EXP 0.66 = 0.10 0.042 £+ 0.004 < 0.045 < 0.020 < 0.080
Ref [10] [10] [210] [209] [219] [209]
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Fig. 4.12: Allowed M1 transitions in the narraw. ThelP transition rates are unobservably small{eV).

It was originally suggested by Karl, Meshkov and Rosner [2B@t these corrections can be
studied by measuring the angular correlations betweemihi@lotons in the transitiop’ — y.+~v —
J/v¥ + 2v. These effects can also be studied forstates directly produced in hadron collisioris,
decays ompp annihilation by measuring the combined angular distringiof the photon and thg [~
pair produced in the subsequehty decay. The details of these correlations have been catculat
Sebastian, Grotch and Ridener [221].

For the photon transition from g.; state there ard + 1 normalized helicity amplitudes4, .
Defining |[a| = VE12 + M22 + E32, ay = E1/|al, aa = M2/|a| andaz = E3/|a| the relation
between helicity and multipole amplitudes is:

1
20+1\2
Ay—%:ag<2J+l> 0,1;1, 0 —1]J,v). (4.136)

Allowing for an anomalous magnetic momett and mixing between th2S and1D states the
theoretical predictions for

1/}/_>XCJ+7 and XCJHJ/T/}"F’Y

are shown in Table 4.26 along with a comparison with presgpérfmental results. The S—D mixing
parameter i€>s 1p X = —tan ¢ &1p,1p Where¢ is defined in Eq. (4.134). In the notation of Eq. (4.127)

dr 12 | U171 -

As can be seen from Table 4.26 a nonzero E3 amplitude invthes ., + v decay is evidence
for S—D mixing in thety ’. Also note that the M2 term is sensitive to a possible anonsatnagnetic
moment,x., for the charm quark. The recent BES results [223] for the W@ B3 contributions do
not differ significantly from zero. Additional high staiist studies of these angular distributions will

(0)
the other model dependent parameter is definegibyipY = /drr (rdu12 — u(0)> )
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be necessary to determine the size of S—D mixing and sheddigthe magnitude of the charm quark
magnetic moment.

6.5 Coupling to virtual decay channels

When light quark loops are included in the description ofrgaaium systems, the physical quarkonium
states are not pure potential-model eigenstates and tetstif coupling to real and virtual heavy-light
meson pairs must be included. Our command of quantum chrgmaoaics is inadequate to derive a re-
alistic description of the interactions that communicatenzen the)(Q andQq + gQ sectors. However,
the physical picture is that wave functions correspondmgliysical states are now linear combina-
tions of potential-modeQ) eigenstates plus admixtures of open heavy-flavour-mesios. jéghe open
heavy-flavour pieces have the spatial structure of bouridsstd heavy-flavour mesons: they are virtual
contributions for states below threshold (see SectionBCGhiapter 3 for more details).

Far below heavy flavour threshold, the nonrelativistic poéé model is a good approximation
to the dynamics of th€)(Q system. For excited states above the first few levels, thelicouof QQ
to heavy-flavour-meson pairs modifies wave functions, nsassed transition rates. In particular, this
modifies electromagnetic transition rates considered énpifevious subsections. In addition to these
contributions, which involved photon coupling to a heavgtiguark, the contributions of light quark
currents can no longer be neglected. The mass differencesgatheQu, Qd and Qs mesons, induce
large SU(3) symmetry breaking effects. This destroys timeelation among the light quark EM current
contributions.

To compute the E1 radiative transition rates, we must tatl@dacount both the standa(@Q)
— (QQ)~ transitions and the transitions between (virtual) decanakels in the initial and final states.
This second set of transitions contains light quark couatidims for states near threshold. Recently,
the effects of configuration mixing on radiative decay rédteshe cc system were reexamined [207]
within the Cornell coupled-channel formalism. A full outi of the calculational procedure appears in
Refs. [177,191]. (In particular, see Section IV.B of ReP1].)

Expectations for E1 transition rates among spin-tripleele are shown in Table 4.27. Both the
rates calculated between single-channel potential-medeinstates (in italics) and the rates that result
from the Cornell coupled-channel model are shown, to inditze influence of the open-charm channels.

The £D, transition rates at the mass©3770) and at the predicted®D; centroid,3815 MeV,
are shown. For the(3770), with its total width of abouR4 MeV, the 13D (3770)— 0 7(338) transi-
tion might someday be observable with a branching fractiot?6. For the $D, and £D; levels, the
radiative decay rates were calculated at the predic%ﬁ:{ tentroid,3815 MeV, at the mass calculated
for the states3831 MeV and3868 MeV, respectively), and at the mass®{3872). The model repro-
duces the trends of transitions to and from thestates in broad outline. For these low-lying states, the
mixing through open-charm channels results in a mild redoatf the rates.

This study was done in the Cornell coupled channel model.olilevbe useful to do a similarly
detailed study of these effects in other models.

6.6 B, states

Quarkonium systems with unequal quark and antiquark massesB. mesons, are theoretical inter-
esting, but are not easily accessiblecine™ collisions. They can be produced in significant numbers
in hadron collisions (see Chapter 5, Section 8). CDF hasrteghohe discovery of the ground stae
meson via its semileptonic weak decay [224]. Theoreticklutations for E1 and M1 radiative transi-
tions have been presented by a number of authors [186, 1922@)] even though the whole excitation
spectrum remains to be observed experimentally.
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Table 4.26: M2 and E3 multipole amplitudes for radiativengiions involvingy. states. The values of X and Y

are model dependent and are defined in the text. Note 0 if no S—D mixing.

Xeg — J/¢ +
J | theory [221] E835 [222] PDG04 [10]
2 | ax ™~ (1+ k) —0.09370-539 4 0.006 ~0.13 £ 0.05
2 | a3=~0 0.02070:039 £ 0.009 0.0117003%
1| ay~ (1+ ko) 0.002 = 0.032 + 0.004 —0.00279:908
V' = Xeg +
J | theory [221] BES [223]
2 | ap m =5 (14 ko) (1+ B2 X) — 2 X]/[1 - 25 X] | —0.05170(538
2 | ag ~ —%%X{l +8Y)/11 - L5 x] —0.02710:043
1|z~ =251+ 1) (1 4+ 22 X) + i X]/[1 + 5 X]

Table 4.27: Calculated and observed rates for E1 radiativesitions among charmonium levels from Ref. [207].
Values initalics result if the influence of open-charm channels is not inadud®leasured rates are shown for
comparison. Experimental values are calculated from waritages [10], except fd# ()’ —~3 P;) whose values

are taken from the recent CLEO-c measurement [210].

Transition k. width k., width k. width
(MeV) (keV) (MeV) (keV) (MeV) (keV)
P state
S state Xe2 Xel X0
J /1 429 300—287 390 228 —216 303 113—107
[exp] 430 =+ 40 290 + 50 119 + 16
Y 129 23—23 172 38 —32 261 36 —38
[exp] 25.9 4+ 2.1 25.5 4+ 2.2 26.2 + 2.6
P state
D state Xe2 Xel Xc0
13D, (3770) 208 3.2—3.9 251 183 —39 338 254 —225
13Dy (3815) 250 5.5—6.8 293 128—120 379 344 —371
13D4(3815) 251 50—40 293 230—191
13D4(3831) 266 59—45 308 264 —212
13D5(3872) | 303 85—45 344 362—207
1°D3(3815) | 251  199—179
13D5(3868) | 303 329286
13D3(3872) 304 341—299
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7 HADRONIC TRANSITIONS 14
7.1 Theoretical approaches

Hadronic transitions (HTs)
O;—dr+h (4.137)

are important decay modes of heavy quarkodig o ; andh stand for the initial-, final-state quarkonia
and the emitted light hadron(s)]. For instance, the brangchatio ofy’ —.J /vy + 7 + 7 is approximately
50%. In thece andbb systems, the typical mass differents,, — My, is around a few hundred MeV, so
that the typical momentum df is low. In the single-channel picture, the light hadror{gre converted
from the gluons emitted by the heavy quapkor antiquarkQ in the transition. The typical momentum
of the emitted gluons is too low for perturbative QCD to beatae. Certain nonperturbative approaches
are thus needed for studying HTs. In the following, we brieflyiew two feasible approaches: namely,
the QCD multipole expansiofQCDME) and theChiral Lagrangian for Heavy Mesons

A. QCD Multipole expansion

HeavyQQ bound states can be calculated by solving the Schrodingetien with a given poten-
tial model. Forez andbb quarkonia, the typical radius is= +/(r2) ~ O(10~!) fm. With such a small
radius, the idea of QCDME can be applied to the soft gluon gionis in HTs. QCDME is an expansion
in powers of = - V operating on the gluon field, wheneis the separation betweep and @ in the
guarkonium. For a gluon with a typical momentum~ few hundred MeV, the expansion parameter
is actually ak ~ O(10~!), ensuring convergent® Note that the convergence of QCDME does not
depend on the value of the QCD coupling constant.

