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FOREWORD

This “Workshop on B Physics at Hadron Accelerators,” held at Snowmass in the
summer of 1993, is to be viewed both as the culmination and end of a series of meetings held
at and sponsored by Fermilab and the S5C Laboratory in the preceding twelve months. The
workshop brought together over 200 participants, theorists, experimentalists, and accelerator
scientists of varied backgrounds. The purpose of the Snowmass Workshop was to explore
opportunities and to compare capabilities for the study of B physics and CP violation in
colliding beam experiments with central and forward rapidity coverage at Fermilab, LHC,
and 550, as well as fixed target experiments with internal targets at HERA and LHC and
external targets at Fermilab, LHC, and SSC. It is hoped that these studies will lay the
foundation for future proposals for new detector facilities or major upgrades of existing ones,
by defining the physics objectives, setting the performance goals, and studying the layouts
and technology choices for the detector subsystems, and examining background conditions.
It was anticipated that Fermilab and the SSC Laboratory would call for Letters of Intent for
such experiments in the near future. Such a call has been made by Fermilab.

During the workshop, participants attended plenary sessions and daily seminars. Most
of the time was reserved for work in smaller groups. These groups were organized to maximize
the interaction of the participants. There were two sets of working groups which met in
parallel. In the mornings, three groups examined various methods of measuring one of the
three angles @, J, and v, of the unitarity triangle. A fourth group studied the wide range
of other physics topics that can be studied in B experiments. In the afternoons, five groups
examined detector subsystems for tracking and vertexing, photon and electron detection,
muon detection, particle identification, and electronics and data acquisition. A sixth group
focused on issues related to the interface between the detector and the accelerator, and a
seventh group discussed various thearetical topics related to heavy flavor particles,

During the deliberations of the working groups, many ideas and studies were pre-
sented, including reports on ongoing analysis of data recorded recently. Assumptions were
challenged; methods and results were examined. In particular, for the measurements of
the three unitarity angles, comparisons of the analysis and the projected performance were
made. For these comparisons, a real attempt was made to use commen assumptions for
cross sections and branching ratios, and to apply common levels of realism in the evalua-
tion of the detection efficiencies, subsystem performance and data acquisition rates. The
expertence gained in recent fixed target and collider experiments was extremely valuable in
this effort. A large number of B decay modes were considered both from the theoretical and
experimental points of view, the background processes were analyzed, and their demands
on the detector capabilities were examined. Detection efficiency, trigger, and flavor tagging
signals were studied and compared in various detectors and beam configurations at different
energies.

These proceedings are to serve as a record of the workshop activities and discussions
and could form a basis for the development of a coherent long-term program, capable of
measuring CP violating affects in many different decay modes and addressing many other
critical questions accessible via the production and decay of B hadrons. The proceedings
contain most of the plenary talks, describing the principal physics issues and reporting results
on charm and beauty decays from existing experiments at CESR, LEP, and the Tevatron.
In addition, the proceedings contain summaries and individual contributions from the eleven
working groups,

The proceedings of this workshop underline the fact that hadron accelerators have a
very large potential to study CP violation and other difficult questions in the B system. The
enormous production rates in high energy beams allow for a large variety of event selection
schemes by multi-level triggers, both in hardware and software. Promising schemes have
been proposed and will be further developed and tested in the next few years.

Near the end of the Workshop, the United States House of Representatives voted to
terminate the funding for the construction of the SSC. Since then, both Houses of Congress
have agreed to cancel the SSC project and close the S8C Laboratory, This action has an im-
measurable impact on the future of high energy physics and fundamental research in general,
in this country and abroad. Dedicated B experiments at the highest energies are among the
many exciting scientific opportunities that are lost. Nevertheless, these proceedings will serve
as a valuable guide to the potential of hadron accelerators for the understanding of the origin
of CP violation in particular and beauty physics in general. The projections presented here
are to be compared with the capabilities of present and future high luminosity e*e~ storage
rings operating at the T(4s) resonance. The Fermilab Collider remains a viable opportunity
for reaching many of the goals examined here. The proposed LHC project at CERN can
benefit from many of the insights recorded here, as can the fixed target experiments planned
for 1 TeV proton beams at Fermilab and HERA.

We would like take this opportunity to thank the members of the Organizing Com-
mittee, the working group convenors, the speakers, the editors of the proceedings, and the
members of our dedicated workshop staff. They all worked hard to make this workshop pos-
sible and they, along with the enthusiastic participants, deserve credit for the very fruitful
results generated in the thin air and natural beauty of the Colorado Rockies, We would also
like to thank Patricia Ehresmann, Valerie Kelly and the staff of the Technical Information
and Publication Services at the Superconducting Super Collider Laboratory for their efforts
in putting together this document.

Regrettably, this was the last in a long and successful series of Snowmass workshops
related to SSC physics!

Vera Liith and Jeffrey Appel
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CP VIOLATION IN THE STANDARD MODEL:

THE B MESON SYSTEM
Michael Gronau
Department of Physica, Technion - Israel Institute of Technology

22000 Haifa, Israel

1. INTRODUCTION

We review various phenomena of CP violation in B decays within the standard model.
Section 2 describes the mechanism of CP violation in the Standard Model, which is based on
a complex phase in the Cabibbo-Kobayashi-Maskawa quark mixing matrix. Three different
manifestations of CP breakdown in the B system are studied in Sections 3, 4, 5. These
include CP asymmetries in direct decays of charged B mesons, CP nonconservation in B° -7
mixing and CP violation which occurs when mixed neutral B mesons decay to states which
are common decay products of B®* and B°. We show how to use measured CP asymmetries
to determine angies of the CKM unitarity triangle, which are fundamentai parameiers of
the Standard Model. Complications due to penguin amplitudes and due to possible color
- suppression of certain decay amplitudes are discussed. Section 6 presents a method which
uses correlated pions to identify the flavor of neutral B mesons in order to measure CP
asymmetries. We conclude in Section 7.

This review is not supposed to be complete. Rather, it represents our own view about
the most promising ways of testing the CKM mechanism of CP violation in B decays. A
more compieie lisi of references may be found in previous reviews.!

2. CP VIOLATION IN THE STANDARD MODEL

mr Ial 2V T P

I The CKM Mairiz

b

In the standard model the SU(3)c x SU{2}r x U(1l)y gauge group is spontaneously
broken by the vacuum expectation value of a single scalar Higgs doublet. CP violation
occurs in the interactions of the three families of left-handed quarks with the charged gauge
boson:

L
C P violation requires a complex (rather than real) Cabibbo-Kobayashi-Maskaw:
A

mixing matrix V. The gquark mass terms exhibit & symmetry under phase red

the six quark fields. This freedom Jeaves a single phase in V. The unitary matrix V, which
can be defined in terms of this phase {¥) and three Euler-like mixing angles, is approximated



i

{or most practical purposes by the following form:

1 Vasl  [Vasle™™
Vo= Vel . 1 [Ves| . (2)
;Vl.llllcbl - |Vub]3'-T _l‘/cbi 3

The measured values of the three mixing angles (sin ;2 = |Vi,|, sinfa; = V], sinfyy

= |Vys|) have a hierarchial structure in generation space,?

[Vas| = 0.040 £ 0.007 (O(A%)),  |Vas| = 0.003 £ 0.001 (X)),
(3)

often characterized * by powers of a parameter A. This structure was used with unitarity

Via| = 0.220 £ 0.002 (1),

to obtain the approximale expressions of the three ¢ quark couplings in V. It is amusing to
note that the yet unmeasured value of {Vj| obtained from unitarity is the most accurately
known parameter of the mixing matrix.

Unitarity of V' can be represented geometrically in terms of triangles, such as the one

depicted in Fig.1 representing the relation

VeaVis + VeV + ViaViy = 0 . (4)

<

- *
Vcd cb

Figure 1: The CKM unitarity triangle,

The three angles of the unitarity triangle, o, 8 and + {which appears as a phase in (2)}, are
rather badly known at present. Gurrent constraints from direct measurements and from the
observed B° — B° mixing and CP violation in K decays, which depend on uncertainties in
K- and B-meson hadronic parameters, can be approximately summarized by the following

ra.nges:5

5 < a < 160°, 5° <7 <45%, 1054 <1700, (5)

As we will show, CP asymmetries in B decays are directly relaled to these angles in a manner
which is free of hadronic uncertainties, and can provide a more precise delermination for some

of these fundamental parameters.

2.2 CP Violation in B va. K Decays

One advantage of using the B system compared to the neutral X system is simply
illustrated in Fig. 2, which compares the unitarity triangles of these twa cases. For B}

all the three sides of the triangle have comparable lengths (O(A%)), while in the K meson
triangle, which essentially collapses to a line, two sides are much longer (A) and the third
one is extremely tiny ((?(A*)). Unitarity implies that the two triangles have equal areas.

