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When the organizers of this workshop asked me to give an overview of the physics
opportunities at a new low energy Pp-facility. | was reluctant. As anyone who has followed low
energy pp-physics knows, it has a long and often sad history. Experimenters and theorists alike
have spent much of their time following faise leads, and significant discoveries have been rare.
I'have not worked in the field for nearly a decade and was not eager to begin again. | agreed to
talk with the understanding that | was inclined to be skeptical of the potential of a new Pp-facility,
but would do my homework and report my conclusions nevertheless.

The organizers must have been confident that the physics would speak for itself: for in the
end | am convinced that there s exciting physics to be done at a dedicated pp-facility with high
luminosity. a high quality beam and center of mass energy from threshold up to about 4 mTeV.
[ImTeV = 1GeV seems a natural Fermilab unit.] The purpose of this talk. then, is to lead the
reader through the same arguments which convinced me of the physics potential of this
machine. | will only discuss physics issues and ignore knotty questions like whether some or all
of this program can be caried out at existing machines. Almost nothing in this talk is my own
invention. instead it is more of a “book report” gleaned from many sources and | apologize at the
outset if | have neglected to give credit for original work which | learned about from secondary
sources.

Anyone trying to evaluate the physics potential at a new facility must make clear what he
considers important physics. especially at the present time: theoretical particle physics is in a
state of turmoil, its traditional values being swept aside by "string fever”, and experimental
particle physics is plagued by budgetary constraints which force us to scrutinize new initiatives
more closely than ever before. At the same time, the nuclear physics community has become
interested in problems traditionally associated with particle physics and is building machines
(CEBAF, RHIC) for which QCD and the physics of hadrons are principle objectives. Personally, |
believe there are two great problems confronting high energy physics:

* What are the origins of the standard model? What are the origins of weak symmetry
breakdown. of quark and lepton masses and mixing angles? Why is CP violated?

Why are the gauge groups SU(3)xSU(2) ~U(1) chosen by nature? Theorists have been
trying without success to answer these well-defined questions for more than a decade.



What are the dynamics of confinement in gauge theories? Hadronic phenomena at

mill-TeV energies are rich but surprisingly simple. The spectrum follows from the most
naive quark models. An effective Lagrangian obtained by adding confinement and
dynamical chiral symmetry breaking by hand to the fundamental QCD Lagrangian
(some kind of bag model) does a good qualitative job of describing hadronic
phenomena. But how does one go beyond naive models? Where, for example, are
the extra (gluonic or relativistic) degrees of freedom expected in QCD? How is the
relativistic bound state to be described?

Experimental input is desperately needed to make progress on either of these questions.
Perhaps superstrings and supercomputers will provide the answers to these questions, but |
doubt it. Instead, | expect Nature has surprises in store for us which will only be revealled by
experiment.

There seem to me to be three broad ways in which a first rate pp-facility can shed light on

these issues. Let me list them—they form an outline for the rest of my talk—

Tests of discrete symmetries: CP, CPT, T, AS=AQ. These (CP and T in particular)
probe the standard model where we least understand it.

Heavy quark QCD: It should be possible to discover at least three previously unknown
narrow states of charmonium, to measure precisely the widths of all narrow cT-states

and to unravel the helicity structure of the pp— charmonium vertex for all narow
charmonium states, providing a great deal of new data on QCD where we are well
prepared to make use of it.

Voodoo QCOIY: By means of precise, high statistics measurements of exclusive final
states observed in pp-annihilation at rest and in flight it may be possibie to

« observe CP-exotic mesons

« significantly clarify the glueball spectrum

* sort out meson spectroscopy in the 1-2 mTeV region

« produce and study the {broad, overlapping) resonances expected in the NN-channel.

Many of the traditional issues in Pp-physics are missing from this short list. Some are

interesting in themselves but have no direct bearing on the two problems | mentioned at the

outset, other seem to me to be raised in unreliable physical models or concerned with



phenomena which don't appear to exist in Nature. Among these are: the search for narrow
baryon-antibaryon bound states or resonances above threshold (“baryonium®); the study of
“annihilation mechanisms™, eg. 3P, quark rearrangement, etc.; the attempt to obtain short and
intermediate range NN-interactions from NN-interaction models; the attempt to create and study
 a quark-gluon plasma by annihilating p's within a nucleus. Most of these topics are discussed

elsewhere in these proceedings. I've omitted p-atoms and the study of trapped and bottied
antiprotons because | am unfamiliar with them and am unable to judge ther physics potential.

I.Tests of Discrete Symmetries
New and/or more precise tests of CP-, CPT-, and T-invariance and of the AS=AQ rule will

be possible at a dedicated low energy pp-facility. Violation of CP-invariance in the neutral kaon
system has been known since 1964.R1 At present all CP-violation in the neutral kaon system is

consistant with a single, "superweak” mixing parameter £.°) Present data on K—2n are

consistant with CPT-invariance within two standard deviations.! This is by far the most
sensitive test of CPT invariance and the existance of a discrepancy is somewhat disturbing.
Regardless of whether or not CPT is a good symmetry, the observed violation of CP-invariance

in K —2n. together with unitarity. requires T-invariance violation in the neutral kaon system.Fl

There is no known evidence for failure of the AS=AQ rule.