QCDME has been studied by many authors [227-231]. The gauggant formulation is given in
Ref. [230]. Lety)(z) and Af(x) be the quark and gluon fields. Following Refs. [230, 231], meoiduce

U(z,t) = U (e, t)¢(x), %AZ'(-’L‘J) = U_l(wi)%flﬁ(w)U(w,t) - giU_l(w,t)auU(-’mt)?
’ (4.138)
with -
U(zx,t) = Pexp {igs/ fA“(a:’,t) dx’ |, (4.139)
X

in which P is the path-ordering operation, the path is along the dttdige connecting the two ends, and
X = (x1 + z2) /2 is the c.0.m. coordinate @f andQ. It is shown in Ref. [230] that, in the Lagrangian,
U(x,t) serves as thdressedconstituent quark field. Now we make the multipole expansion [230]

Al (z,t) = AY(X,t) — (x — X)- B (fX,t)+---, AY(X,t) = —%(a:—X) x B*(X,t)+---,

(4.140)
where E* and B¢ are colour-electric and colour-magnetic fields, respebtivT he Hamiltonian is then
[230] . .

Hep = HééD + H&%D, (4.141)

with HS%D the sum of the kinetic and potential energies of the heavykguand
HSp = Hi+Ha, Hi=QuA§(X.t), Hz=—d, E*“(X,t)—ma BX,t)+---, (4.142)

in which Q,, d,, andm, are the colour charge, colour-electric dipole moment, asidur-magnetic
dipole moment of th&€)Q system, respectively. Equation (4.141) is regarded asfactiee Hamiltonian

pauthors: D. Z. Besson, A. Deandrea, F. A. Harris, Y.-P. Kua®g_. Olsen
5We know from classical electrodynamics that the coefficitihe (ak)" term in the multipole expansion contains a factor

m. Hence the expansion actually works better than what migledpected by simply estimating the sizgek)".
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[230]. Considering that the heavy quark may have an anorsalmagnetic moment, we takg: and
g to denote the effective coupling constants for the eleetnid magnetic multipole gluon emissions
(MGE), respectively.

We shalll takeHg]()JD as the zeroth order Hamiltonian, and ta’,lé%D as a perturbation. This is

different from the ordinary perturbation theory sirﬁézoéD is not a free field Hamiltonian. The general
formula for theS matrix element in this expansion has been given in Ref. [28hijch is

(4.143)
wherew; is the energy of the emitted gluons. Explicit evaluationshefS matrix elements in various
cases will be presented in Section 7.2.

1 1

B —HO oo E-HO 1 —HH2
? QCD 0 1 % QCD 100 1

(1151) = ~i2nd(; + oy - E{ 1|

B. Chiral Lagrangian for heavy mesons

In the effective Lagrangian approach one can construct ayheason multiplet field analogous
to the one introduced for heavy-light mesons. Symmetraking terms can be easily added to the for-
malism as we shall see in the following. As in the single hegqugark case, an effective Lagrangian
describing the low-momentum interactions of heavy quaigkerith light mesons can be written down.
The heavy quarkonium multiplets are described by a simpketformalism [232]. Parity? and charge
conjugationC', which determine selection rules for electromagnetic adfdnic transitions are exactly
conserved quantum numbers for quarkonium, together withf spin-dependent interactions are ne-
glected, it is natural to describe the spin singlet!; and the spin triplein 3l; by means of a single
multiplet J(m,[). For the casé = 0, when the triplets = 1 collapses into a single state with total
angular momentund = 1, this is readily realized:

J = MT{})[HM’Y“ — 177s] a 5 %)
Here v* denotes the four velocity associated to the multipletsd,, and . are the spin 1 and spin 0
components respectively; the radial quantum number hasdredted. The expressions for the general
wave J#1--# can be found in Appendix C of Ref. [233].

For illustrative purpouses let us start by consideringaik transitions, whose analysis can be
easily carried out in terms of the multiplet field introducaasbve. The Lagrangian for radiative decays
is:

(4.144)

L= "5(m,n){T(m) Ju(n))v,F* + h.c., (4.145)

where a sum over velocities is understodd” is the electromagnetic tensor, the indicesand n
represent the radial quantum numbef&y) stands for the multiplet with radial number andd(m, n)

is a dimensional parameter (the inverse of a mass), to be figad experimental data and which also
depends on the heavy flavour. The Lagrangian (4.145) cosserarity and charge conjugation and is
invariant under the spin transformation. It reproduceseiieetric dipole selection ruleA? = +1 and
As = 0. Itis straightforward to obtain the corresponding ragmividths:

62 . Mg
rGp;—?3 = 32 4.146
( J— 51’7) 37 MPJ’ ( )

2J +1 M
P8 3Pp) = ¢ ‘]9: 521 o (4.147)
J

62 .M

1 1 _ 9 4,348
F( P1—> S()"y) = 371' MP, (4148)
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wherek is the photon momentum. Once the radial numbeendm have been fixed, the Lagrangian
(4.145) describes four no spin-flip transitions with a singhrameter; this allows three independent pre-
dictions. The previous decay widths can be compared witbetlod the electric transitions of Sec. 6.1.3
and in particular with formula (4.118). The ratio of the messm the previous widths should be put to one
in the nonrelativistic limit and the free parameteof the effective Lagrangian encodes the information
of the overlap integral of equation (4.116).

The effective heavy-meson description of quarkonium dasssaem to present special advan-
tages to describe heavy quarkonium annihilation. In thieviehg we shall concentrate on quarkonium
hadronic transitions.

The heavy quark spin symmetry leads to general relationghierdifferential decay rates in
hadronic transitions among quarkonium states that esdignteproduce the results of a QCD double
multipole expansion for gluonic emission. Further use afatlsymmetry leads to differential pion decay
distributions valid in the soft regime [234, 235]. At the lest order in the chiral expansion for the emit-
ted pseudoscalars we find a selection rule allowing only¥end€odd) number of emitted pseudoscalars
for transitions between guarkonium states of orbital amgolomenta different by even (odd) units. Such
a rule can be violated by higher chiral terms, by chiral biegkand by terms breaking the heavy quark
spin symmetry. Specialization to a number of hadronic items reproduces (by elementary tensor con-
struction) the known results from the expansion in gluontipaoles, giving a simple explanation for the
vanishing of certain coefficients, which would otherwiseallewed in the chiral expansion. In certain
cases, such as for instané®,— 3Py, 3P, — 3Py, or D-S transitions vidr, the final angular and
mass distributions are uniquely predicted from heavy gspik and the lowest-order chiral expansion.

An important class of hadronic transitions between heawgrkpnium states is provided by the
decays with emission of two pions, for example:

W — Jhprr. (4.149)

To describe these processes one can use the chiral symmoethefpions and the heavy-quark spin
symmetry for the heavy states. The first of these is expeotbdltl when the pions have small energies.
We notice that the velocity superselection rule applieg at ¢2,,.., when the energy transfer to the pion
is maximal. Therefore, we expect these approximations tealid in the whole energy range only if
2 .
Jmax 1S SMall.

Nonetheless a humber of interesting properties of theseitians can be derived on the basis
of the heavy quark symmetry alone. Therefore, before degithe pion couplings by means of chiral

symmetry, we discuss the implications of the heavy quank spmmetry in hadronic transitions.

As an example, we consider transitions of the tyj® — 35S, + h and 'So— 1Sy + h, whereh
can be light hadrons, photons, etc. By imposing the heavykgg@n symmetry, one is led to describe
these processes by an interaction Lagrangian:

Lggr = <J/j>HSS/ + h.c. (4.150)

where the dependence upon the pion field is contained in thyetasspecified operatddgg:. It
is immediate to derive fronCgg the averaged modulus square matrix elements for the ti@msit
38,38, + h and'Sy—1'S, + h with an arbitrary fixed number of pions in the light final state
We obtain:

IM(PS1—2S1 + h) 2, = IM(*So—"So + h) |2, = 4MsMg/|Tgg 5|, (4.151)

whereMg and M are the average masses of the two S-wave multiplgs; j, is the appropriate tensor
for the emission of the light particlgs, to be calculated from the operats:. By denoting withdl’
the generic differential decay rate, we have:

dT'(38,—381 + h) = dT'(}Sg—1Sy + h) . (4.152)
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This is the prototype of a series of relations, which can lrévee for hadronic transitions as a
conseguence of the spin independence of the interactiorstén all the known cases they coincide with
those calculated in the context of a QCD double multipoleaespon. We note, however, that we do not
even need to specify the nature of the operatpwhich may depend on light fields different from the
pseudoscalar mesons (e.g., the photon, or a light hadron pebvided that the interaction term we are
building is invariant under parity, charge conjugationd #ime other symmetries relevant to the transition
considered.