V V‘b .
Vb ViaVih g
7 Vcdvc.b

VudVis

V) dVI. s
*
VedVes

(a) (b)

Figure 2: Unitarily triangles of Bg (a) and X° (b),

Therefore, CP asymmetries in B decays, represented, for instance, by the angle 7, are much
larger than the asymmetries expected in K decays, which are given by the angle . In physical
terms, this follows from the fact that the difference between particle and antiparticle decay
rates for both K and B mesons involves the same universal CKM factor, given by the area of
either triangle. That is, when two CKM amplitudes interfere in K and B decays the particle-
antiparticle decay-rate-difference contains in both cases a common factor Im(V, 4V}, V., M
Im{VuaV, Vs Vy). On the ather hand, the CKM factors which determine the decay rates
themselves are much-larger for X decays than for B decays.

The experimental and theoretical situation of CP violation in K decays is nicely sum-
marized in ref. 6. In brief, the overall magnitude of the very precisely measured parameter
€k, which measures CP violation in K® — I mixing, can be accounted for in the Stan-
dard Model. However, the theoretical calculation involves large uncertainties in the CKM
parameters, in the £ quark mass and in the hadronic "bag” parameter By, which gives the
box-diagram K" —~ K’ matrix element. These uncertainties lead to the large range of allowed
values of siny (Eq.(5)) to which ex is propopriional. The theoretical situation with respect
to CP violation in K — 2r decay, where the 30 year experimental search for & nonzero value
of €'/e is still going on, is worse. The effect of the QCD penguin amplitude is to yield values
of ¢/¢ around 107 with about an order of magnitude uncertainty. The contributions of
additional electroweak penguin amplitudes which lend to cancel this term can lead to much
smaller values. Values as small as 10™* or even smaller cannot be excluded. These calcula-
Lions involve uncertaities in a few hadronic matrix elements. The advantage of certain CP
asymmetries in B decays, to which we now turn, is that they are both very large and free of
such uncertainties, and can potenially provide fulure tests of the mechanism of CP violation
in the Standard Model.

3. CP VIOLATION IN CHARGED B DECAYS
3.1 A Theoretical Difficulty

The simplest manifestations of CP violation are different partial decay widths for a



particle and its antiparticle inlo corresponding decay modes, Consider a general decay B+ —
f and its charge-conjugale process B~ — f. In order that these two proceses have different
rates, two amplitudes (A;, Az) must contribute, with different CKM phases (¢) # ¢2) and
different final state interaction phases (§; # 8,):

A(B+ — f) = |A1|ei¢le‘6' + |A2}ei¢zei61 ,
A(B™ - ) = [Ailem™®e 4 14,)e et
|42 — |A[? = 2|4, A sin(dy — $2)sin(6) — &) . (6)

The theoretical difficulty of relating an asymmetry in charged B decays to a pure CKM
phase follows from having two unknowns in the problem: The ratio of amplitudes, |43 /4,],
and the final state phase difference, §; — §;. Both quantities involve quite large theorertical
uncertainties.

This is demonstrated in Fig. 3, which describes the two amplitudes 4; and A, for
Bt — K%« given by the “penguin” (a) and “tree” (b} diagrams, respectively. In this case

B* B*@ i @n’"
b ]
u
~VK*
S
e
{a) u {b)

Figure 3: Penguin (a) and tree (b} diagrams in B* — K+x,

¢ =0, ¢2 = 7. A few calculations of the asymmetry in this process were made,” based
on estimates of the tree-lo-penguin ratio of amplitudes and of the sirong phase difference.
They all involve large theoretical uncertainties, To demonstrate the difficulty, nole that the
strong phase includes a phase due to the absorptive part of the physical ¢Z quark pair in the
penguin diagram, arising for instance from the rescattering process B — DI}, — XK.

3.2 A Way to Measure v

The decays B — D{{D3}K* and a few other processes of this lype provide a unique
case,” in which one can measure scparately the magnitudes of the two contributing ampli-
tudes, and thereby determine the CKM phase y. DY DS} = (D" + (L)ED}/\/E is a CP-even
(odd) state, which is identified by its CP-even (odd) decay products. For instance, the states
Ksn®, Ksp®, Ksw, Ks¢ idenlify a D}, while #*x~, K+ K~ represent a D{. The decay
amplitudes of the above two charge-conjugate processes can be written {say for D!} in the
form

VZA(B* - DIK*) = |Ai|expliv)exp(ibi) + |Azjexp(ifs) ,

7
VZA(B™ = DIK™) = || exp(~iv)exp(ifi) + |As)exp(iss). "

Ay and A; are the two weak amplitudes, shown in Fig. 4{b) and 4(a)}, respectively. Their
CKM factors V},V,, and V3V, are of comparable magnitudes. Their weak phases are v and
zero in the standard convention of Fig. 1. Since A, leads to final states with isospin 0 and
1, whereas 4; can only lead to isospin 1 stales, one generally expects ® §; £ ;.

_ D0°
g

B+

(a) {b)
Figure 4: Two diagrams decribing B+ — D°K* (a) and B* — DVK+ (b),

As shown in Fig. 4, the two amplitudes on the right-hand-sides of the first of Eqs. (7)
are the amplitudes of B* — D°K* and Bt — EOK"', respectively. Similarly, the two
terms in the second equation describe the amplitudes of B~ — DK~ and B~ —~ DUK-,
respectively, The flavor states D® and D are identified by the charge of the decay lepton or

kaon. Thus we find:
VZA(BY —» DJK*Y) = A(B* - D'K*) + A(BY - D'K™), ®
VZA(B™ - D'K™) = A(B~ = D°K~) + A(B~ — D°K-).

Eqs. (8) can be described by two triangles in the complex plane as shown in Fig. 5.

A{B*-D°K*)
V2 A(B>DSK)

V2 AB*-D?K*)
A{B=D"K)

A(B*~D°K*)= A(B—~D°K")

Figure 5: Triangles describing Eqs.{8),

The two triangles represent the complex B and B~ decay amplitudes, Note that
A(B* 2 T'K*)= A(B~ — D°K") ,
A(B* — D°K*) = exp(2iy)A(B~ —» D K°), (®)
|A(B* — DYK*)| # |A(B~ — DIK™)|

This implies that CP is conserved in Bt — Do(ﬁn)K* but is violated in B* — DVK*. In
the last of Egs.(2) we assumed v # 0, 8, # §;. The asymmetry in the rates of B — DIK*



depends on v and §; — 48;; clearly
|A(B* — DYK*)? — |A(B™ — DYK )

10
= 2A(BY - T KY))|A(BY — DK )| sin(62 — & )sin . (10)

The procedure for obtaining v is siraightforward. Measurements of the rates of the above
six proccesses, two pairs of which are equal, determine the lengths of all six sides of the two
triangles. When the two triangles are formed, 27 is the angle between A(E+ — D'K*)and
A(B™ — D'K- ). This determines the magnitude of 7 (even if §; = §;) within a two-fold
ambiguity related o a possible interchange of ¥ and §, — §;. This ambiguity may be resolved
by carrying out this analysis for other decay processes of the type B — DD(D D! (2)])(
where X is any other state with the flavor quantum number of a K*.

The feasibility of observing a CP asymmetry in Bt — D?(:‘,)K depends on the branch-
ing ratios of the three related decays, and on the values of the weak and strong phases.
An estimate, BR(B* — o’ K*) 2 % 1074, is oblained from the corresponding Cabibbuo-
allowed rate ! of B* — D'n*. The number of Bt — Dl(z)K
a 5 — 10% efficiency for delecting a neutral D meson through its CP decay modes. The

events is suppressed by

worst factor may be the unknown branching ratio of B* — DK+, This process, in which
the lwo quarks of the cF current enter two diflerent meson states, is usually assumed to be
"color-suppressed”. Color suppression has already been varified in B — D, for which twe
processes are shown in Fig.6. Here onc has '® BR(B} — D nt) = (2.240.5) x 107* for the

d b g
B Q. So- ~ p°

(= gl]
o
jwa)
oo
= W ot

(a) {b)
Figure 6: Color-allowed (2} and color-suppressed (b} B — Dn decays,

color allowed decay, whereas for the color-suppressed mode one has the hmit BR(BS —
Iz 1r°) < 3.5 x 1074, DYK* | then the
branching ratio of this process is at the level o a few times 107% or smaller,

Using the value BR(BY — D°K7) = 5 x 1079, the feasibility for observing a CP
asymmetry in Bt — D?(2JK+ was recently sludied !! as function of ¥ and §; — 6§, for a
(symmetric) ete~ — T(45) B-faclory with an integrated luminosity of 20fb~!. It was found
that even with the above sinall branching ratio the discovery region covers a significant part
of the (4,6 — §;) plane. For small final state phase differences the experiment is sensilive

If the sarne suppression factor applies also to BY —

mainly to values of v around 90°. Large values of §; — §; allow measurement of v in the
range 50° < 4 < 130° Note that the branching ratio of Bt — D°K* may be considerably

larger than 5 x 107® which would lead to a wider discovery region.