Most of the proposed tests of discrete symmetries in pp-interactions merely use
pp-annihilation as a particularly clean source of neutral kaons. | will limit myself to these. The

very interesting possibility that CP-violation could be observed in processes like Pp—AA or

pp— Z= has been raised by Donoghue at this workshop.!®l The basic idea for precise studies of
the neutral kaon system in Pp-annihilation is due to Gabathuler and Paviopoulosi”l They

propose to look at pp—K*nK® and pp—K-n*K°® at rest. Each accounts for about 0.2% of

pp-annihifations at rest. The trick is to trigger on K*n* and thereby reconstruct the production
vertex, four momentum and strangeness of the produced neutral kaon. Subsequent observation

of 2n, 3n, n*@-vor "0 *V decays as functions of proper time along the neutral kaon trajectory



tests discrete symmetries. The advantages of this approach over traditional regeneration
experiments are that the neutral kaon strangeness is known at production and the sysfematics
are totally different; there is no neutron background and the experiment is performed in the
pp-center of mass with 4n geometry. Specific tests which have been proposed are:

Measurement of CP-violation parameters and a test of CPT-invariance in K, — 2nP!
This is a well known and exhaustively studied system. All CP- or CPT-violating effects are

determined by the famous parameters € and €. In the limit of CPT-invariance ¢ measures
CP-violation in the KOK° mass matrix and ¢ measuwes CP-violation in the

K,(CP=-1)—nn(CP=+1) amplitude. Whether or not CPT is violated, £ and € are related to the

measured parameters n__ and n,, by
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(8, and 3, are the s-wave nn phase shifts at v's = my for | = 0 and 2 respectively.) Since [gle] is

known to be very small. one expects ¢ - 0, _ to be very small. Instead. the most accurate



value. @ 0o~ 9, = 126'+6.2. and the world average ®l 9, -0, = 9.8':5.4. are roughly two

standard deviations from zero. A more precise measurement of By IS Necessary to puf to rest
this apparent violation of CPT invariance.

If CPT is assumed. then the phases of £ and € are practically equal‘ and
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Two recent experiments have placed rather stringent limits on [€/€] (assuming CPT):
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These limits are close to the lower bounds on [¢'/g] in the standard model. 121
By measuring the rates for K9K%— n*n~ and K9K°— n®n®as functions of proper time along
the path of the neutral kaon, one measures 1), _and 1. In their LEAR proposal '3l Adiels et al.
estimate an overall improvement in the measurements of both |e¥c] and [0, _ - ¢,,| of a factor of
=2.5 [See Table 1) with a sample of 10'* F-annihilations at rest. By the time this experiment is

completed, comparable sensitivity will have been achieved with traditional methods,

nevertheless, it is encouraging that the first look at CP and CPT-violation in K—2n at a
pp-facility expects to surpass the limits now achievable with traditional means. |
Direct Tests of CPT (13.14]
The equality of the K* and K- lifetimes
h—:Lﬂ <15+10" (present limit)
[+ 1]

tests CPT. Measurements on K —2n and theoretical arguments using unitarity (Beil-

Steinberger relation!!S]) allow one to bound the K%K° mass difference:1?]
M - M|

MM 26107 (presentlimit
L™ Vs



at the level of two standard deviations. Proposals to LEAR would improve both these limits by
~1 order of magnitude [see Table I].

Direct observation of T-invariance violation [13.14.16]

If CPT is unbroken then the observed CP-violation in the neutral kaon system implies
violation of time reversal invariance. Even if CPT is violated, the observed CP-violation in
K(—2n, combined with unitarity, requires T-invariance violation in the kaon system. A very

pretty way to observe T-violation directly was pointed out by Kabirl'®l and proposed at LEAR by

Tanner and collaborators (3141 The idea is to compare the rate for K%~ K® with K0~K?® by
comparing the reaction chains:

pp— Kn'K’ (A
R0
Ln e '\7.

- . -0

w«ano B]
K
Lae®

The argument relies on (and tests) the AS=AQ rule which forbids K°—n*e-V, and K°~n-e*v,.
Thus the observation of sequence [A] ensures that a produced K? has oscillated to K°, while [B]
ensures that a produced K° has oscillated to K®. Different rates for [A] and [B] is a drect
measure of T-violation. |f CPT and AS=AQ are valid, then the known CP-violation in the neutral
kaon system predicts the rates for [A] and [B] to differ at a level of 6.5x10-3 independent of
proper time. CPT-violation in the K%K® mass matrix would lead to deviations from this value. A
violation of AS=AQ would resuit in a difference in rates varying in a characteristic way with
proper time. The expected signal is shown in Fig. 1.1'4]

Strictly speaking this experiment should be regarded as a test of CPT and the AS=AQ rule.

Even if these are not violated, however, it would provide a very elegant direct confirmation of
the T-violation in the neutral kaon system.