A useful symmetry that can be used in processes involvirg ggarks is the chiral symmetry. Itis
possible to build up an effective Lagrangian, which allowstudy transitions among quarkonium states
with emissions of soft light pseudoscalars, considerechas3oldstone bosons of the spontaneously
broken chiral symmetry.

The light mesons are described as pseudo-Goldstone bdsechsjed in the matrixs = £2,
where we use the standard notation of chiral perturbatiearth Frequently occurring quantities are the
functions of¢ and its derivativesA,, andV,, given by:

Vi=y (€06 +€0,6")  and A= (60,6 - 0,6, (4.153)

The octet of vector resonances €tc.) can be introduced as the gauge multiplet associaitibdtive
hidden group SU(3) (see Ref. [236]), designated asin the following.

By imposing the heavy quark spin symmetry, parity and chaoggugation invariance, and by as-
suming that the pseudoscalar meson coupling are descnbibe lbowest order (at most two derivatives)
chiral invariant operators, we can establish the followsetgction rules for hadronic transitions:

even number of emitted pseudoscalars < Al =0,2,4, ...
odd number of emitted pseudoscalars < Al =1, 3,5, ... (4.154)

In fact the spin independent operator describiig= 0, 2, 4, ... transitions has charge conjugation
C = +1. On the other hand, the lowest order, chiral invariant tewitl positive charge conjugation
are:
<AMAV>7 <(VM - pu)(vl/ - pl/)>7 (4155)

whose expansion contains an even number of pseudoscalansn&pin independence of the interaction,
on the other hand, requires that thé = 1, 3, 5, ... transitions are described ldy = —1 operators. At
the lowest order we can form just one chiral invariant terrin@ = —1:

(AuVy = pv)), (4.156)

whose expansion contains an odd numen)of pseudoscalar mesons.

This selection rule is violated at higher orders of the dhirgansion or by allowing for terms that
explicitly break the heavy quark or the chiral symmetries.

To further characterize the hadronic transitions respgathiral symmetry, we consider below
explicit expressions for the most general operafdjs. For simplicity, we limit ourselves to those
contributing to two or three pion emissions:

Oss = Assi(ApA”) + Bss((v- A)?),

Hl]ﬁ’s = Dps EMVPUUV<AP(V0 - pcr)>>

H'L}L;VP/ = APP/<Ap_Ap>gHV_|_BPP,<(,U,A)2>9HV+CPPI<A“AV>’

pg = Cpg{A"A"). (4.157)

The constantsd;, By, Cy and Dy are arbitrary parameters of dimensiémass)~!, to be fixed
from experiment. One can easily derive amplitudes, dectas rand distributions for the correspond-
ing hadronic transitions.
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For instance, the amplitude for the decay (4.149) is given by

di/ MgMg: "
fiiel <€ (Agg'p1 - p2 + Bssiv - p1v - p2) (4.158)
™

wheree ande’ are the polarisation vectors of quarkonium statgsp- are the momenta of the two pions.
It is well known that the use of chiral symmetry argumentsiteto a general amplitude for the process
in question, which contains a third independent term given b

M(351—>351 + 7T7T) =

4i/ Mg Mg
f2

In the nonrelativistic limit in QCDME, Yan [230] find€'ss: = 0. It is interesting to note that, within
the present formalism, this result is an immediate consezpief the chiral and heavy quark spin sym-
metries. However, these symmetries are not exact and tiomsdo the symmetry limit are expected.

In the chiral Lagrangian (CL) approach, th& — 1 — 7’ mixings can be derived, which should
be taken into account in predicting single pseudoscalaomgansitions of heavy quarkonia (cf. Sec-
tion 7.2). Let us define

Css (¢ -pre" - pa+€ -pae*-p1) . (4.159)

m, 0O 0
m= 0 mg O . (4.160)
0 0 mg

The Lagrangian that gives mass to the pseudoscalar octssigsa in the chiral limit) and cause$— 7
mixing is
Lo = Xo(m(E+ ), (4.161)

and that giving rise to the mixing of with 7° andn is

Ly = XN (S — SNy, (4.162)

where)\ is a parameter with the dimension of a mass. At first order énntiixing angles the physical
statest?, 77, andi/ determined from the above Lagrangians are:

0

D =r4en+éy, fG=n—e+0y, 7 =n—60n—n, (4.163)

in which the mixing angles are

~ 5\ <’I’)’L o My + md>
(mg — 7nu)\/g / A(mg —my) 2 ’ 2
€= o Tm o €= 5 RN =1\/3 3 5 . (4.164)
4(my — qu) 2(my, — mZo) my, —mj

7.2 Predictions for hadronic transitions in the single-chanel approach

In this section, we give the predictions for HTs in the siagi@nnel approach. In this approach, the
amplitude of HT is diagrammatically shown in Fig. 4.13 in athithere are two complicated vertices:
namely, the MGE vertex of the heavy quarks and the vertex dfdmzation (H) describing the conver-
sion of the emitted gluons into light hadrons. In the follogj we shall treat them separately.

Let us first consider the HT process;e;ésleni’csl + 7 + 7. To lowest order, these are double
electric-dipole transitions (E1E1). The transition amyule can be obtained from tifematrix element
(4.143). After some algebra, we obtain [230, 231, 237]

2 1
Mg :ig—E E <Q>fh|:1:-E|KL> KL K'L/ <K’L’|m-E|<I>Z->, (4.165)
6 g0 _.p
KLK'L' ( QCD 0
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Fig. 4.13: Diagram for a typical hadronic transition in tfegée-channel QCDME approach.

where(Do)pe = 0500 — gs farcAf, and| K L) is the intermediate state with principal quantum nunvser
and orbital angular momentum According to the angular momentum selection ridles L' = 1. The
intermediate states in the HT are the states after the emissithe first gluon and before the emission
of the second gluon (cf. Fig. 4.13), i.e., they are state8 avigluon and a colour-octé€}Q. These are the
so-called hybrid states. Itis difficult to calculate thetsges from the first principles of QCD. So we shall
take a reasonable model for it. The model shaelasonably reflect the main properties of the hybrid
statesand shouldcontain as few free parameters as possibl@rder not to affect the predictive power
of the theory. The quark confining string (QCS) model [238]s§i@s these requirement§ Explicit
calculations with the QCS are given in Ref. [237]; the traasiamplitude (4.165) then becomes

(®flag| K L) (K Lz | ;)
E; — Exr,

2
Mg =22 Z (| ELE}|0), (4.166)
6 %7

We see that, in this approach, the transition amplitudeatosittwo factors: namely, the heavy quark
MGE factor (the summation) and the H factarr| £ E*|0). The first factor can be calculated for a given
potential model. Let us now consider the second factor.clitess the light hadron mass scale, which is
very low (highly nonperturbative), and there is, therefore currently reliable way of calculating it from
the first principles of QCD. Thus we take a phenomenologipgr@ach based on PCAC and the soft
pion technique in Ref. [240]. From the standard tensor réalucthis H factor can be written as [237]

2
%(%(m)ﬂﬁ(%)!EﬁEﬂ@ N B C10udy q2u + Co <QIkQ2l + quaok — Zéqul ' %)}
(2w1)(2ws) 3

(4.167)
where Cy and Cs are two unknown constants. For a givem invariant mass\V,.., the C; term is
isotropic (S-wave), while th&€'; term is angular dependent (D-wave). In the nonrelativistigle-
channel (NRSC) approach, orbital angular momentum coaservieads to the conclusion that the MGE
factor is proportional t@;,;. Thus only theC; term contributes to the S-state to S-state transitioris

this case, th@z?Sl—m?csl + 7 + « transition rate can be expressed as [237]
[(ndS1—n'}S1 7 1) = [C1*Gl faio |, (4.168)

whered is a phase-space factor given in Ref. [237] and

FLEEs ZfRf )rT Ric (r)r?dr [ Ry, (r)r"™ Ry (r')r"dr’

4.169
nl ingly — Mz EKL ) ( )

18 Another possible model satisfying the requirements is th€ bag model for the hybrid states, which can also lead to
reasonable predictions [239].
"This is consistent with the CL approach in the nonrelativimit (v = 0) [cf. (4.158)].
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Table 4.28: The values ¢€;|?> and the predicted transition rates (in keV) determined for thesystem using
the Cornell model and the BGT model. The corresponding wabatperimental values of the transition rates [10]
are also listed for comparisons stands for the sum over all the" 7~ and7%7° channels.