Present experiments are reaching the level of being able to observe the first Cabibbo
suppressed decays B — D K. The question of color-suppression in these decays needs to be
studied. At this point, the assumplion of a universal color-suppression factor should be taken
with a great deal of caution. For instance, the dynamics may be different i in BY - D°K+
(Fig. 4(b)), which involves a heavy-to-light quark transition, and in B+ D "x0 (Fig.6(b)),
which is a heavy-to-heavy quark transition. Factorization, which is one assumption needed
to calculate lwo-body decay rates, can only be argued for in heavy-to-heavy transitions.!?

4. CP VIOLAION IN B° - B® MIXING

The flavor states B® and B' mix through the weak interactions to form the "Light" and
"Heavy” mass- -eigenstates By and By

|BL) = piB%) + q|B")

|Bu) = plB®) - q|B°) . (11)

The Hamiltonian cigenvalue equation (using CPT)

G715, 5o (2)
My — 3T M- +q

has the following solution for the mixing parameter ¢/p=(1—-ep)/(1 +eg)

M — iro
9 - 12 -:1 12 (13)
P Mz — 3T

Since g/phas a phase freedom under redefinition of the phases of the flavor states B, B
(|BY) — &% B0, |B Y- e H|B° } = {a/p) = e¥(g/p)), lg/p] = | means CP conservation
in % — B mixing, and the deviation of la/p| from one measures CP viclation in the mixing.
Now, in the B system one has |I'12| < M|, [y is given by the absorptive part of the
box diagram, Fig.7(a}, arising from decay channels which are common to B° and B'. On
the other hand, M), is the dispersive part of the diagram, Fig.7(b), governed by the ¢ quark
Crudely speaking {T12/My2| ~ m}/m?. Thus CP violation in B* — 5" mixing is
expected Lo be very small in the Standard Model,'® |q/p| -1 ~ Q(107?). This is about the
level of violation measured in the neutral K meson system.

=(mLy ';‘PL,H) (fq) (12)

mass.

b “’EE d b ! d
A
d : b d s b
(a) (b)

Figure 7: Box diagrams of I'y; (a) and M, (b).



CP violation in B® — B mixing is expected to show up as a charge asymmetry in
semileptonic decays to "wrong charge” leptons, namely leptons te which only a mixed neutral

B can decay:

CT(B'(1) - uX) - T(BY(t) — £5X)

T(B'(t) - L+uX) + L(BYt) — £-5X)
B(t) (En(t)) is a time-evolving state, which was a pure B° (FO) state at { = 0. The

asymmetry can be easily shown to be {ime-independent:

1 —lg/ol*
A L~ TV
1+ |g/pl*
A recent 80% cl. experimental upper limit from CLEO,'* |Reep| < 45 x 1073, is almost
iwo orders of magnitude above the Standard Model prediction. It will be extremely difficult

{14)

= 4HReeg . (15)

1o observe an asymmetry at this tiny level. Also, since the calculation of [¢/p| — 1 involves

hadronic uncertainties, this asymmetry would not provide a useful quantitative test of the .

CKM mechanism. A large asymmetry would rule out the model,

Let us note in passing that while CP violation in the B® - B mizing is expected o be at
the level of the one observed in K~ K" mixing, the asymmetries expected in neutral B decays
are much larger than those of X decays. Thus, when discussing neutral B decay asymmetries
in the following section we will take J¢/p| = 1 which is a very good approximation, In this
approximation

7. My, = g tiéM { e %8 for Bdg ) (16)
P My, 1 for B, ,
where the last relation is obtained in the quite standard phase convention used in Fig.1. We
will also assume T'y, = Ty, which is a good approximaiion, in particular for B} where it is

expected to hold within better than 1% accuracy.

5. CP VIOLATION IN DECAYS OF MIXED B® —B'

5.1 Time-dependent Asymmetries in the General Case
Consider the time-evolution of a state which is identified at time ¢ = 0 as a BY:

e itn
t=0: |[B%) = ~ g (1B +1Bu}) . (17)

73

The time-evolutions of the states B sz are given simply by their masses and by their equal
decay width T: | By g#(t = 0)) — |BL u(t)} = exp(—i(me.u — $T)|FLu(t = 0)). Thus,in
proper time t the BY oscillates into a mixture of B® and .

SROE, ()

— Ami .
1: |B(t)) = e_"’“e_gticos( ;n JB®Y + de” 2 gin(
where %t = (mg + mp)/2, Am = my — mg. Now, assume that both B® and B can decay
to a common state f, with amplitudes A and 4, respectively. The time-dependent decay
rate to f of an initial B® and the corresponding rate for an initial B’ are then given by

1 mi

T(B°(t) = f) = e Tt Af?jcos?( am )+ |A/A)P sinz('A Y~ Im(e~2*™ A/ A) sin{Amit)] ,

r(B'(t) = f) = g—”|A|2g|‘A‘/A|’cosﬂ(‘5”"‘) +sinz(e%n—t)+Im(e_2i¢”z/A)sin(Amt)] .
(19)
In the special case that f is an eigenstate of CP, CPlf} = %|f), CP violation is manifest

when T'(t) = T(B(t) — f) # [‘(Fo{t) — f) = T(t). In general the CP asymmetry is then

given by:!*

() - I(e) (1= |[A/A?) cos{ Ami) — 2Im (e~ 2éw AJA)sin{Amt)
T+ 1) L+ [4/AP '

The two terms in the numerator represent different sources of OP violation. The first term

Asym.{{) = (20)

follows from CP violation in the direct decay of a neutral B meson, whereas the second term
is induced by B® — B mixing.

5.2 Deacys te GP Eigenstates Dominated by e Single CKM Phase

Let us first consider the case of no direct CP violation, |A] = {A|, in which a single
weak amplitude (or rather a single weak phase) dominates the decay.l® This is the case
of a maximal interference term in Eqs.{19}). Denoting the weak and strong phases by ¢p
and &, respectively, we have 4 = | 4| exp(ipp) exp(if), A = +|A] exp{—i¢p)exp(if), and the
asymmetry is given simply by

Asym.(1} = +5in 2dar + ¢p)sin{Amit) . {21)

The sign is given by CP{f). The time-integrated asymmetry is

Asym. = :i:( Am /T )2) sin 2{dm + qbp) . (22)

14 (Am/T

That is, in this case the CP asymmetry meesures a CKM phase with no hadronic uncertainiy.

The best example is the well-known and much studied '7 case of B} — ¥ K5, for which
& branching ratio of (5.6 & 0.9) x 10~* may be obtained by isospin from the measured 1°
value of BR(B™ — ¥ K ~). In this case ¢ar = 8, ¢p = arg(ViVe,) = 0, CP(¢Ks) = —1.
Another case is B} — n*n~, for which only a combined branching ratio BR(BY — ntn— +
K¥m~)={23+0.8) x 107" exists at present, with ¢p = arg(V,Via) =, CP(xtx" ) =1
Consequently one has in these two cases

Asym.(B} - ¢ Ks;t) = —sin 28 sin{ Ami) ,
Asym. (B} - w¥n 1) = —sin 2asin(Amt) | (23)

In the case of decay to two pions the asymmetry obtains, however, corrections from a second
(penguin) CKM phase. This problem will be studied below.

§:8 Deacys to Non-CP Eigensiates

Angles of the unitarity triangle can also be determined from neutral B decays to states
# which are not eigenstates of CP.!* This is feasible when both a B° and a B’ can decay



to a final state which appears in only one partial wave, provided that a single CKM phase
dominates each of the corresponding decay amplitudes,

The time-dependent rates for states which were B® or B at ¢ = 0 and decay at time ¢
to a state f or its charge-conjugate f are given by:'®

Tp(t) = e 7| Af? c05=($) +14P sin’(-’?f) +|AA}sin{AS + Agp + 24a)sin(Amt)]

Ts(t) = e T{|A{? cos?( %) + | A} sin’(ézﬁ) —|A4|sin(A6 + Adp + 2ém)sin(Ami)]
— Ami —

(1) = e (AP cosz(%l‘) 1A siHZ(ﬁ;‘—) — |AZ|sin(AS — Adp — 2 ) sin(Amt)] ,

fj(t) =e T AP cosz(—A—;L—t)JdZ}z sinz(ézit)-i—lAK] sin(Aé—Ldp—2¢pr)sin(Ami)] . (24)

Here A$, (A¢n) is the differences between the strong (weak) phases of 4 and 4. The four
rates depend on four unknown quantities, [A|, [A], sin(A8 + Adp -+ 2¢um), sin(Ad — Adp —
2¢m). Measurement of the rates allows a determination of the weak CKM phase Adp + 2dp
apart from a two-fold ambiguity.!®

There are two interesting examples to which this method may be applied. In the first
case, B — p¥n~, one must neglect a second contribution of a penguin amplitude, a problem
which will be addressed in the following subsection. Assuming for a moment that tree
diagrams, shown in Figs. 8(a}, 8(b), dominate A and 4, one can measure in this manner the
angle a, since in this case Agp + 2dpr = 2(y + B) = 2(r — a). A decay, which may be used
to measure 7, is B —» DF K, in which the single amplilude which contributes is shown in
Figs.9(a), 9(b) for A and A. Here A¢p + 2dar = 7.