Table |
Proposed tests of discrete symmetries

Parameter Violates Present value Proposedlimit Ref.
-t i+t CPT <1.5v10-3 <1.5%10°4 14
IM - MM, - Mg|  CPT <2.6x1072 <2.6x10"3 14
O~ 0, CPT* 12.6:6.2 ¥ z 12
[ etel cP 1.7:7.2:4.3x10-3119 2x10-3 12

-4.6:5.4:2.4<10-31]
M, _of cP <1.2x10-18] 610~ 12
Mool CP <10-1#l 8x10~+ 12
‘Re x AS=AQ <2x10°2 6x10~¢ 12
Im x AS=AQ <2.6x10-2 7x10™4 12
K*e*/K-e- T,CPT or AS=AQ* — 10-3 14
*see text

|t is unclear from Ref. 12 whether this limit applies to |nj or |n[2.

Measurement of CP wiolation in K¢— 3n @1

By measuring the rate for K%%— n*n"n® and 3n® as functions of proper time along the path
of the neutral kaon it will be possible to obtain accurate measurements of the CP-violation
parameters in Ks— 3n. The sensitivity anticipated by Adiels et al.I'?l is summarized in Table .
The improvements appear significant, but to understand the importance of these measurements
we will have to review the way CP-violation manifests itseff in Ks—3n.'"”l We label the pions n,,
ny. and n,, where n, and n, are charged in the n*n"n® mode. The decay amplitudes for the

CP-eigenstates K,(CP=+1) and K,(CP=-1) can be decomposed according to the isospin of the
3n-system:
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where a=1 o 2 for K, or K,, Q=E,+E,+E, and the superscripts on the amplitudes A and B!
denote the isospin of the three pion system. With the exception of the | = 1 amplitude, only the
first term in an expansion in the-pion energies has been kept. The P, C and CP properties of the

amplitudes Al and B! and facts relating to ther role in K— 3n are summarized in Table Il. For

comparison, the properties of the analogous amplitudes in K— 2n are summarized in Table |ll.

Table 1l
Properties of K- 3m Amplitudes

3n quantum Ki=3n Ky—3n
numbers conserves conserves
AmplitudeP C CP P cC CP P C CP n%%° Al

A - - + r Y v X X NO 12

Al - + - v XX v oYY YES /2,32

B! - + -~ Y X X v v v YES 172,32

I J v J X NO ¥2, 502

Al - + - / X X v v YES 52,7112
Table Il

Properties of K—» 2x Amplitudes

2n quantum Ky—2n K,—2n
numbers conserves conserves
Amplitude P C CpP P C CP P C cCpP non® Al
A, A x x v X Vv X YES 12

A, + + + X X v % v X YES 32 %2
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The parameters measured in K— 3n are defined in analogy to those measured in K— 2n:
K= an’ Ks— A

0 nt-ﬂ + -0
KLﬁan KL"" nnn

Nooo

From Table Il it is clear that the decay K,— 3n® violates CP. In contrast, the decéy K= n*nn®
conserves CF; in | =0and| =2. The CP-violating K,~n*n"n® (| = 1 and | = 3) amplitudes can be
isolated by symmetrizing in E ,— E_. If we assume that there are no Al .>_ 5/2 terms in the weak
Hamiltonian then the | = 3 final state can be ignored, leaving all CP-violation in ;3"0 and n*n"n?
the | = 1 amplitude. Since three pions can couple to | = 1 in several different ways, 1, and
1,.oe independent. 1, is a symmetric function of the pion energies so

oo ~ Toao * OXE)
The CP-violating part of n_ _, is symmetric in E,, —~E__ s0

N " Mo N, o (Egm G13) + OE)
So three constants extracted from the Dalitz plot contain all the information on CP-violation in
the Ks— 3n decay (to O(E?) and ignoring Al > 5/2). The physical K is a linear superposition of
K, andK;: K ~ K, + €K;, so CP-violation in n,o, and n, _, can arise either from the small admix-
ture of K, in Kg or from drect CP-violation in the K, decay amplitude.
Theoretical Expectations )

What do thearists expect to learn from these experiments? and given the expectations of
Table | how important is it that the experiments be done?

** K—2n: Even marginal improvements in the current limits on |€'/¢] are interesting, so is the

| hope of clearing up the confusion over g~ 0, The fact that a first generation K—2n
experiment is competitive with the best using standard methods is quite encouraging.
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CPT: It is difficult to construct a reasonable framework for refativistic quantum mechanics in
which CPT is not automatic. It follows from Lorentz invariance in any local field theory. If it
were violated, it would be extracrdinarily important.

T: CP-violation requres T-violation at a predicted level. It would be nice to verify it
explicitly. The experiment is a classic, but it is not “new".

CP-violation in K—3n: Major improvements in the limits on 1., and n_, &e possible.
However, it is likely that little will be learned from these greatly improved measurements.

To see why, we must consider the predictions for n ., and 0, _, in various models:
«  Superweak: If the only CP-violation is in the kaon mass matrix 1., =", _o=¢.