Cornell BGT Expt.
|Cy? 83.4 x 1076 67.8 x 1076
(Y —Yrr) (keV) 8.6 7.8 12.0 +£1.8
L(Y'—Ynrr) (keV) 0.44 1.2 1.72 4 0.35
L(Y'—Y'rr) (keV) 0.78 0.53 1.26 4 0.40

with R;, Ry, andR , the radial wave functions of the initial, final, and interratd states, respectively.

There is only one overall unknown constarit left in this transition amplitude, which can be
determined by taking the well-measured HT r&te)’—.J/y7m). The updated experimental values
are [10]

Tiot () = 281 £ 17 keV, By —J/yrTn") = (31.7+1.1)%, B('—J/r’7°) = (18.8 +£1.2)%.
(4.170)
Given these, we can then predict all the S-state to S-statiansitions rates in th& system.
Let us take the Cornell [177,191] and the Buchmiller—GangbTye (BGT) [141, 193] potential models
as examples to show the extract€q | values and the predicted rates in fiesystem. The results are
listed in Table 4.28 in which the experimental errors are dominated by the uaigyt of the total
width. We see that the BGT model predicted rafig¥d”’ —Y7r)/T'(Y'—Y7r) ~ 1.2/7.8 = 0.15 and
L(Y'—=Y'7r)/T(Y'—=Yrr) ~ 0.53/7.8 = 0.07 are close to the corresponding experimental values
1.72/12.0=0.14 and 1.26/12.0=0.11. However, the predliatesolute partial widths are smaller than
the experimental values by roughly a factor of 50-75%. Meeeowhen the)M,. . distributions are
considered, the situation will be more complicated. Welgsted! with these issues in Section 7.3.

Note that the phase space fact@in Y’ —Yxr is much larger than that itf’ —Y7r, G(Y"—
Yrr)/ G(Y'—Ynr) = 33 [237]. One may naively expect thB&(Y"—Y7m) > I'(Y'—T7r). How-
ever, we see from Table 4.28 that the measut€ll” —Y7r)/T'(T'—Y77) =~ 0.14. The reason why
the predicted ratio is close to the experimental value istth@contributions from various intermediate
states to the overlap integrals in the summatioiliii, [cf. (4.169)]drastically cancekach other due to
the fact that thér”” wave function contains two nodes. Thiscisaracteristicof such intermediate state
models (QCS or bag model).

The decaysn}S;—n3S; +n are dominated by E1M2 transitions. We can predict the ratios
R = T(X'—Tn) /T (' —.J /) andR" = D(T"—n) /T —J fvn):

7\ |2 7\ |2
(22800 g (|80 )
R — 7 R = , (4.171)
< 21(%110(66) 2|q(cé)|3> < 2101110(66) 2|q(cé)|3>

me me
wheregq is the momentum of). The BGT model predictsk?’ = 0.0025, R” = 0.0013. Recently BES
has obtained an accurate measuremeiit(¢f —.J /ym) andI'(¢'—.J /1) 7¥) [241] (see Section 7.6A).
With the new BES data and the boundsIo’—Yn) andT'(Y”—1Tn) [10], the experimental bounds
areR’|exp < 0.0098, R"|exp < 0.0065 [241]. The predictions are consistent with these bounds.

18The updated results listed in Table reftab:c1ht are roulgityer than those in Ref. [237] by a factor of 1.3 since theatipd
input datal’(¢)'—J/+mr) is larger than the old experimental value used in Ref. [2§#hle same factor of 1.3.
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An interesting prediction in the CL approach is the predittior the ratio

L= J/¢ )
INCEETEn

which provides a measure of the light-quark mass ratie (mq — my,)/(ms — (my, + mq)/2). This
belongs to the class of hadronic transitions, which viotegavy quark spin symmetry (HQSS) [235]. For
heavy mesons, there are only two types of operators thak BI®&S. In the parent’s rest frame, the most
general spin symmetry breaking term is of the fatnr, whereo are the Pauli matrices. In an arbitrary
frame one observes that ahymatrix sandwiched between two projectdits+ #)/2, or (1 — 4)/2 can

be expressed in terms of,, sandwiched between the same projectors:

R (4.172)

144 1+4 _1+4 L4h 144 146 1+h_ 1+

2 2~ T2 9 Ty T 9 T T Ty
Lbd  L4b 1 Lhb o glid 1kd 14b i 144 1tk
2 TuV5 2 - 2 75 26%6] 2 2 ' 9 V50 uv 2 = 2 75 2e%6] 2 9

there are analogous relations with+ #)/2—(1 — #)/2. We use herey;23 = +1. Let us define

1+ 1+9
0 = Oy (4.173)
In the parent’s rest framerﬁ) reduce to Pauli matrices. From the previous identities libfes that
the most general spin symmetry breaking terms are of the t&ftiv', or G405\, with G two

arbitrary antisymmetric tensors. One expects that anytingseof the operatorrfi) gives a suppression

factorl/mg.
Using partial conservation of axial-vector current, lcdfed Shifman [242] give the prediction

27 |p 3 mg —m 2
R==— |—F -~ : 4.174
16 [pn} [ms — (my +ma)/2 ( )

The new BES experiment (see Section 7.6A) [241] providesva precision value ofR. With the
conventional values of the current quark masses, the piadlicf (4.174) is smaller than the BES value
by about a factor of 3 [241]. So (4.174) should be regardechasder of magnitude estimate.

The calculation ofR in the CL approach is straightforward. The most general $paaking
Lagrangian for the processeé—.J/yn°, nis

_ _ ) A
L =ieppn [(J' Ty — (Jo" J')] v? o ZZ

(S —xN) + By/| + hec.. (4.175)
The couplingsA and B have dimensior{mass)~!; the B term contributes to the ratio (4.172) via the
mixing 7° — ' andn — /. There are no terms with the insertion of twoterms; the two P and C
conserving candidates,» L(J’O‘”TJO'TV> + (Jo o V)] vPOM (S —X1)) ande,pn [(Jo o)
+ (Jo J'oPA)] (i (X — 1)) both vanish.

Using the Lagrangian (4.175) and taking into account theimgi«(4.163) and (4.164), we can
calculate the ratio (4.172)

1228 M
Rzﬁ{&r{ Md — My i By —mey (4.176)
16 | py ms — (Mmy +mg)/2 B \f»
L B A" 1
Amn,—m,7
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If we neglect ther® — 1’ andn — 1’ mixings, (4.176) reduces to the simple result (4.174). 8&fA4 in
(4.176) is not determined yet. Taking the- " mixing anglefp ~ —20° [10] and using the new BES
data onR [241], one can determinB/A from (4.176):B/A = —1.42 £ 0.12 or —3.11 4 0.15 [241].

Thernr transitions between P-wave quarkorﬁéPJ —13 Py, +m+m, have been studied in Ref.
[237]. The obtained transition rat&$2® P;,—1° P ) are of the order of0~'-1072 keV [237]. The
relations between differert(23 P, al?’Pmer) reflect the symmetry in the ELE1 multipole expansion
[230], so that experimental tests of these relations arpetial interest.

In the CL approach, the single pseudoscalar meson tramsibetween heavy quarkonia states
such as

3 3p.0 3
Py— °Pym’ and °Pjn (4.177)

are chiral-breaking but spin conserving [235], which arpamtant for transitions forbidden in the SU(3)
x SU(3) symmetry limit.