{a} {b)

(a) | (b)

Figure 9: Diagrams of B — D} K~ (a) and ﬁ‘: — DYK~ (b),

5.4 Corrections from Penguin Amplitudes

A crucial question is, of course, how good is the assumplion of a single dominant CKM
phase, which is needed for a hadronic-free determination of an angle of the unitarity triangle.
An experimental way to answer this question is to look for an extra cos{Amt) term in the
time-dependent asymmetry of £q.(20} which describes CP violation in the direct decay of
B, There is, however, the danger that this term will be unobservably small, just because
final state interaction phase differences happen lo be small. The eflect of a second amplitude
on the coefficient of sin{Amt), which is proportional to the cosine of this phase-difference,
may still be large.

In a large variety of decay processes there exists a second amplitude due to “penguin”
diagrams 2® in addition to the usual “tree” diagram. In general, the new contribution hecomes
more disturbing when the process becomes more CKM-suppressed. Thus, in the case of
B} — Ksn®, for which the two diagrams are similar 1o those shown in Fig.3, the penguin
diagram may, in fact, dominate. The penguin-to-tree ratio of amplitudes is proportinal to
the ratio of the corresponding CKM factors and to a QCD fator (a,{m? y12mla(ml /m?).
This ratio may be estimated for a given process. A few examples of final states in BJ decays,
characterizing different levels of CKM suppression, are:!%

107 $Ks,
Penguin _ ] 0.05 D+D- (D**D),
Tree ] 020 =«te™ (ptx-),
O(1) Ken® .

(25)

These numbers represent quite crude estimates, since there exists no reliable method to
calculate hadronic matrix elements of penguin operators. One way to obtain information
zbout these matrix elements would be to measure pure penguin processes, such as BS — ¢k s

We see from Eqs.(25) that the decay B} — ¢ /s remains a pure case, within less than
1%, also in the presence of penguin contributions. On the other hand, penguin effects on the
CP asymmetry of B} — #*%~ may be substantial. This is demonstraled in Fig.10, taken
from Ref. 21, which shows the coefficient of the sin{Arrt) term in this asymmetry as function
of the angle a for a zero final state interaction phase difference. The range of values comes
from taking the ratio (Penguin/Tree) to be between 0.04 and 0.20. An asymmelry as large
as 0.4 can possibly be measured even when sin(2a} = 0.

BRT:
€
)
s
5
Q
w
10
-1.0 o 10

sin{2a)

Figure 10: Asymmetry in B — x*7~ as lunction of a.



5.5 Remouing Penguin Corrections in B} — atx™
It is possible to disentangle the penguin contribution in B} — ntx~ {rom the tree-
dominating asymmetry by measuring also the rates of B* — x*#® and B} —+ #°x". The
method 22 is based on the observation that the two weak operators contributing 1o the three
isospin-related processes have different isospin properties. Whereas the tree operator is a
mixture of AT = 1/2 and Al = 3/2, the penguin operator is pure Al = 1/2. Denoling
the physical amplitudes of B — w*n~ x%#® xtn® by the charges of the two corresponding
pions, one finds from an isospin decomposition
L
V2

where Ay and A, are the amplitudes for 2 89 or a B* to decay inlo a 7 stale with [ = 0

AY= = Ay — Ay, AM =241 4y, AY" =34, (26)

and I = 2, respectively. This yields the complex triangle relation

| . 0
—ATT £ A% = A (21
V2
There is a similar triangle relation for the charge-conjugated processes:
I —4+- 00 —-0
—A" +A =4 . (28)
V2

=0 =0
are the amplitudes for Lhe processes By ~+ n¥a~, B, — %",

Here, T“, j‘ioo, and H_o
and B~ — m—x", respectively. The A amplitudes are obtained from the 4 amplitudes by
simply changing the sign of the CKM phases (the strong phases remain the same).

The crucial point in the analysis is that the pure "tree” amplitude A; has a well-defined

weak phase, which is given by the angle ¥ of the unitarily triangle:

A; = |A1e¥1e | Ay = |Aafefre™ T {29)

where §; is the I = 2 final-state-interaction phase. It is convenient to define A= exp{2i7)}d
so that A; = Ay and A=® = A*%, The two complex triangles representing Eqs. (27)(28)
{(where 4 is replaced by A) are shown in Fig.11. They have a common base (CP is conserved
in B¥ > n¥n?); however the length of their corresponding sides are different. That is, CP

v ; ~ i o 0.0
is violated in B — #*#x™ and in B} — n’x°,

Figure 11: Isospin triangles of B — =,

The six sides of the two triangles are measured by the decay rates of B% and by the time-
integrated rates of Bg [E;). This determines the two triangles within a two-fold ambiguity;

each triangle may be turned up-side-down. The coefficient of the sin{Ami) term in the
time-dependent decay rate of B3 — n+x~ measures the quantity

i+- 4+-
Im (EHzi(.(H'T)%r) = :i*“: sin(2e + 84 ). (30)
#4 .-, which vanishes in the absence of the penguin correction, is obtained from Fig.11. This
determines the angle a.

The feasibilty of applying this method in asymmetric et e~ B-Factories ** depends not
only on the small branching ratio of B} — x*x~, but also on the presumably smaller decay
rate into neutral pions. Measurement of a much smaller rate for neutral pions would confirm
color-suppression of the tree diagram in this process.

Similar isospin analyses may be carried out for other decays in which penguin amplitudes
are involved.?* In general, the precision of determining a CKM phase becomes worse when a
larger number of amplitudes must be related. Also a few ambiguities show up in this case. In
the above-discussed case of B — pr (and Bt — pr) five physical decay amplitudes appear.
In this case the ambiguity can be resclved if a full Dalitz plot analysis can be made for the
three pion final states.?®

8. FLAVOR-TAGGING OF NEUTRAL B MESONS
6.1 Thke Conventional Method

In order to measure CP asymmetries in neutral B decays one must identify the flavor of
the decaying meson at some reference time (¢ = 0in Eq.(21)). In a e*e™ — T(4S) B-factory
this is achieved " by observing a lepton {or a cascade charged kaon from B —+ D - K)
from the decay of the other neutral B. Since at any time after production the two neutral B
mesons form a coherent C‘(Brﬁn) = —1 EPR pair, the charge of the lepton serves to "tag”
the opposite flavor of the other B al the time of semileptonic decay. Furthermore, the CP
asymmetry is odd in the time-difference of the two decays, and consequently asymmetric
storage rings are required for an asymmetry measurement.

The conventional method of determining the flavor of neutral B mesons in high energy
ete” or in hadronic collisions 2° is to use as a "tag” the lepton from a semileptonic decay of
an associated 6-meson or b-baryon. The flavor is misidentified part of the time as a result of
-7 mixing. The probability of misidentification and its effect on diluting the measured
CP asymmetry can only be crudely estimated. Since the B? and B are usually produced
with many other particles, it is commonly assumed that they are in an incoherent mixture.

6.2 Flavor-Tagging by Correlated Piona

Recently an alterneiive method of flavor identification was suggested 7, which uses a
correlation of the decaying neutral B with charged pions produced nearby in phase space.



We have a]so presented a way of testing experimentally for arbiirary coherence properlics
of the B?, B’ mixture state **, This general tagging procedure can determine weak phases
from measured asymmetries, independent of any theoretical assumption about properties of
the initially produced state. We will briefy describe the idea of this method and the manner
in which it can be applied.