» Standard model (a la Kobayashi-Maskawa): There is only one CP-violating phase in
the fermion mass matrix. It can be taken as the relative phase of the {8} and {27}
pieces of H, PCAC together with an analysis of final state interactions gives the

CP-violating amplitudes in Kg— 3n in terms of ¢ '] so

Nooo =€ o(r)

Ng™ + OE),

and the dewiation from the superweak result will be too small to detect with the
anticipated sensitivity. The same remarks apply to models with Higgs generated
CP-violation. 1]

 New physics: it is clear from Table Il that CP-violation in K, —2n comes entirely from

P-odd operators. In Kg— 3n it comes from P-even, C-odd operators. Thus, models with

new, C- and CP-volating, but P-conserving interactions can be constrained (or
discovered) by bounding (or detecting) deviations from the superweak predictions for

Ngoo 24N, _ P
AS=AQ: Violation of this rule is not expected above the level of 10°'* in the standard

model. | know of no interesting models with AS=AQ at the level of sensitivity of these
experiments.
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The best summary of the tests of discrete symmetries available at a new pp-facility is
probably the projected limits given in Table | taken from the latest LEAR proposals.

. A New Era in Charmonium Spectroscopy
To discuss the potential of a dedicated Pp-facility for charmonium physics it is convenient
to assume some definite machine parameters. In the following | have chosen
L =10°2 ¢m2 sec! '

Equ> 4mTeV

Aplp as small as ~ 2¥10-5or as large as 10-3
With these parameters a very rich program in charmonium physics will be accessible !1923] The
hope for bottomonium physics is much more remote. If the achievable machine parameters are
different, then of course, the physics potential must be scaled up or down accordingly. With this
machine it would be possible to:

« Discover three previously unknown narow states: 'P, (JP€ =10, D, (PC=2"), D,
(JPC =27*) and confirm the weak "

- Accurately measure total widths for all narow cZ-states: Except for the S -states.
these are not well known at present. The widths can perhaps be measured as well as
~70 KeV.

« Measure helicity amplitudes in Pp-production : There are several helicity amplitudes for

creating each charmonium state (except J=0). These can be separated by studying

decay angular distributions.  The amplitudes may contain information about chiral
symmetry violation in QCD.

+ Unravel multipoles: Radiative decays of ct-states often allow competing multipoles.

For example 27— 1~ via M1, E2 or M3 (etc.) Once again, decay angular distributions
allow these to be separated.

The physics motivation to perform these measurements is quite compelling. The masses

of the 'P,, 3D, and 'D, states are sensitive to spin, spin-orbit, tensor and refativistic terms in the

charmonium potential. There is still considerable uncertainty about the nature of these terms.
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The total widths of narrow charmonium states are dominated by cE-annihilation into two or three
guons. They are "predicted” in QCD in terms of the running coupling a (M?) and the

wavefunction at the origin (or its derivatives). The Pp-coupiings to specific charmonium states
probe QCD at a mass scale ~3-4 mTeV, where most measures of chiral symmetry breaking in
QCD. with the exception of the proton mass, are small:

Uy << ,Mle

M, 4<< M .

It is tempting to ignore the proton mass and argue that chiral symmetry is effectively restored at
these energies, so that only chirally invariant couplings between pp and charmonium states

should be allowed.”*) Thus, for example, the n_ should decouple from Pp (just as the Higgs
decouples from massless fermions), and the J/y coupling should be pure Dirac, ie. Ey"pvp. with
no 50""q\,p\|f'l term.124] n fact these predictions do not seem to work very well. For example, the

coupling of the n_to Pp is comparabie to the J/y to fp. It would be very interesting to find a way

to estimate the relative magnitude of chiral symmetry violating and preserving terms.

The possibility of doing significant charmonium physics at a pp-facility relies on the
excellent momentum resolution of cooled p-beams, which can be used to enhance the signal
compared to background on resonance. This makes it possible to measure charmonium widths
drectly by scanning over the beam energy. Of course, it also relies on the fact that namrow
charmonium states can be produced with appreciable cross sections (-pbamns) without
restriction to JSG=1—_ Most important, the significant branching ratio of narrow charmonium

states to J/y+X provides an excellent signature (via J/y— e*e~) which can be used to distinguish
charmonium productioh from the huge background of ordinary hadronic processes at a high
luminosity pp-facility. Specific examples of the reaction chains leading to clear signatures are
given in Table IV.

This sounds like an ambitious program. How can we be sure that it will work? Fortunately,
precisely this technique was used in the last experiment performed at the ISR~ISR R704125)-to
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produce the Jiy, 0. x, and X, states. There is even some evidence that the 'P, was also seen

in R704. The x, and x, excitation curves measured in ISR R704 are shown in Fig. 2 along with
the sort of data the authors of Ref [25] hope to obtain in from a dedicated pp-facility.