To first order in the chiral breaking mass matrix we consitierguantities:

(m(Z+ ) and (m(Z - ). (4.178)

The first quantity is parity even, while the second is paridg;dboth have” = +1.
The only term spin-conserving and of leading order in theaurquark masses contributing to

the transition (4.177) is

(JuJ)v,peP? 0, wa

= (S = X0) + 81w | (4.179)
wherea and 8 are coupling constants of dimensiofigass)~2. The direct coupling to;’ contributes
through the mixing (4.163). The spin symmetry of the heawgtaregives relations among the modulus
square matrix elements of the transitions between the twae states. In particular we find that

M2 Py—Pyrr) = IMP(CP—3Pymr) =0, (4.180)

and that all non-vanishing matrix elements can be expreéasedms of? Py—3 P, :
1 5}
IMP(EP—?Pim) = Z’M’2(3Po—>3P17T)7 IMP(CP—?Pyrr) = E\M\2(3P0—>3P17T),
3
IMPP(CPy—?Pyrr) = Z’M’2(3Po—>3P17T)7 IMP('P—'Pim) = IMP(CR—Pi), (4.181)

wherer stays forr® or . The relations (4.181) can be generalized for any spinemwirgy transition
betweenl = 1 multiplets, leading to the same results as the QCD doubleipoié¢ expansion [230].
Predictions for widths can be easily obtained from (4.179).

Now we consider ther transitions of D-wave quarkonia. Theoretical studies osHT D-wave
guarkonia have been carried out by several authors in diffapproaches leading to quite different pre-
dictions [237,243-248]. We briefly review the approach ifisRR47,248], and compare the predictions
with recent experimental results.

Since they(3770) (or 1) lies above theD D threshold, it is believed that it decays mainly into
DD [10]. Experimental observations show that the directly sneade™ e~ —1)(3770) cross-section and
the ete™—1)(3770)— DD cross-section are different [249], suggesting considerabn-DD decay
modes ofiy(3770). 1(3770)—J /v 7w is one possibility.

If (3770) is regarded as a pureD state, the predicted leptonic width will be smaller than the
experimental value by an order of magnitude. T8770) is often regarded as a mixture of th® and
25 states [247,248,250]:¢)" = |25) cos 0 + [1D) sinf, (3770) = —|25)sinf + |1D) cos§. 6 can
be determined by fitting the ratio of the leptonic widthsydfand(3770). The determination of in
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the Cornell potential model [177,191] and the improved QCativated potential model by Chen and

Kuang (CK) [251] (which leads to more successful phenonmagicél results) ared = —10° (Cornell)

and § = —12° (CK).

The rate of this E1EL transition is [247]

@ ? 29 AT NP

C cos” 0 H(Y") | fizio(¥7)]7 |-
(4.182)

Since there is no available data to determifigwe take an approximation to estiméaie. In Ref. [237],

itis assumed tharm| ELEP|0) o (99| ERE|0), i.e., that the factor describing the conversion of the two

gluons intorrm is approximately independent of the pion momenta in the Hitkeu consideration. In
this approximation, we obtain [237]

4
L(BT70)=J [frm) = |Cof* | sin® 6 G(¥') | Faoro (V)" + 3

Soitis possible that’y /C; ~ O(1).
Table 4.29: The predicted transition rdté€)(3770)—.J/¢ nt7~) (in keV) in the Cornell model and the CK

model with the updated input data (4.170). The correspanidiianching ratios are listed in the brackets using the
total width of«(3770) given in Ref. [10].

T(¢(3770)— J /vt 7) (keV)

Cornell CK
Cy ~ 3Cy 139 [(0.59 + 0.07)%)] 147 [(0.62 £ 0.07) %]
Co ~ Cy 26 [(0.11 £ 0.01)%] 32[(0.14 + 0.02)%]

For comparison, we list the predicted r&te)(3770)— J /¢ =7~ ) with Co/C; = 3 andCy/C4
= 1 in Table 4.29!° Note that S—-D mixing only affects a few percent of the ratethsu the rate is
essentiallyl’((2D)—J /¢ w7 7).

Recently, BES has measured the (e (3770)—.J/1 + 7+ + 7~ ) based on 27.7 pt} data of
(3770). The result i ((3770)—J /¢ + 77 + 77) = 80 £ 32 + 21 keV [252] (see Eq. (4.191) in
Section 7.6C). Equation (4.182) is in agreement with théreémalue of the BES result with, /C ~ 2.
Considering the large error in the BES experimért/C; can still be in the range.8 < Cy/C; < 2.8.
We expect more precise future measurements to give a betemnunation ofCy/C;.

For the T system, the state mixings are much smaller [253]. Neglgcsinch mixings, the
predicted rate off(13D;)—Yrr in the Cornell model withCy/C; = 3 wasT(Y(13D1)—Yrr)
~ 24 keV [237]. Taking the central valu€’y/C, ~ 2 determined from BES data, the prediction
is T(Y(13D;)—Yn7) ~ 11 keV. Considering the above range 6%/C;, we predict 1.8 keV<
['(Y(13Dy) — Yrr) < 21 keV.

HTs are useful processes to investigate ipgor (1! P;)] and hy, [or YT (1! P, )] states. k. and
hy are of special interest since the difference between thes mithe 1' P, state and the centre-of-
gravity of the1?P; states gives useful information about the spin-dependuatactions betweet)
and Q. The possibilities to detedi, and hy, at eTe~ colliders, in3S;—7°'P;, 'P—rm35;, and
1 p—7Y38; transitions have been studied in Refs. [229, 237, 248, Z&; 2. could also be detected
at the B factories [257], depending on the value for tBe~h. K branching ratio. So far, the, has
not been experimentally found, while tihe has probably been observed, based on recent preliminary
results presented by CLEO [258] and E835 [259]. CLEO hasrgbdesignificant excess of events in
¥(28)—rh,—mVyn,, in both exclusive and inclusivg. decays. E835 has a significant excess of events

°The values listed in Table 4.29 are larger than those giv&efs. [247, 248] since the updated input data values arerarg
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in pp— h.—n.y—3v. The mass of the CLEO and E835 candidates are compatible/eapdlose to the
centre-of-gravity. For more details we refer to Chapter 3.

7.3 Nonrelativistic coupled-channel approach to hadronid¢ransitions

Since a heavy quarkonium lying above the threshold can decay into a pair of heavy flamoesons
DD [D stands forD mesons (forcc) and B mesons (fobb)], there must exis®—D—-D couplings as
shown in Fig. 4.14.

b

Fig. 4.14: Coupling of the heavy quarkoniubrio its decay channé@bD.

A complete theory should include not only the part descghin but also the part corresponding
to the DD sector as well. Such a theory is the so-called coupled-ehd@cT) theory.

It is hard to study theb—D—D vertex from the first principles of QCD, since it is the vertafx
three bound states. There are various models describingff€€se the two well-accepted models are
the Cornell CC model (CCCM) [177,191, 260] and the unitargrgumodel (UQM) [253]. Theb—D-D
vertex in the UQM is taken to be thé? quark-pair-creation (QPC) mechanism [261]. The pararseter
in the UQM are carefully adjusted so that the model gives tebét to thecé andbb spectra, leptonic
widths, etc. It is shown that the QPC model gives acceptadelts even for OZl-allowed productions
of light mesons [261, 262], which is relevant in the caldolatof the HT amplitudes in the CC theory.

The formulation of the theory of HTs in the framework of the M@vas given in Ref. [263]. The
Feynman diagrams fOﬁ?Slﬁn?}Slﬂﬂ are shown in Fig. 4.15. We see that there are more channels
of =7 transitions in this theory than in the single-channel the®igures 4.15(a)—4.15(d) are based on
the QCDME mechanism; we designate this the MGE part. FigdrEs(e) and 4.15(f) are based on a
new 7w transition mechanism via QPC; we designate this the QPC pagure 4.15(a) is similar to
Fig. 4.13 but with state mixings, so the single-channel &omg# mentioned in Section 7.2 is only a part
of Fig. 4.15(a).

Table 4.30: T(Y'—=Yrr), D(Y"—=Yrr), andT'(Y”—T'7r) predicted in CC theory, witkos? = —1 and
—0.676, together with the updated experimental values [%0].stands for the sum over all the" 7~ and7%7°
channels.

Theory Expt.
cost = —1 costy = —0.676
(Y —Yrr) (keV) 14 13 12.0 £ 1.8
L(Y"—Yrr) (keV) 1.1 1.0 1.72 +0.35
I'(Y'—=Y'nr) (keV) 0.1 0.3 1.26 £+ 0.40

Since state mixings and the QPC vertices are all differethércc and thebb systems, the pre-
dictions for th& HT rates by taking the input (4.170) will be different frono#e in the single-channel
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Fig. 4.15: Diagrams for hadronic transitions in the CC appto Quoted from Ref. [263].

theory. Such predictions were studied in Ref. [263]. Notg for a given QPC model, the QPC part
is fixed, while the MGE part still contains an unknown paragnéi; after taking the approximation
Csy =~ 3C;. Since there is interference between the MGE and the QPE, plagt phase of’; is impor-
tant; explicitly, C; = |C1] ¢, The data of the HT rate and,., distribution in¢y/—.J /v 7w can be taken
as inputs to determin€, andd [263]. Considering the error bars in tié,,. distribution, is restricted

in the range —1 < cos®¥ < —0.676 [263]. The predicted transition rates in tiiesystem are listed in
Table 4.30 together with the experimental results for camspa. We see that the obtainBdY’'—Y7r)

is in good agreement with the experiment, and the resulls(df' —Y77) andI'(Y’—Y'7n7) are in
agreement with the experiment at the leveRefand2.40, respectively.