There are two arguments for an expecled correlation between the flavor of a neutral B
and the charge of a pion which makes a low mass B.— r system. The first argument is based
on the existence of positive-parity “B**" resonances, with J¥ = 0%, 1+, 2% and masses
below about 5.8 GeV/c?. Using Heavy Quark Symtnetry, this mass value is obtained from
the corresponding observed “D**" masses (2420, 2460 GeV/c ). The B™* resonances decay
to 8w andfor B*m mesons in I = 1/2 states. That is, a #* will accompany a Bj and not a
Bd The production of D** js about 20% of all D mesons produced in the et e~ continuum

and in charm- photoproduction.?® Similar relative rates may be assumed for B** produclion,

The second argument is that in b-quark fragmentation the leading pion carries informa-
tion about the flavor of the neutral B (B*), as illustrated in Fig.12. This effect was calculated
® and an asymmetry [N(Bnt )= N(B®x~)|/[N(B°n* )4+ N(B%=~)| = 0.27
was found at and slightly above a Bx mass of 5.8 GeV /c?

for LEP energies ?
. Adding B** production at a level
of 20% may lead to asymmetries as large as 40% or so. The asymmetries may be less pro-
nounced ai the Tevatron, where the b and b jets are not as strongly separated. An importani
experimental question is, of course, how to maximize this correlation using different kine-
matical constrainis on the B — r system, such as the range of invariant mass or the relative
angle/transverse momentum/rapidity of the two particles.

{c) {b)

Figure 12: Fragmentation of b(}) into E:(Bg) with production of a charged pion.

Let us denote N(B%r*) =
so that one expects P, > Py, We will consider charge-symmetric production processes, such
e~ and Pp collisions, in which N(B%r*) = N(B'r ), N(B'~) = N(B'r*). Let
us imagine that a neutral B decays o a state of identifiable ﬁavor, for instance B® — K *°
where the flavor of the neuiral K* is identified by K** - Kta
numbers of “right-sign’ comblnatlons (B%rt or B’ ~} by R and the numbers of “wrong-

Py and N(B%7~) = Py, for low-mass B — 7 combinations,
as in et
Denoting the relative

sign" combinations (B%nr~ or B rr"’) by W, these time-dependent numbers are obtained from

Eq.(18) as functions of proper decay time:

R(1) = e TPy cos?( Amt) + Pysin?( i N
W(t) =e TP, sin%%) + P cosz(A;nt ) - (31)

In obtaining Egs.(31) we assumed that the produced B and B are always incoherent with

respect to one another. The time-dependent asymmetry is

R{)-W() P -P,

= t) .
RO T W) B B, osem) (32)
The corresponding titne-integrated asymmetry is
JR() - W(t)dt P - P 1 (33)

JIR() + W(t)]dt ~ Pi+ Py1+({Am/T)? °

— P}/{P, + P2), which measures the B — m correlation,
may be determined from Eqs.(32) (33). Statistically, the time-dependent asymmetry may

The tegging dilution factor (P

be more powerful than the time-iniegrated one. Also, to gain stalistics, one may add up in
the numerator and denominator of the asymmetry a few specific-flavor decay modes, such as
YK, D*at etc,

Let us note in passing that Eqs.(31)-(33) hold also for the conventional meihod of flavor
tagging, which uses the semileptonic decay of the b-hadron produced in association with the
neutral B. In this case P} and P; are the probabilities of right and wrong flavor tagging.

8.3 CP Asymmetries with Correlated Pions

In neutral B decays to a CP eigenstate, such as B} — % Kg, one now considers B —
combinations in the same low mass range as in the specific flavor decays. An asymmetry is
defined in terms of the charge of the pion produced along with the neutral B:

N(¢K517r+;t) - N('J’KS'W_”)

Asym. (¢ Ks,mit) = N(@Ks,n:) 4 N($Ks, =10 (34)
Using Eq.(18) one finds
P
Asym.(¥vKs,mit) = -(P 7, )s:n 28sin(Amt) , (35)
and an integrated asymmetry
(Am/T .
Asym. (Y Kg,7) = P - Pz ){1 o //;‘)2 Jsin 28 . (36)

These asymmetries and the correlation factor (Py — P2}/ P, + Pz} determined from Egs.(32)



(33) can then be used to find sin28. Again, we should point out that Eqs.(35)(36) hold also
in case of tagging with leptons from decays of the associated b-hadron; however here the
asymmetry in Eq.(34) is defined in terms of ¢* instead of =%,

6.4 The Question of Coherence

The tagging asymmetries of Eqs.(32)(33) and the CP asymmetries of Eqs.(35)(36) were
obtained under the assumption that the produced B® and B are incoherent with respect to
one another. Although this is quite plausible, since the two mesons are usually separated in
rapidity by many intermediate hadrons, this assumption should be tested. In a recent study

8 we have shown how to use the above two kinds of asymmetries both to completely specify
the coherence praperties of the produced E°/§0 state and to determine a weak CKM phase.
In brief, one uses a density matrix in 2 "quasispin™ space of B? and B’ to describe a general
neutral B state, One then finds instead of Eqs.(32) and (35) the following asymmetries:

By -wa)
m = Q' cos(Ami + ¢) , (37)
Asym (K g,mt) = —( 9, )sin 28 sin(Amt + ) . (38)

1-Q4cos23

The three parameters Q' , 5 and ¢ describe an arbitrary coherent, partially coherent,
or incoherent combination of neutral BY and B°. Incoherent production, with relative prob-
abilities Py, P, for B? B ; is described by Q' = (Py - B)/(Pr+ P), @, =0, ¢ = 0.
Coherence (¢ # 0 and,’or @5 # 0} is characterized by a phase shift in Eqs.{37)(38), and by
a change in normalization of the CP-eigenstate production rate. ' and ¢ can be measured
by Eq.(37). The CP asymmetry of Eq.{38) can then be used to determine both @) and 4.
For the former one needs to normalize the production rate of the CP cigenstate Ky by the
production rate of a corresponding flavor state, such as ¢ Ji'+.22

7. CONCLUSION

We have shown how expected large CP asymmetries in B decays can determine CKM
phases in manners which are free of hadronic uncertainties. With other (CP conserving)
measurements, this may eventually serve to overconstrain the CKM matrix. A determina-
tion of the three angles of the unitarity triangle is based theoretically on different types of
asymmetries and is expected to involve different levels of experimenta) difficulty. The most
promising measurement seems at present to be that of the angle 8 in B} — ¢yKg. Thisis the
simplest case of CP violation in decays of mixed 55’ , which essentially involves no correc-
= (pte¥),
which measures the angle & , one will have to disentangle direct decay CP violation from the

tions from CP nonconservation in direct decay. In the asymmetry of BY - rtx

measured asymmetry. This requires a good detector for neutral pions. A time-independent
determination of v from direct decay CP violation in B¥ — Dfﬂf(* may be feasible if
BR(B* -+ D' It} is not too strongly color-suppressed.

Finally, we presented a new idea of tagging neutral B mesons, based on their correlation
with nearby pions. This may be a very promising possibility if one can establish experi-
mentally a strong correlation. The number of B mesons in modes such as YK and p&*
reconstructed by CDF *! and LEP collaborations %7 is sufficiently large that these correla-
tions are already under investigation.’® A first time-dependent measurement of B* — B°
oscillations was recently made by the ALEPH Collaboration.®® In view of the sizable number
of reconstructed B's and the expecte progress in high resolution vertex detectors, it seems
that the first time-dependent studies searching for CP violation may be made not too far in

the future,
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B DECAYS IN THE STANDARD MODEL
A ND BEYOND

DAVID LONDON
Laboratoire de physique nucléatre, Université de Montréal
C.P. 6128, succ. A, Montréal, Québec, CANADA, H3C 3J7.

1. INTRODUCTION

When Vera Liith asked me to give a talk on B decays in and beyond the standard
model (SM), I readily accepted. However, when I sat down and made a list of the topics 1
would have to cover, I quickly realized that I had bitten off more than [ could chew. My list
consisted of the following subjects:

¢ Semileptonic B decays: these are typically described in one of two ways. Either one
picks a specific model,' or one uses the Heavy Quark Effective Theory (HQET);?

¢ Hadronic B decays: such decays are usually described by the BSW model;®

+ Right-handed B decays:! the suggestion here is that B decays are mediated not by the
ordinary W, but rather by a right-handed W,;

o Rare B decays: included are the flavour-changing neutral-current decays
b— ay, b — s8E, b avp, b— sg, b — 5§, and B° — £1£ as well as hadronic
penguins (B — K, etc.), and B® — v+;

¢ the decay B} — &ty

o Exotic B states such as B.'s and A,'s;
¢ B-E mixing - z4 and z,;

¢ T Violation (triple products),

and I'm sure I've overlooked some other possibilities. Given the length of this list, I realized
that T would have to limit myself to a subset of the above topics. 1 therefore decided to
discuss only right-handed B decays, certain rare B decays, B, decays, B"B? mixing, and T
violation. Some of the other subjects, such as HQET and B baryons, are discussed elsewhere
in these proceedings,®



2. RIGHT-HANDED B DECAYS

Gronau and Wakaizumi® (GW) have suggested that B decays might in fact be medi-
ated by a right-handed W,, instead of the SM left-handed W. This possibility is predicated
on two facts. First, the chirality of B decays has not yet been measured. And second, the
mass of the Wy could still be relatively small:®

(1

where My, is the mass of the Wy, and g, and gx are the lelt and right couplings, respectively.