Table IV
Signatures for Some Charmonium States

- 3 ¢ -

- 1 0 * - 0

pp — P,—.. Jy+n —[ee]+n

PP 302" K+ Yy = I+ + Yy — [°¢°-]*VE1 * ¥

pp— 'D,— iy +p’— [e'e ]+ p’

It is worth pursuing this further in order to see if the machine assumed at the outset actually
has the sensitivity to discover new states and measure ther properties in detail. Let me
consider three scenarios:

« Search: Look for a state of width ~1 MeV by taking 100 steps over an interval of

100 MeV in a month. To obtain 10 events in the chain:
pp—X,—~Y
where Y is observed (with a theorist's efficiency of 100%), we require:
(2J+1)BR{X ,— Pp]*BR{X — Y] > 7.3x10-9
if the luminosity is 10°2,
« Non-specific_search: If a particle (X,) decays to the J/y, it is not necessary to know the
specific decay model'92%)  Instead one can trigger on the inclusive production of e*e”
pars at the J/y in

pp—X,— Jy+ .. - [e*e7]+ ...
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A new state appears as a peak in the Jiy inclusive production as a function of the pp
center of mass energy. With the same search strategy as the first scenario we require:

(2J+1)+BR[X ;- Bp*BR[X,— Jhy+..] > 10”7

« Bangup job: Once a state is discovered, measwre its width, study decay angular
correlations, etc. Assuming this requires ~10° events per month in the decay chain:
pp—X,~Y,
we require:

(2J+1)-BR[X,~ BpIBRIX,~ Y] > 7.3x10~7

To get a feeling for the potential of this physics let me summarize how the known particles fare.
The data—as best | can determine—are summarized in Table V.

Table V
Production of Known Charmonium States in pp

Particle Y (2J+1)-BR[X,— Bp]*BR{X,~ Y]
Jhy e*e” 3+[2.2<1073]) «[7.4¢1072] = 4.9x10-4
N Yy 4.3:3.6x10°7 18]
2 Jy+y—[eter]+y  5+[4-10x10-5M1927) ¢ [1.2¢10"2) = 2.4-6x10"
X, Jy+y— [e*e]+y  3[5x10-5P19 4 [1.7x102] = 3.1x10"0

From Table V it is clear that all these particies could be discovered at the envisioned machine
and all except perhaps the n_ could be studied in depth.
The branching ratio to pp exceeds ~5x10-S for all known cG-states. If we assume the same

is true for the as yet unknown states—'P,, 3D,. and 'D,~then the non-specific search for these

states will succeed if

(2J+1)BR[X,— Jy+...] > 2¢1073,

With this criterion in mind let me review the three new, narow states which might be created at a
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dedicated pp-facility and, in particular, their decays to J/y:

« P (JPPC=1*+)this is the first orbital excitation of the n.. the charmonium analog of

the B-meson. This state is not made in y' radiative decays because of its (negative)
charge parity. For the same reason, it does not decay to J/y+y. In principle it can decay
to Jiy+nn, but the Q-value for this decay is probably small and the two pions must be in
p-wave refative to the Jiy. Perhaps the dominant decay leading to a J/y is the isospin
violating decay, 'P,— Jhy+ n® which is s-wave and has plenty of phase space. In this

context it is well to remember that the (similar) isospin violating decay w— rm® has an
8.7% branching ratio. As far as | know, this decay of the !P, has never been estimated.

1D(JPG=2-*)~this is the second orbital excitation of the n_. Although models
predict it to lie above 2M(D), this decay is forbidden (by parity). Instead its lowest open
charm decay threshold is DD*, and its mass is below M({D)+*M(D") in

most models. Thus it is expected to be narow. [t can decay to Jiy+y, ., but the decay
requres AL=2 and is therefore probably suppressed. Once again. the dominant decay
to the Jiy is probably isospin symmetry violating, 'D,— Jry+p°, which is s-wave and

has considerable phase space: M(D)+M(D*)-M(J/y) = 775 MeV.

3D,(JPG=2")~this may be narow for the same reason as the 'D,. Because it is a spin

triplet, its radiative cascades to the Jly are likely to be important. It can decay to a

x-state by an allowed electric dipole transition. so the 3D, JIy+Yg,*Yg, branch is likely

to be large. The D, can also decay directly to J/y+n® violating isospin symmetry.

In all three cases it seems that the prospects are good for finding a large enough inclusive

decay rate to the J/y to enable the state to be discovered in this manner. After they are found,
experience indicates it is only a matter of time and technique before they are produced in large
numbers and studied in depth.
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i1f. Exploring Voodoo QCD

Over the years considerable "collective wisdom™ has evolved about confinement dynamics
in QCD. There are few reliable quantitative calculations from first principles, but a geat deal of
qualitative understanding nevertheless. The foundation of this picture is a mix of ideas drawn
from sources such as SU(6), quark models. vector dominance, chiral dynamics, QCD sum rules,
bag models, parton models, duality, the OZ! rule and so forth. So long as they are not taken too
quantitatvely. these notions provide a very important and predictive guide through the rich
phenomena of the strong interactions at low energies. For lack of a better term, | will refer to
these ideas collectively as “Voodoo QCD"(!l, a name which reflects the mystery and power of the
collective wisdom but underestimates its intellectual credentials. To quote Bjorken—originally in
reference to the bag model—the subject has "gone from a model to a language without having
passed through the intermediate stage of being a theory" 1281

There is much to learn about Voodoo QCD at a dedicated pp-facility. Most of the interest