Next we look at the predictedl/,. distributions. It is pointed out in Ref. [265] that there irgy
difference between the measurkfl . distributions iny)’—J/y)rm andY'—Y7x. In the single-channel
theory, the formulas for these twid .. distributions are the same. In the CC theory, o6geand} are
determined, thé/,, distribution of Y'—Y 7= is uniquely determined. It is shown in Ref. [263] that the
prediction fits the experiment [265] very well

However, the situation of th&/,.. distributions of Y — Y77~ andY”—Y'7T7~ are more com-
plicated. Comparison of the CC predictions with the CLEOezkpent will be shown in Section 7.5E.
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7.4  Application of the QCD multipole expansion to radiativedecays of theJ /v

In the above sections, QCDME is applied to various HTs in Whic and ®; are composed of the
same heavy quarks. In this case, the dressed (constitugetl field ¥(x, ¢) needs not actually to be
quantized. Now we generalize QCDME theory to processesidintg) changes of heavy quark flavour
and heavy quark pair annihilation or creation, for which go@ntization ofl’(x, ¢) is needed. This has
been studied in Ref. [231] with the electroweak interadiotiuded as well.

I/ £ I f’/ I/

(a) (b) ()

Fig. 4.16: Feynman diagrams for the radiative decay progégs—~y + 1.

An example of application of such a theory.Jgy)—~n (see Section 5.5 for a discussion in the
framework of Ref. [154]). This process has been studied énftamework of perturbative QCD and
the nonrelativistic quark model in Ref. [264], but the poded rate is significantly smaller than the
experimental value. The momentum in this process i5, = 1.5 Gev. If  is converted from two
emitted gluons from the heavy quark, the typical gluon manmanis thenk ~ ¢,/2 ~ 750 MeV. At
this momentum scale perturbative QCD does not work well bOD®IE works [231]. The Feynman
diagrams for this process in the QCDME approach are showngindiZL6, in which the intermediate
states marked between two vertical dotted lines are aliddess bound states. In this sense this approach
is nonperturbative.

Since this process is dominated by E1M2 transition; thesttimm rate depends on the pseudoscalar
nonet mixing anglép. Taking the valu#p ~ —20° determined from the—~~ andrn’—~~ rates [10],
we obtain [231]

[(J/y—~n) = 0.041 <Z—M> keV,  B(J/Y—vn) = (4.7£0.2) x 1074 (Z—M) (4.184)

E E
With the reasonable value,; /ap = 1.8, the predicted branching ratio can agree with the experiahen
value Beyp (J/1p—vn) = (8.6 £ 0.8) x 10~* [10]. To avoid the uncertainties from,; /o andfp, we
take the ratio of*(.J/¢)—~n) to another E1IM2 transition raf&(y)’—.J/¢n). The theoretical prediction
is [231] T )
_ I'(J/Y—m
R, = ST 0.012. (4.185)
In R, uncertainties in the H factors cancel, Bg offers a direct test of the MGE mechanism. (4.185) is
in agreement with the experimental valig|c., = 0.009 & 0.003 [10] at thelo level.

This approach can also be applied/ta)—~n'. With §p ~ —20°, we obtain
R, = F(J/lb—v‘yn/) B ‘CI(J/T/J—VY??/) 3 m%/(\/ECOSQP—FSinQp) 2
T T (W' —J/Yn) q(J/v—n)) m2(cos Op — V2sin0p)
This is also in agreement with the experimental valgc, = 0.044 £ 0.010 [10].

We would like to mention that this approach is not suitable ¥Yo—~7 since the typical gluon
momentum in this process s ~ ¢,/2 ~ 2.4 Gev, appropriate for perturbative QCD, but not for
QCDME.

R, = 0.044. (4.186)
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Fig. 4.17: Allowed photon, dipion, and omega transitionevaed within thebb system.

7.5 Hadronic transition experiments in thebb system

A. Experimental analysis of hadronic transitions — bottainm

We see from Eg. (4.166) that, in the framework of QCDME, tlansition amplitude contains
an MGE factor and a H factor. Selection rules, as well as thédd phase space, restrict the possible
transitions. A summary of the rich spectroscopy affordeddtyomonia is shown in Fig. 4.17

The principal experimental observables here are the puaiitiths for the transitions between bot-
tomonia and the Dalitz plot variables: the andY 7 invariant mass spectra, and the angular distributions
between final-state particles. To measure the transifibn: Y77, for example, in electron—positron
annihilation data (wher&” is produced at rest, and polarized along the beam axis), ameise the
constraint that th& energy can be inferred directly from the measurement of ithe four-momenta to
calculate the mass recoiling against the dipion system. ilstive v+ cascades, one differentiates the
“exclusive” case in which th& decays to a clean, background-free topology, such™as™ orete™,
from the “inclusive” case in which all events are accepted @ane calculates the mass recoiling against
all oppositely-signed dipion pairs. In the former case,, dherefore, selects events consistent with the
cascadeY” —Yxm, Y—IT]~, allowing one to isolate a very clean sample, but at the esgpefilower
overall efficiency owing to the small( 2%) dileptonic BR’s of the final stat&’s.

B. Branching ratios and partial widths

The CLEO Il mass spectra recoiling against charged dipiforsgata taken at th&’ [266], are
shown in Figs. 4.18 and 4.19, and illustrate the trade-offvben the higher statistical power of the
inclusive data sample vs. the better signal-to-noise oéxutusive data sampfé.

Branching ratios are calculated based directly on the nuwitevents found in each peak. Predic-
tions for the partial widths in the nonrelativistic singleannel and coupled-channel theories are shown
in Tables 4.28 and 4.30. In addition to CLEO, the tabulateghtining ratios forY'—Yzr also in-
clude measurements made by the ARGUS [265], CLEO | [267], BURG68], and Crystal Ball [269]
collaborations. The CLEO II collaboration are also able @owe estimates for the transition rates for
Y'Y’ 4+ X by performing a hand scan of the events it reconstruct§’in-Y" + X, Y/ —Yxt7—,
T—1"1~, and using the unitarity constraint that the sum of the digiansitions plus the radiative tran-

20Because of the poor signal-to-noise ratio, #é— Y7 =" transitions cannot be studied inclusively.
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Fig. 4.18: Mass recoiling against two oppositely chargadks, assumed to be pions, for data taken afithe
resonance.

3031197-026
T T

500 ———— T e T ]
I T(1S)—e"e” . FYAS)—p p
400 N=956.2+309  ]500F N=1130.1%336 ]
3t { a00f :
=300 f E ]
f"? B - i
o 1300F 1
0 - i
£200F ] r ]
2 1 200F ]
w ] [ ]
100 ] 100F ]
1) e 1 oo N
9.20 9.45 970 9.20 9.45 9.70

M (GeV/c)
miss

Fig. 4.19: Mass recoiling against two oppositely chargadks, assumed to be pions, for data taken afithe
resonance, with the additional restriction that there kecty four charged tracks in the event, and that the two
most energetic charged tracks be consistent wittr or utp~.

sitions must saturate the overdll' =Y’ + X decay rate to determine X. These values have been com-
piled along with the direct observation of th —Y’797° andY”—Y'z+ 7~ transitions. According to
isospin symmetry, the+ 7~ transition rate is expected to be twice that of #er® transition, modulo

the ratios of available phase spag€«°/7+t7~) (1.36 forY”— Y770 and 1.02 forY” —Y7%7%). The
measurements to date are generally consistent with thescéagon, with the exception & — Y77 .
Curiously, despite an inability to match the dipion mas#ritiistions for theY” — Yz transitions (Secs.

7.2 and 7.3), the QCDME approach gives a better match fop#uisal width than forY” —Y'rr.