With this in mind, GW have proposed a model in which the SM W doesn’t couple to
B’s at all. They interpret the long B lifetime as being due to the heaviness of the Whg, not
to the smaliness of V,. That is,

] T
9a M}
== —= | ~ |V] = 0.044 £ 0.006.
P (92) (Mfi) IVal

Phenomenoclagically, 8, is bounded to be < 0.07.

In order for this model to be viable, the form of the right-handed CKM matrix V*
must take into account a large number of phenomenoclogical constraints involving B’s ~ the B
bifetime, b — u transitions, 2-body B decays, Cabibbo-suppressed B decays, B;’-ﬁg mixing
- as well as the K- K mass difference, Am,. The forms suggested by GW for both the
left- and right-handed CKM matrix, consistent with the above data, are

cos@, sinf. 0
Vi= 1| —-sinf, cosd, 0], Ve =
0 0

M= (gi) My > 300 GeV |

(2)

(a(l—c)/ﬁ (ctWe ovi|, @)
—s(l —e)/V2 —(c— )2 /2

sin#, ¢ = cos8®. The magnitude of s is

s =008 +0.02. (4)
With this choice of left- and right-handed CKM matrices, all known data can be explained

with
M2 = 300-600 GeV. (5)

In fact, sirictly speaking, this is not completely true — additional assumptions are
necessary. For example, this model demands ihe existence of a right-handed neuitino with a
mass m{v,) < my—m,. Furthermore, if the v, is very light, muon decay experiments require
either that Mg be in the upper part of the range of Eq. 5, or that the v, be unstable. In
addition, from direct searches for right-handed W's at hadron colliders, the limit M, > 520
GeV is obtained for g, = g,. Thus, if one wants a value for M7 in the lower part of the
range of Eq. 5, it is necessary that g, be larger than g,. Nevertheless, despite these caveats,
the model is interesting in the sense that it points out cerlain aspects of B decays which
must be examined in order to fully test the SM.

One possibly bothersame aspect of the GW solution (Eq. 3), pointed out by Hou
and Wyler” (HW), is that V% is unnaturally small (= 0.0003). One way to avoid this is to
parametrize the right-handed CKM matrix using two angles 8,; and 8,5, HW propose’

L 0 0 ey 0 sy ¢z —az O
Vi=]0 1//2 1//2 8 1 0 sz e 0],
0 _1/\/§ ]/‘\/i 53 0 oy a 0 1

1

in whick & is the Cabibbo angle, and a =
determined from |V, /V.y!, i.e.

(6)
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and take a;3 ~ 0.098, 3,3 ~ 0.085, in which case V.3 = 5,2 — ¢;28,3 =~ 0.01. T will refer to this
as solution {I).

HW also point out that even if the b — ¢ transitions are dominated by right-handed
currents, b — u decays might still be mediated mainly via left-handed currents. They thus
arrive at solution (II):

1 A4 1
Vil -2 1 &1, VE~| €
-5 —6 1 —€

with A = sind,, § ~ 0.05 and € < 0.0%.

Now, the question is, how car one rule out these models? One of the advantages
of a hadron collider, as compared to an asymmetric e*e~ collider operating at the T(4s)
tesonance, is that one can search directly for new physics. It is more likely that physics
beyond the standard model - supersymmetry, extra Higgses, technicolour, etc. - will be first
found via direct searches than by looking for indirect signals in B physics. As such, the most,
straightforward way to rule out models of right-handed B decays is simply to look for, and
fail to find, a light W,

Anather possibility” is to look at certain B decays which are suppressed in these
models relative Lo the SM. For example,

BR(b — ctd)

~€
. I/i/i) ,
—-1/v2 1//2

(7)

FRG o) = M 2005, (SM),
= 0(1077), (GW),
£ o010, (L) (8)

In this case, if right-handed currents were responsible for B decays, the ratio of the decay
rates of B — DMD7(Y) and B — DID~1) would differ from that of the SM. Similarly,

BR(b—cis) .,
~ 0.008, (cw,1),

~ 2 L0107, (1D
Here one should compare, for example, B — D*)p and B -+ DIVK™.

Finally, there is the possibility of measuring the chirality of B decays. The lepton
forward-backward decay asymmetry Ay in the decay B — D"£-, is sensitive to the chirality
of the b — ¢ coupling.® However, not being parity-violating, A, also depends on the chirality
of the lepton current, and therefore cannot distinguish models of right-handed B decays from
the standard model. On the other hand, experiments at LEP can make such a distinction.
One looks® at the reaction ete™ — Z° — A, X, in which the A, is highly polarized, ite spin
carried cssentially entirely by the b-quark. The electzon energy spectrum in Ay — charm
semileptonic decays is then quite sensitive to the V + A nature of the b — ¢ coupling. In
this way it might be possible to rule out models of right-handed B decays at LEP.

(9



3. RARE B DECAYS

3.1 b sy fandb— dy)

The flavour-changing decay b — 37 occurs first at one loop, and is dominated at
lowest order by the t-quark contribution:
Gy e _
M{b—» 37} = ZE Lo A R )i (muf L+ 1) 4 (1 = 76))B,

in which A, = Vi V], z: = m?/M2 and

(10)

T

Fy(z) = 24(s — 1 [6::(3x ~2)log z — (z — 1)(8z” + 5z — 7]] .

(1)

However, this process receives important QCD contributions,'® as shown in Fig. 1. For
example, for m; = 150 GeV, we find

BR(b—sy) = 14x107"  (no QCD corrections),
= 42x 107"  (including QCD corrections). (12)

s.o,....,..,.]....11
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Figure 1: Branching ratio for b — sy in the SM with (solid line) and without
(dashed line) QCD corrections {from Ref. 11 (reproduced by permission)).

The rate for b — dy is obtained from thai for & — sy (Eq. 10) by replacing the
s-quark variables by d-quark variables. Thus, to lowest order,

BR(b — dy) _ iVie

BR(b — sv) 7 1V,

2

(13)
However, there are additional corrections due to the breaking of SU({3)stayour- Estimating

these, and taking into account the uncertainty in the magnitude of Viy, one finds'!

BR(b— sy) =
BR(b — dv)

3-5x 107%
0.5-3 x 10 .

11

(14}

Although the inclusive decay rate for b — #v cen be calculated with good precision,
it is well.known that exclusive decays are poorly understood theoretically:

BR(B - K*y)

= = 44 .
BR(b — av) 4-40 %

Rn = (15)
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CLEOQ has measured both inclusive and exclusive flavour-changing decays:'?

BR(b-+»sy) < B4x107* (1991),
< B4 x 107" (1993),
BR(B— K*y) = (454:1.5£09) x 107° (1993). (16)

These measurements have important consequences for models of new physics.

First cousider models with two Higgs doublets (2HDM). In general, such models will
lead to flavovr-changing neutral currents. This then requires that the Higgs bosons be very
heavy, rendering their eflects in B physics unobservable. There are two ways to avoid this,
distinguished by the couplings of the fermions and the Higgses. One possibility (model
I) is that one Higgs doublet, ¢,, gives mass to all fermions, while the other doublet, ¢,
decouples. In the other case (model 11}, one doublet, ¢;, couples 1o all u-type quarks, while
the second Higgs doublet, ¢, gives mass to d-type quarks. It is model Il which appears in
supersymmetric and axion models.

In either of these 2HDM there are new contributions to the decay b — 37, found by
replacing the W* in the loop by a charged Higgs, J*. In these models, both Higgs doublets
acquire vacuum expectation values, denoted v, and v;, We define tan g = v /v, which is
aptiori completely free. The transition amplitude is then proportional to

m; [ omi 1 2 [ m]

i) o (i) i ()

where Ay and A, represent the SM and charged-Higgs contributions to the amplitude,
respectively. In model I, A = —1/tan?f, while A = +1 in model I

From this we see that in model I, there is an enhancement to the rate for b — sy

only for small values of tan 8. In model I1, the rate is also enhanced for small tan . More

importantly, due to the A}, term, the rate is always larger than that of the $M. This leads

to a lower bound on the mass of the charged Higgs in this model,’®" independent of the

value of m,. In Fig. 2, taken from Ref. 13, the constraints on models I and II are shown for
my = 150 GeV, vsing the 1991 CLEQ bound (Eq, 16).