~ lies in the meson spectrum in the region below NN-threshold [1-2 mTeV] and in the

NN-continuum not far above threshold. The meson spectrum below 2 mTeV has proved very
complex. It was initially explored in the heyday of stationary target physics. The prominant
resonances were identified relatively easily, but the less easily accessed channels remained

unexplored. The advent of e*e -colliders and especially the study of Jiyradiative decays has

provided an entrely different perspective on the problem. Eventually the process yy— mesons at
e*e" colliders may contribute with the same impact. It is likely that an equally different and rich
view of the meson spectrum from 1 to 2 mTeV will be provided by a pp-facility. The history of the
study of the NN-continuum is a sorry one. Those of us old enough to remember the bad old
days of “baryonium® in the 1970's will not easily be persuaded that there is much to learn from
the study of NN-scattering in the 2-3 mTeV region. Nevertheless. | believe there is a possible
program in that region also at a dedicated pp-facility.
The interest in the meson spectrum between 1 and 2 mTeV centers on the search for
glueballs and other exotica predicted by Voodoo QCD but so far not definitively observed.
» dlueballs . There are many estimates of the glueball spectrum in QCD. Most, indeed
all that respect such principles as Lorentz and 'guage invariance, share a common set
of predictions. 1291 The lightest glueballs are expected to be a scalar [0**], a tensor [2**],




18

a pseudoscalar [07] and a pseudotensor [2°*]. Mass estimates frequently piace most
or all of these states below 2 mTeV. A 1-*-glueball, which features prominantly in some
models, is probably not among the lightest. Estimates of widths and branching ratios
are ureliable. The masses and widths of the 0** and 0-* gluebalis are especially
uncertain because of their connection with anomalies in the energy momentum tensor
and the U(1) axial curent in QCD. At present there are several intriguing glueball

candidates. The (1440) seen in radiative J/y decays—which may yet be the same as
the E(1420) seen in hadronic production—is a candidate for the pseudoscalar. The

9(1640) is a candidate for the tensor. The G(1590) seen in decays into nnand nn' at

Serpukhov P and the g¢resonances seen at BrookhavenP!! are additional glueball
candidates.

CP exotics: A non-elativistic quark-antiquark system with spin S and orbital angular
momentum L has parity P = (-1)*! and charge parity C = (-1)1*3, Thus it is forbidden
to have the quantum numbers 0~ or 0*-, 1-*, 2*~, 37*, ... There is no reason for these
selection rules to hold in a relativistic theory: They require instantaneous interactions
and a kinetic energy which can be separated into a relative and center-of-mass
contribution. The selection rules are violated if the mesons contain additional degrees
of freedom, eg. qdg, or by relativistic effects. It is difficult to distinguish the two In a
guage invariant way. Mesons made of quarks, antiquarks and (valence) glue have
attracted much interest in recent years. They are known variously as meiktons, hybrids
and hermaphrodites—iitle else is known about them B2l although estimates of ther
masses lie in the 1-2 mTeV region. One clear signatuwre of such states would be
CP-exotics with non-trivial flavor quantum numbers.

multiquark states: There is a rich spectrum of q?G2-"states” above 1 mTeV strongly
coupled to the meson-meson continuum. Rosner (and others)™ pointed out many
years ago that ¢*G%-"states" above the NN-threshold should be manifest as prominant,
but relatively broad and overlapping resonances in NN-scattering. This straightforward

consequence of duality got lost in all the hysteria about possible narow multiquark
resonances ("baryonium"). The q2g2-"states” below NN-threshold are in general likely
to be broader still, since it is hard to envision any barmer at all preventing them from
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falling apart into ordinary mesons. If, however, they couple dominantly to channels
which are closed or nearly closed, then they may be less broad. For example, a

q?G%-"state” coupled strongly to pp and ww may be rather narow if its mass is below
1.5mTeV.

The pp-channel has several advantages in the study of the meson continuum in the 1-2
mTeV region. First, the threshold is immersed in the meson continuum, so it can be studied from
annihilation at rest, which has many advantages (see below). Second, annihilation dominates
the cross section until well above threshold. Third, there is no "spectator” nucleon as in

conventional processes like nN—nnN. This makes the partial wave analysis considerably

simpler. Fourth, the atomic physics of the annihilation process can be used to constrain the
quantum numbers of the NN-system. Fifth, it is easy to draw natural-looking quark line diagrams

leading to various exotic final states (see Fig. 3). |f perhaps the Pp—ggg diagram looks unlikely,
it is worth remembering that pp— J/y proceeds via ggg-annihilation, and that Chanowitz has

made a strong case that the 1(1440)y-a glueball candidate—was first observed in

pp-annihilation. P4
The meson continuum appears to be dense with resonances in the 1-2 mTeV region. In

inclusive processes such as pp—nX interesting exotic states will likely be swamped by
background from well known, strongly coupled states like f, A, D.... The same goes for

exclusive final states such as pp— nnn, with resonant contributions from many well known

nn-states; p, €, f, g, ... To search for exotica it is necessary to fiiter. This can be done in two
ways. First, the quantum numbers of the initial state can be constrained by selecting
annihilations at rest from specific atomic configurations. Second, the quantum numbers of the
final state can be restricted by studying specific, exclusive channels. primarily 3-body states in
annihilation af rest and 2-body states in annihilation in flight.