C. Angular distributions

In the nonrelativistic limit, orbital angular momentum aspn are separately conserved. The spin
of a bottomonium resonance produce@at™ colliders lies along the beam axis. W(nS)—Yr 7,
the orbital angular momentum between the pions, or thearaitgular momentum between the dipion
system and( is a useful observable in addition to the polarizatiortofPredictions for the populations
of the allowed angular momentum states have been made fothmg system as well as thi system
[240,270]. All measurements to date (e.qg., by verifyingxalasive events that the angular distribution of
the leptons relative to the beam axis follo#® /d(cosf) ~ 1+ cos?6) from ARGUS, CLEO, and CUSB
give strong evidence that the daugHleis indeed polarized along the beam axis in the dipion treomsf
and are consistent with an S-wave decay. The other allowgtitade is a possible D-wave contribution
in the dipion system [cf. Eq. (4.167)]. Convincing eviderfoe a large D-wave component of the
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dipion system has not yet been presented, although it haegicsome theoretical attention [271-273],
and suggestions for non-S-wave anisotropy are found in thethf” — Y77~ [266] andY'—= Y77~
data [265, 274], both of which show 2¢ indications of a D-wave contribution at the few percent
level [266]. Mapping out the ratio of D-wave to S-wave ammligs as a function of dipion mass in
the Y” system is a project requiring substantially more stastimn have been accumulated to date;
expectations are that a D-wave amplitude would be more waéisker at low values of invariant mass,
corresponding to higher energy release in fedecay. Such an analysis is currently underway at
CLEO and should mature within the next year.

D. Single pion transitions

For dipion transitions Yan [230], collaborating with Kuaf&37], and their work later extended by
Zhou and Kuang [263], estimated the magnitude of the secimwe f the product matrix element, the
hadronization term of the transition amplitude. An imméelieonsequence of the multipole approach
is the expected suppression of the caSe= 7 relative toX = nw. The former system has the wrong
guantum numbers for twé&'1 gluons, and proceeds in lowest order as eithiér M2 or M1 - M1 in
QCDME. Since the mass dependence of the chromomagnetsitivas goes as:~* (m = quark mass),
QCDME, therefore predicts that the ratio 8(Y'—Yn)/B(Y'—Yxr) should be substantially smaller
than the ratid3(y/'—1m)/B(y'—ymr). By contrast, if the ratio of "7~ to ) transitions were governed
by phase space alone, théransition would be about 15% of the” 7~ transition forY’—7Y. The most
recent CLEO analysis yielded an upper limi(Y’'—Yn) < 0.0028, in qualitative agreement with the
rule given above.

The isospin-violating decay(2S)—="(1S) and the M1 transition(2S)—nv(1S) have been
observed in the charmonium sector; searches for the camdspy transitions in the bottomonium sector
have resulted only in the upper limitt’—Y7° <0.11%. The typically poorer energy resolution in
neutral particle measurements, coupled with small predibranching fractions, makes observation of
such decays difficult.

E. Dipion mass spectra

The dipion mass spectra are calculated directly from the fmar-momenta. As stated before, the
invariant mass spectra are expected to peak at high masssyalihis is, in fact, what is observed for
the transitionY’— Y77, as shown in Fig. 4.20, and entirely consistent with an estiai study of
this process by the ARGUS collaboration [265]. Also showfim 4.20 are ther%7° mass spectra for
Y'Y 707 and Y=Y 7070,

The current data show peaking at high mass fortHesY'7 7~ andY’— Y transitions, con-
sistent with the expectation for-SS transitions (and also consistent with charmonium resultsis is
the process for which the multipole expansion model, owintpé smallness of the expansion parameter,
claims to have the greatest predictive power. Howevergthe andz+ 7~ invariant mass distributions
inthe Y=Yz 7~ transition show a “double bump” structure that disagreeh thie gluon field multi-
pole expansion model as well as with the expectation thatrthigix element for a transition with these
guantum numbers should approach zero at threshold. Thishgps an indication that the average value
of Q? is too large to make predictions reliably using the mulpoiodel. It may also be an indication
that a low-mass 0++ scalar (e.g., themay be contributing to the intermediate state.

There have been various attempts to explain the doubleedestiape. Ref. [272,275,276] assumed
the existence of a four-quark stdfg, which enhances the lowf,.. region. So far such a resonance is
not found experimentally. Ref. [277] assumed a large QP ipathe Y”—Y7r amplitude whose
interference with the MGE part may form a double-peaked sh&jmwever, the systematic calculation
shown in Section 7.3 does not support this assumption. Rgcanother attempt considering certain
models for a meson resonance around 500 MeV in the final staténteractions [278, 279] have been
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proposed. By adjusting the free parameters in the moda&sCHEO data on thé/,.. distributions can
be fitted. However, the model need to be tested in other pgesed herefore, the HT” —Yrr is still
an interesting process needing further investigation.

F. Three-pion transitions

With their largeY” data sample in hand, the CLEO collaboration is able to pray®iid the
now-familiar dipion transitions. Of particular interesea-mediated transitions, which have been long-
suggested as a possible path to thevia: Y’ —n,w. In QCDME, by colour conservation, this must
correspond to three E1 gluon emissions. Although direcage®” —mn,w were not found, CLEO has
observed significant production &fvia Y""—x; (2P)~, x;,(2P)—Yw, as shown in Figs. 4.21 and 4.22.

What is actually observed are two recoil mass peaks, camelipg to decays from thg; (2P)
(J=2) and (J=1) states. In fact, large partial widths fohstdecays had been predicted (albeit indirectly)
in the original QCDME formulation of Gottfried. As pointeditby Voloshin, since the is spin 1, the
matrix element should be largely independent of the spitmefgarent 2P, consistent with observation.
The measured branching fractiol¥ {; (J = 2)—Yw) = (1.0+0.34+0.1)% andB(x},(J = 1)—>Tw) =
(1.6 £ 0.3 £ 0.24)% are unexpectedly large, given the limited phase space ésettecays.

G. Hadronic transitions from th& (45)

Observation of hadronic transitions from tii¢4.5), interesting on its own merits, would provide
essential information on tHé(4.5) wave function. Since th& (4.5) resonance is above the threshold for
BB production, measurement of the dipion transitions, wittiglwidths a factorl0—* smaller than
the dominant strong decays to open bottom, require datalsamforderl 08 Y (45) events. The BaBar
and Belle experiments now have accumulated samples of TOQM) events and may produce the first
signals for such dipion transitions soon. CLEO have prodtice most recent results on these transitions,
resulting only in upper limits:Y' (45)—Y'77 < 0.039%; Y(4S)—YT7r < 0.012%. Interest in such
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Transitions from the J=0 state are kinematically forbid(enindicated).

decays has recently been promoted by the BES claim of thesfwnding decay in the charmonium
sector:y)(3770)— Jyrtr~.

H. Unanswered questions

Aside from a first-principles explanation of the dipion mapgctrum in ther”’—Yz 7~ spec-
trum (such a three-body decay does not, unfortunatelylyelasid itself to lattice gauge techniques),
much experimental work remains. Among the dipion transgione would like to observe are the
transitions between thé states, or one of the two dipion transitions involving thegtt 1' P state:
the isospin-violating deca¥f”—hy,(1' P)x%, or Y/ —h,nt7~ 21, as well as the dipion transitions be-
tween they, states:y; — xpmm. Owing to the larger total widths of thg; (J=2 and J=0) states
relative to the J=1 state, the first observation of this denght be expected in the transition between
the J=1 states. Transitions at higher order in QCDME, &{§-n,w (ELE1IM1 transition), and also
HT to themn,, which is accessible through two routes, each of which re®la radiative and a hadronic
transition: eithe”’ —hy (1 Py )7; followed by hy (11 Py)—n7y, or Y =X} Xy — M w—, would
both help complete our picture of heavy quark spectroscepg Chapter 3). Also extremely interesting
would be the observation of HTs from the recently discoverigiet D-bottomonia statesY((13D)),
e.9., Y (13Dy)—=Y7rt7~, or Y(13D2)—Y(1S)n. Currently, only an upper limit exists for the product
branching fraction: X" —x;, ;_y7, X} j_o—1°D, 1*D—Tz7 of 1.1 x 10~* for the J=2 D-state, and

ZlFor thisS — P transition, Kuang & Yan predict a dipion mass distributibattpeaks atow values of invariant mass.
This is understood by the following argument: such a tramsit— — 0717 can only proceed in P wave, which suppresses
the high mass region.
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2.7 x 1074, including all the D-states. A 90% c.l. upper limit is alsd && the same decay chain, but
with ann rather than dipion transition, @3 x 1074,

7.6 Hadronic transition experiments in thece system

Hadron transitions in the charmonium system where thengasremental information include ™7~ —
J/p 7% mtn~ — J/bm, andrtr— — J/v mr. Recently evidence has been presented@v70) —
J/vy mtn~ decays, and very recently, Belle announced the discovetlyeok (3872) [280], which is
detected viaX(3872) — J/¢ =7, making it another means to study hadronic transitions. eHer
recent experimental results et 7~ — J/v 70, 7t7~ — J/¢n, 7T7~ — J/b 7w andy(3770) —
J/¢ 7t~ will be summarized. We will shortly mention th€(3872) — J/¢ m 7~ transition, which
has been discussed in detail in Chapter 3, Section 8.2.