(17)
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Figure 2: Excluded regions in the M,:-tan 8 plane for models I and I,
for m; = 150 GeV, (from Ref. 13 (reproduced by permission)).

For model I, we see that there is no tan B-independent lower limit on Mys+ coming
from the bound on & —+ svy. However, in model II, we find that My > 110 GeV at Jarge
tan 3, with stronger bounds for smaller values of tan 8. For model II this lower limit has



been updated'® using the 1993 data on b — sy (Eq. 16): M+ > 320 GeV (540 GeV) for
m¢ = 120 GeV (150 GeV). This new lower bound has several important consequences, First,
the decay ¢ —+ BH* is no longer allowed. Second, if the two Higgs doublets are part of a
supersymmetric theory, the difficult region for Higgs searches is now ruled out {see below,
however). Finally, this eliminates most large effects in 2HDM in other rare B decays.

The implications of the limits on BA(b — sv) are less clearcut for supersymmet-
ric models. If the main new contributions to & — s came from the two Higgs doublets,
then the constraints would be as described above. However, the situation is more compii-
cated. First, electroweak radiative corrections to the charged-Higgs mass and to the charged
Higgs-fermion-fermion vertex can be substantial.’® These corrections tend to weaken the
constraints on the charged-Higgs mass as a function of tanB. More importantly, in the
minimal supersymmetric standard model (MSSM), the contributions to & — sy from other
supersymmetric particles may not be negligible.!” In this case there can be cancetlations with
the charged-Higgs contributions, possibly resulting in a branching ratio for b -+ sy which is
smaller than that of the SM. Thus, it is impossible to say anything concrete regarding the
constraints on SUSY models due to BR(% — a7).

Finally, left-right symmetric models are essentially unconstrained by the limits on
BR(b — sv) (Eq. 16). Models with right-handed B decays predict a rate for b — s
which is down by a factor of 2 compared to the SM. And in models with manifest left-right
symmetry, the Wy must be so heavy that its effects in b — sy are negligible.

32 b stte

In the SM, at the quark level, the decay b — 5 £+ £~ arises through penguin diagrams
with a virtual 7 or Z% as well as through box diagrams. In addition, in contrast to b — s,
b 52*!" receives important long-distance contributions. These effects are dominated by
the decays B -+ ¥(¥)X — &/~ X, whose branching ratios have been measured by the
ARGUS and CLEQ collaborations'® to be O(10~?). The long-distance effects are then very
important when the £+¢" pair has an invariant mass close to that of the ¥ or ¥, However,
since the long-distance contribution is so much larger than the short-distance contribution,
which is estimated to be O(107°) (see below), one has to worry about residual effects in the
spectrum away from the ¥ and ¥’ resonances. In other words, the invariant dilepton mass
spectrum is important in analysing b — s T4,

The short-distance contributions have been calculated: 9202

BR(B — X,ete™)
BR(B — X,utp™)

0.6-2.5 x 107° |
3.5-14.0 x 107,

(18)
for 100 GeV < m, < 200 GeV. Note that the m,-dependence is much more important here
than in b — sy, Also note the the UAL upper limit:??

BR(B - p*p X)<ix107" .

(19)

The short-distance contributions for the inclusive decays b — d#'f~ have also been

computed,’' assuming [Vea/Via| = 0.21:
BR(B — Xjete)
BR(B — Xyptp™)

2.6-10.0 x 1077,
1.5-6.0 x 1077 .

- (20)

Again, it must be remembered that the above cross sections are only the shorl-
distance contributions. One can try to alse include the long-distance effects, but there are
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large uncertainties. Nevertheless it is possible 1o isolate the short-distance contributions by
looking at the forward-backward asymmetry in the decay. In Fig. 3 one sees the angular

- distribution of the decay, for three different values of my, in which & is defined as the angle

between the momentum of the B-meson and that of the £+ in the centre-of-mass frame of the

dilepton pair, and 3 is the scaled dilepton invariant mass. This figure is taken from Ref. 23,

to which I refer the reader for more details.
i8] T
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Figure 3: The angular distribution d* BR/dz 45 in the decay b — stte,
for & = 0.3 (from Ref. 23 (reproduced by permission}).

As mentioned earlier, the constraints from 4 — sy on two-Higgs-doublet models
preclude large enhancements to b — s #+¢-. As to supersymmetric models, in Ref. 24, it is
found that the rate for b — s#*¢~ can be greater than that of the SM by up to a factor of
2, when the electroweak symmetry is broken radiatively. On the other hand, this reference
predates the recent CLEQ bounds on b — a7, and I'm not sure how their inclusion would
change the predictions of SUSY models for b — s£*{-. The feeling seems to be that the
CLEO data probably now precludes SUSY enhancements to b — #{*£7, but this should be
checked,2®

Another type of new physics which could lead to an enhancement of Lhe rate for
b — s+ is extended technicolour. In fact, for certain models, specifically those which
include a “techni-GIM” mechanism, the enhancement is too large.?® In such models, barring
delicate fine-tuned cancellations, the prediction for BR{B — ptp X)is O(1074), which is
in conflict with the UA1 bound (Eq. 19). These models therefore appear to be ruled out. On
the other hand, extended technicolour models without a GIM mechanism are still allowed
- they predict BR(B -+ ptp~X) = 1-3 x 10~%, an enhancement of roughly a factor of 4
compared to the SM.
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Although the decay b — sv% has negligible QCD corrections, it is very sensitive to
the value of m,. In the SM, its branching ratio is calculated to be'®21:27

Y BR(b — sziv) = 2.8-13.0 x 10~° (21)

for 100 GeV < m, < 200 GeV.
This branching ratio is not expected to be significantly affected by the presence of



new physics. In two-Higgs-doublet models, any possible effects are already ruled out by the
b — s measurement, and the inclusion of supersymmetric particles®® is not expected to lead
to any enhancement.

8.4 BYoptpjrree

In order to deduce the form of the operator leading to the decay BY — £+£~, one
notes the following points. First, the s-b matrix element is

(0137 x:b|B) = fu P (22)

This is because the matrix element of 34"b vanishes due to considerations of parity (the BS is
a pseudoscalar) and §o*“b won’t work since there aren’t enough Lorentz vectors to construct
a scalar. Second, P} dyy,v; = 0, which means we need a helicity flip in the leptonic current.
Thus, the operator describing the decay BY -» £+4™ is

O ~ §y"ysb byt . (23)

The helicity flip means, of course, that the final answer will depend on the lepton mass.
The branching ratio for the decay BY — ptp~ is given in Fig. 4 as a function of
my,*"® for fa, = 200 MeV, 75, = 1.49 psec, and |W,| = 0.042. For m, = 150 GeV, this gives

BR{B? wu*u™) = 2x107%,
BR{B? - r*r7) = 4x1077. {24)
s
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Figure 4: Standard medel branching ratio for BY —» utu~ as a function of m,,
assuming fp, = 200 MeV, rp, = 1.49 psec, and |V, | = 0.042.

In two-Higgs-doublet models, there can be an enhancement to the rate for B? —
pTp”,rTr™ by as much as one to two orders of magnitude.”® Since this decay proceeds
through the loop-induced exchange of a neutral Higgs scalar, the constraint on the M,
from b — a7 is unimportant. In extended technicolour models without s GIM mechanism,
the rate can alse be an order of magnitude bigger than that of the SM.* (Recall that
extended technicolour models with a GIM mechanism are already in conflict with date from
B — p*p~ X.) Finally, light leptoquarks could also enhance the rate for BY — ptp-.
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2.5 B, — 4y

All that I will say about this process®®*! js that in the SM BR(B, — yy) = 1.5x 10-®
for m; = 150 GeV and fg, = 200 MeV.

8.6  Hadronic penguins

The predictions for the exclusive rates of penguin-induced hadronic B decays are
highly model dependent. However, it is important to measure the branching ratios of such
decays for several reasons. First, this will give us some idea as to the importance of penguin
contributions? in CP-violating hadronic B asymmetries. Also, we will be able Lo test dif-
ferent models of exclusive decays and hence gain some information regarding QCD eflects in
B decays.

Some examples of such penguin-induced decays® and their predicted branching
ratios (taken from Ref. 32) are given in Table 1. These specific final states have been chosen
since the signal consists only of charged particles, so that these processes might be observable
at hadron colliders.

Mode Branching Ratio
BY = K0+ 1.06 x 10~
Kto 1.12 x 10~%
K*oxt 0.58 x 10-¢
K*t$ 3.12 x 10°°
BY — K¢ 312 x 10°%
K 0p° 0.62 x 103

Table 1: Some exclusive penguin-induced hadronic B decays
and their predicted branching ratios {from Ref. 32).