Annihilation at rest occurs primarily from atomic s- or p-states. The Pp-atom starts in a
quasiclassical orbit and cascades toward the ground state.  The annihilation amplitude is so
large that the annihilation width of the 2p-level is greater than its radiative width. Thus, in
isolation (in practice, in a gas at not very high pressure) the annihilation is frequently from the
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2p-state (55% at NTP).P9 The ASTERIX collaboration at LEARPE] has shown that it is possible
to isolate p-wave annihilation in gaseous H, (>95% at NTP) by triggering on annihilation in
coincidence with the appropriate antiproton-atomic X<ay. In a liquid hydrogen target the
Stark-effect due to ambiant fields generated by other hydrogen atoms mixes s- and p-states
which enhances annihilation from the s-states. Thus annihilation at rest in liquid H, is
dominantly s-wave (~100%, <1% p-wave).Pél

It is therefore possible to dial the quantum numbers of the initial state with considerable
reliability:

s-state: 'Sy (JPCm0-* 1G=0* or 17). o
35, (JPC=1-, 160" or 1*)
p-state: P, (1*), or
3P, (0%, 1%, 2*%)

The most interesting constraints | know of come from the s-wave because the initial quantum
numbers are most limited.

The potential of combining annihilation from a specific initial state with the selection
provided by looking at a specific, exclusive final state is best illustrated by a few examples:

« Example 1: pp— n®n®n [atrestin liquid Hy] This final state cannot couple to 1, so if

the annihilation is from the s-wave of the pp-atom, the n°n®n system must have quantum

numbers JPC=0-* |G=0* or 1-. The allowed quantum numbers for the meson pairs in the final

state are tabulated in Table VI. The Dalitz-plot for the n®n® system is shown schematically in
Fig. 4. The interest in the channel stems from the appearance of the CP-exotic 1-* quantum

numbers. The § =2 nn or nn isobars, f, ', A,, etc. must be produced in a d-wave relative to the

third meson and are likely to be suppressed. The 8(960) is narrow and easily distinguished from
a (presumably higher mass) 1-*-state. This leaves the n%n® s-wave as the only important source
of background which might mask a 1-*-state. This channel generates a flat distribution over the

Dalitz-plot. which should be possible to distinguish from the variation characteristic of the 1-*
channel.
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Table VI

Mesons  JPCS Angular momentum* Known States
nn 0*+1- =0 (960)
1°*1- =1 CP - exotic
2*+1- =2 A,(1320)
3-*1- =3 CP - exotic
nn? 0**0* P=0 £(700), £(1300),...
2++0* =2 1(1270), £(1525)....

“Q is the relative angular momentum of the third meson with respect to the other two.

Of course this experiment is not at easy as it may seem to a theorist. in particular, the
nnn final state is really a 6ystate, which will requre a detector with high quality photon
identification and very good electromagnetic energy resolution. One might think that the n™n*n
channel would be easier to study experimentally. However this channel has a large

background from isobars in the (nn) 1~~1* channel, which is rich in resonances—p,p’...~which
are not flat across the Dalitz-plot. Annihilation in a gas target does not allow any new
backgound channels. ts disadvantage seems to be that the signal (1-*1*) will be diluted
because annihilation from most of the initial states yield only non-exotic spin parity. For

example, the background channels fn and A,n can be produced with Q=1 if the initial state is 1**

or 2**. This will be a difficult but perhaps rewarding experiment. One wonders whether
CP-exotics have resisted discovery all these years largely because of the obscurity of ther
decay channels and the trouble of finding them.

+ Example 2: pp—nn% [atrestin liquid] [ Pp— nno1s similar] In this case the system

can't couple to 0°*, so if the annihilation is from the s-wave of the Pp-atom, the n°n%) system has
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quantum numbers JC=1— [6=0- or 1*. ¢n is an interesting channel. It has long been
advocated as a q?q-channel since the quark content of a meson coupling strongly to ¢on is
$5(qq)*' P71 The only meson known to decay to ¢n is the intriguing state at 1490 MeV seen at

Serpukhov. P81 The quantum numbers of the ¢n-system produced via pp—n°n [at rest in
liquid] are given in Table VIl:

Table Vil

n % states produced in [Pplg-wave— no'n%

Mesons Jrclg Angular momentum* Known States
n% 11+ =0 -
01+ Q=1 CP - exotic
-1+ 0=1 C(1430) P8}
21 f=1 -

“Q is the relative angular momentum of the third meson with respect to the other two.

The background to the interesting on® signal comes once again from the n°n®s-wave. Using

n'n® instead of n*n~ avoids a pl¢-backgound. The n¢rchannel is an interesting glueball
channel with 1620~ and JPCa1+- 0— 1 2 ..

More examples of interesting exclusive channels can be found in the "Crystal Barel®
proposal to LEARP® where many channels are discussed. Looking at Ref. [39] one sees
several ambitious proposals to search for CP-exotics in high multiplicity exclusive final states.