A rtrm = Jprl atrT — J/p ¥ 70 andr T — J/y

Experimental results for the processes— J /v 7° and.J /¢ n are few and were mainly taken in
the 1970s and 80s [281-285]. Recently, however, BES, ussagnple of(14.0 & 0.6) x 10° ¢’ events
collected with the BES Il detector [286], studigd decaying into//v(7°,n), with 7° andy decaying
to two photons, and/« to lepton pairs [241]. Events with two charged tracks idedias an electron
pair or muon pair and two or three photon candidates aretseleé five constraint (5C) kinematic fit
to the hypothesig) ' — ~~I*1~ with the invariant mass of the lepton pair constrained f¢ mass is
performed, and the fit probability is required to be grediant0.01.

To remove the huge background fram — ~yx.1 2 under the)y ' — J/+ 7 signal, the invariant
mass of the highest energy gamma and.ipte, M., ;. is required to be less than 3.49 or greater than
3.58 Gev/é. Figure 4.23 shows, after this requirement, the distrdoutf invariant mass)Z.,.,, where the
smooth background is due t(2S) — yx.12 and.J/¢y 7. A Breit Wigner with a double Gaussian
mass resolution function to describe tHeresonance plus a third-order background polynomial isffitte
to the data.

In thew ' — J/4) n channel, the main backgrounds are frgm — J/v 7%7% and~yx.1 c2. By
requiring M., 7, < 3.49 Gev/&, most background fronp’ — ~yx.1 .2 is removed. The resultant plot
shown in Fig. 4.24 shows a clearsignal superimposed on background, mainly frorh— 7%70.7 /4.

A fit is made using a Breit—Wigner resonance convoluted witinass resolution function for the
signal plus a polynomial background, where the width ofiilefixed to its Particle Data Group (PDG)
value [10] and the background function is determined from— .J /¢ 7%7° Monte Carlo simulated
events that satisfy the same criteria as the data.

Table 4.31: Recent BES results orf — J/v 7 andy) ' — J /1 1.

Channel J/p w0 J/n
Final state Ayete Yyt Fyete Yt

Number of events| 123 £ 18 155 £ 20 2465 + 101 3290 + 148

Efficiency %) 11.21 13.34 26.94 34.07

Sys. error (%) 9.68 8.77 8.54 8.40
Correction factor 0.962 0.974 0.962 0.974

BR (%) 0.139 +0.020 £ 0.013  0.147 +£0.019 £0.013 | 2.91 £0.12+0.21 3.06 +0.14 +£0.25

Combine BR (%) 0.143 £0.014 £ 0.013 2.98 +£0.09 +£0.23

PDG (%) [10] 0.096 + 0.021 3.16 £ 0.22

Using the fitting results and the efficiencies and corredators for each channel, the branching
fractions listed in Table 4.31 are determined. The BE® ' — J/v 7°) measurement has improved
precision by more than a factor of two compared with otheeexpents, and the ' — .J/« n branching
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fraction is the most accurate single measurement. The BES — .J/i ©°) agrees better with the
Mark Il result [284] than with the Crystal Ball result [285For the comparison of the BES result with
related theoretical predictions, see Section 7.2.

In another recent BES analysis [287], based on a sample obxipgately4 x 106 7+7~ events
obtained with the BES | detector [288], a different techeigsiused for measuring branching fractions
for the inclusive decay ™7~ — J/+ anything, and the exclusive processes for the cases wieten
and X = 7r. Inclusive u™p~ pairs are reconstructed, and the numberdfr~— — J/¥X events
is determined from the//y) — p*p~ peak in theut ™ invariant mass distribution. The exclusive
branching fractions are determined from fits to the distidsuof masses recoiling from thé/«) with
Monte Carlo determined distributions for each individuiahenel.

Selected events are required to have more than one anddessiticharged tracks and must have
two identified muon tracks with zero net charge. The two muanks must satisfy a one constraint
kinematic fit to theJ/+) mass. Shown in Fig. 4.25 is the dimuon invariant mass digtdb, 12, for
these events. A clear peak at th&) mass is evident above background.

The mass recoiling against the'y) candidatesyn x is determined from energy and momentum
conservation. In order to distinguish(2S) — J/ynt7~ and(2S) — J/¢797° events, separate
mx histograms are made for events with no additional chargesks¢rand those with additional charged
tracks. To reduce background and improve the quality of thektmomentum measurements, events
used for this part of the analysis are required to have a katierfit x> < 7. Themy histograms for
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events with and without additional charged tracks, setketeording to the above requirements, are
shown in Figs. 4.26 and 4.27.

To determine the number of exclusive decays and separf@8) — J/¢77% and(25) —
J/wntr~ events,mx histograms for events with and without additional chargeatks, shown in
Figs. 4.26 and 4.27, are fit simultaneously. Contributiaosnfthe(2S) — vyxc0, Xco — J/¢ are
expected to be very small [10] and are not included in the fiie fluence ofr* 7~ — J/yr0 is
also small, indeed there is no indication of such a compomeRig. 4.26, and this channel is also not
included. Them y distributions fory)(2S) — vxe1, Xe1 — YJ/%, ¥(2S) — yxe2, Xe2 — ¥J/¥ , and
the background are broad and rather similar in shape, assceeen in Fig. 4.26. Since these are difficult
to distinguish, the.» to x 1 ratio is constrained using calculated efficiencies and i@ Rorld average
branching fractions for the two processes.

To avoid a number of systematic errors, the channels ofasteare normalized to the observed
number ofJ /¢ 7+ 7~ events; ratios of the studied branching fractions to thaBfer ™7~ — J/¢7 " 77)
are reported. The advantage of normalizing in this way it itieny of the muon selection systematic
errors largely cancel, as well as the systematic error difeetg? requirement.

Table 4.32: Final branching ratios and branching fractid®®@G04-exp results are single measurements or aver-
ages of measurements, while PDGO04-fit are results of thelradfit to many experimental measurements. For the

value marked with an asterisk, the PDG gives the reciprotat BES results in the second half of the table are

calculated using the PDG value Bf, = B(r 7~ — J/yntn~) = (31.7 £ 1.1)%.

Case This result PDGO04-exp PDGO04-fit
B(J /v anything) /B, | 1.867 +0.026 + 0.055 | 2.016 + 0.150 [289] | 1.821 + 0.036*
B(J/¢r°70) /Brr 0.570 + 0.009 =+ 0.026 - 0.59 £ 0.05
B(J/¢m)/Brx 0.098 +0.005 & 0.010 | 0.091 £ 0.021 [284] | 0.100 £ 0.008
B(J /v anything) (%) 59.2 £ 0.8 £ 2.7 55+ 7 57.6 +2.0
B(J/¢r'70) (%) 18.1+0.34+ 1.0 - 18.8 +1.2
B(J/vm) (%) 3.114£0.17+0.31 2.940.5 3.16 £0.22

The final branching fraction ratios and branching fractians shown in Table 4.32, along with
the PDG results, including their experimental averagesghoioial fit results. For the ratio d((25)
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Fig. 4.26: Fit of then x distribution events with no additionalFig. 4.27: Fit of the mx distribution for
charged tracks. Shown are the data (points with error baeskgnts with any number of additional charged
the component histograms, and the final fit. For the compacks. Shown are the data (points with error
nents, the large, long-dash histogram/iS) — J/¢7w, bars), the component histograms, and the final
the narrow, dash—dot histogrami$2.5) — J/n, the broad, fit (solid histogram). The dashed histogram is
short-dashed histogram ist 7~ — yxc1, X1 — vJ/%, %(2S) — J/¢pntx~, and the hatched histogram
the broad, hatched histogram is" 7= — ~xe2, xe2 — iS4 (2S) — J/yn. There is very little evidence
vJ/v, and the lowest cross-hatched histogram is the coior ¢)(2S) — vxc1/2, Xe1/2 — vJ/. This dis-
binedete™ — ~yutp~ andete™ — (25),4(2S) — tribution is composed predominantly ¢f25) —
(v)pt ™ background. The final fit is the solid histogram. J/¢yntm~.

— J /970 to B((25) 