For example, they take up Isgur and Paton's suggestioni*dl that CP-exotics may be found
decaying into Dn:

pp— ntX¥
Do
{nlnn

so, in all, Pp— n*n*nnn. which is actually two pions and six gammas. There are many
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non-exotic modes of Pp-annihilation at rest which populate this final state, leading to a fierce
combinatoric background: just consider the ordinary isobars which populate the same final

state, eg. ppn. @d, pen.... This problem is compounded by the small Q-value of the reaction
(~315 MeV). The final state does not provide any useful filtration, in fact it makes things worse:
It X+ is CP-exotic (1~*)~which is the object of the search—then annihilation in liquid H, only

produces n=X* in the p-wave, which is further supressed by the low Q-value. Annihilation in

gaseous H, allows the n*X* s-wave but allows relatively more non-exotic background channels
leading to the same final state. It seems to me one should stick to the simplest useful final states

which are two stable mesons (n, 1, K) (or a meson and a photon) recoiling against a third

meson (or a photon). For a list of the quantum numbers available to two meson states see
Table VIII.

The final subject | would like to discuss under the general heading of Voodoo QCD is the
search for direct channel resonances in fp-annihilation in flight. Many years ago Freund and
Rosner gave a straightforward argument®® based on duality that the existance of Regge
exchange at in high energy pp-scattering requires the existance of a tower of direct channel
resonances in low energy pp-annihifation. In QCD these resonances must be interpreted as two
quark-two antiquark states, as can be seen from Fig. 5. There are many such states*!l because
there are many ways to couple the spins, colors, flavors and orbital quantum numbers of four
quarks. Also there are many active partial waves in pp even a short distance above threshold.

So the spectrum of direct channel ppresonances should be dense. Furthermore, there is no
reason to expect these resonances to be narrow. These are not the "narrow baryonium™ states
which caused much passing excitement in the 1970's; instead they are strongly coupled to the

pp-channel in exactly the same way the ordinary mesons (p, f, A,,...) are strongly coupled to
meson-meson scattering. Exotic color configurations like
2623
Iy
are no longer thought to be particularly stable*2] and don't appear-to couple strongly to pp

anyway. Finally, q?G%-states at or below Pp-threshold have no anguiar momentum barrier to
stabilize them. They are best thought of as part of the meson-meson continuum, which they
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influence in more subtle ways. 3]

o—
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N

5 4 9 N
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*CP-exotic channel

nn®, n*n nn

KsKs. KK, 00

°n® n*n" My
KsKs, KK, 00
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o0

Table Viil

1%, -

¢mo~

¢l’l°

n*n, on®

Quantum numbers of two (narrow) meson systems

1=+

nn®

m°
KgKs, KK

fn®

KsKs, KK

KK, on
on’
on

on

KK. én

on

It seems that the challange to experimentalists is to sort out a nch mix of broad,

overlapping resonances. Several attempts were made to attack this problem in the 1970's

using two meson final states to select specific quantum numbers and using both angular
distributions and polarization data to perform amplitude analyses!¥] The results of these
studies are tantalizing [See Fig. 6]—clearly many partial waves are active in the region just
above threshold-but the experiments were limited by ther modest statistics and the groups
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locking at different final states (eg. n%n®, n*n-, KK) never completely sorted out their differences.

A dedicated program of study of pp— M, M, at a high luminosity pp-facility could make a major
contribution to this subject by adroitly choosing meson-meson channels from the menu of Table

Vill. Some of the states in Table Viil are particularly interesting because they select CP-exotics

or gueballs. Notable examples are ¢¢, ¢, nn®, and om.

There is a potential problem with this program which must be addressed. Even if there
were no true resonances in pp scattering, it is quite likely that the excitation function of each
partial wave would rise and fall with energy in a way which imitates resonance behavior. This

phenomenon goes by the name of "peripherality". The idea is this: pp—M,M, is probably
dominated by a particular impact parameter. Central collisions yield high multiplicity
annihilation, while large impact parameter collisions yield little annihilation at all. So it is
reasonable to suppose that low multiplicity annihilation comes dominantly from intermediate

impact parameters, for example. b~1.4fm. Then the excitation function of a given partial wave

will peak at a center of mass momentum given by
Q

Kum, =

provided the center of mass momentum in the entrance channel (pp) is not too different from that

of the exit channel (M;M,). As can be seen from Fig. 7, this condition is satisfied for pp—nn in

the J=0+1 channel not far above threshold. It should be emphasised that the total cross section
would be rather structureless while each partial wave turns on and fades away.

Fortunately there is a straightforward way to distinguish true resonant behavior from
"peripherality”: true resonances factorize—they appeer at the same center of mass energy in all
channeis—even though they may be produced "peripherally”, that is, the dominant resonances

are those whose mass and angular momentum satisfy the condition ksQ/b. Peripheral effects

vary considerably with meson mass: a given partial wave peaks at a different E,, for nn, nn, KK,

etc. So there is considerable motivation for a systematic study of the fp— M, M, reaction as a

function of energy and meson type.
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pp - facility;
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