4. B, PHYSICS

One particularly interesting piece of B physics which is likely to be studied at hadron
colliders is the B, = (bc) system (for further discussion regarding B, physics, see Refs. 33
and 34). The mase of the B, has been calculated,®** using potential models, to be ~ 6.25
GeV. Its production cross-section is about ¢{B.)/e(bB) ~ 10-3, This leads to™

1.3 x 10*  B.'s per year (107 sec.) at LEP,
2.0 x 108 TeVatron,
1.1 x 107 LHC (fixed target),
1.1 x 10" LHC.
® T,u b b b
w w C
= T
c—————————¢ t s, d [

(i) {ii) (iii }

Figure 5: The three mechanisms for B, decay:
(i) c-spectator, (ii} b-spectator, (iii) annihilation.



The main reason that B, mesans are so interesting is that there are three mechanisms
for their decay, shown in Fig. 5. Examples of these different decays are:

B} - Wety,
B} » ety
BY - ¥rt
BY - DY, (25}
B} — BWety,
BY - Bllety,

B} = BMpt |

c-spectator: y

b-spectator:

B — BUWED (26)
annihilation: B} - rtp,,
BY - DUl EY (27)

Note that, unlike B,'s, By’s and B,’s, the annihilation decays of the B, are expected to be
important, There are a number of reasons for this. First, helicity suppression is ineffective
if there are heavy particles (e.g. 7, D, ...) in the final state. Second, in the B, system, such
decays are unsuppressed by CKM factors. And finally, fu, is expected to be large.

The relative importance of these three different decay mechanisms have been esti-
mated. Using quark and spectator medels, and taking 7y, ~ 5 x 10" sec., the inclusive
branching ratios for each of these three types of decay are predicted to be:?”

c-spectator:  379%,
b-spectator:  45%,
annihilation: 18%. (28)
Assuming 7g, ~ 9 x 107"3 sec., QCD sum rules give:®
g 78, g
e-spectator:  48%,
b-spectator:  30%,
annihilation:  13%. (29)

For a mare complete discussion of these relative inclusive branching ratios, see Ref, 34.

There are several particularly interesting decay modes of the B, which involve a ¥
in the final state. The decay B} — ¥x* is likely to be the discovery mode. Its branching
ratio is estimated to be 2 3 1077 and it permits the full reconstruction of the B,. The decay
B} — Wputy, has a large branching ratio (1-4 x 107%) and its signal is three leptons coming
from the same vertex. In fact, BR{B. — ¥ + X) is estimated to be (19-24)%, which means
that the B, probably can be seen at CDF.

Given a sufficiently large sample of B.’, il is even possible to look for CP violation
in the B, system.? In order to have a non-zero CP-violaling decay-rate asymmetry, it is
necessary to choose a final state which can be reached via two different weak amplitudes,
For example, the decay B} — D°K* has two contributions with different CKM mabrix
elements - a c-spectator tree diagram and a b — 3 penguin diagram. Another example is the
processes BY — D°D? and Bf — D°D¥. By measuring these decay rates and the rate for
B} — D% D%, where D% _is identified by its decay to a CP cigenstate, the angle +y of the
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unitarity triangle can in principle be extracted.** (Unfortunately, this particular example is
probably experimentally unfeasible, due to the tiny product branching ratios.)

5.  B)-B? MIXING
The measurement of BY-B? mixing'! is important for a number of reasons:

¢ The mixing parameter =, = (AM)p,/T5, is expected to be large {> 3). If found to be
small, this would be a smoking gun for new physics.

® z, can be used in conjuction with z4 to get a handle an Vjy:

Vie|*

2
24 f5,Bb,
V.

Ty fﬁ, BBJ

(30)

The ratio of hadronic matrix elements is usually known better than each individual one.
Thus, the measurement of ¢, would enable us to extract [Vea| with better precision.

* An accurate knowledge of z, is needed to extract the CP-violating angle 7y in B? decays.

In the 5M, B?.B? mixing is dominated by {-quark exchange in the box diagram,
leading to
GE 1r2 2 2
Ta = Ta, oy My Ma, (fa.BB.) .y foly )|V Vel (31)

in which y, = m/MZ and

1 9 1 3 1 3 z?lnz
fz(m)mz+1(lvz)—§(l—m)’_E(l—m)a‘ (52)
Taking
Vil = [Vig| = 0.042 4 0.005
5, =18 = 1491 0.04 psec,
Mg, = 7Mp = 055 ]
Mg, = 538 GeV, (33)
this gives
: f5,Bn,
z, = (175 + 21) (Té"év—ry'fz(y‘)‘ (34)

For 89 GeV < m; < 182 GeV, the function y f;(y.) is in the range 0.88-2.72, and is equal
to 2.03 for the “central” value of m,, 150 GeV.

A consensus has not yet been reached regarding the value of f,Ba,. Potential models
and QCD sum rules tend to give smaller values, while lattice calculations give larger values.
I will therefore consider two ranges for f} Bg,:

(n:
(f1):

fa,/Ba, = 180 £ 35 MeV,

fo,\/Ba, = 225 £ 25 MeV. (35)



These lead to the following “central” values for =, (taking m, = 150 GeV}:
(}y: =, = 115

(Fry: =, = 18.0. (36)
The “lo” lower limits on =, are ‘
(1): z, > 3.3,
(I1): z, > 6.6. (37

Clearly thereis a large theoretical uncertainty regarding the hadreonic matrix elements.
For example, lattice estimates give*?

fa,
fa,

However, the error on the ratio of these two quantities is considerably smaller:*?

f5,8s,
f3,88,

This is why a precise measurement of z, can be used, along with zy, to extract Viy (see
Eq. 30).

It is possible to get smaller values of z, if one invokes physics beyond the SM. Ex-
amples of such new physics are: a fourth generation,™ non-minimal SUSY models,’ fine-
tuned left-right symmetric models'® and models with Z-mediated flavour-changing neutral
currents.'” However, none of these is particularly compelling.

188-246 MeV, ,
204-241 MeV. (38)

=1.19£0.10 . © (39)

8. T VIOLATION

The last topic I wish to briefly discuss is T violation. By this [ do not mean CP
violation, which is discussed elsewhere,’ but rather triple-product correlations. There are
two examples of these which have been discussed in the literature, having to do with the
decays B — Vi V3 (Vi and V; are spin-1 mesons) and B — D*fv;. 1 won't go into very much
detail regarding either of these decays, preferring instead to simply sketch out the salient
features.

Consider first the decay®®

B(p) — Vilk,&1)Va(g, &2}, : (40)

in which the particles are specified by their 4-momenta (p, k, ¢) and their polarizations (e, ;).
The most general decay amplitude can he written

M=ae e+ %m?(p ra pe) + im,cm e, ezaky Ps (41)
in which
a = |a|e"("°+¢") ,
b = |b|e‘(5a+¢a) ,
|c|eitctee) | (42)

where a4, and @os. are the sirong phases and the weak phases, respectively, The corre-
sponding amplitude for the decay of the antiparticle is

__ b .
M=tde g+ ;m—m;(p-el)(p-eg)f:

g M en sk ps (43)
in which &,5, are identical to a,b,c (Eq. 42), except that the ¢q 4, change sign.
Now, the asymmelry

Nevcnu(": ' é'] X gz > 0) - Ne\-em,(g‘ gl.)( g: < 0)

Ay =
" Nror

(14)

can be written
Ap ~Im(ac’) ~ |ac]sin(8 + ¢), (45)

where § = 6, — 8. and ¢ = ¢, — ¢.. If we imagine measuring a similar asymmetry Az for the
antiparticle decay, then we can obtain

Ap+ As ~ |ac|cosésing,
Ap— Az ~ |ac|sinbcose . (48)

The useful thing about such asymmetries, particularly the sum Ay + Ay, is that
they are sensitive to the weak phases only, i.e. they do not vanish if § = 0. On the other
hand, the question of how to relate phases at the meson level to phases at the quark level,
and of how to calculate strong phases, introduces much theoretical uncertainty and model
dependence.®® Still, the signals would be interesting to look for. Some possible decay mades
are: B} - p**K*~, B~ — ¥K*~ and B? — ¥¢.

Another interesting process is the decay B — D"{u, in which the D" decays further
to Dx.%! The triple product f;-(Fp+ x pp) is T-violating., There are a variety of asymmetries
one can measure which depend on this triple product (I refer the reader to Ref. 51 for more
details). Again, to go from the quark-level calculation to the meson-level measurement intro-
duces hadronic uncertainties and model dependence. However, this iriple product vanishes
in the SM, so that this would be another way of looking for CP violation from new physics.
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1. INTRODUCTION

This review combines material on heavy quark production presented at the Snowmass
Workshop in the opening plenary session by the first author on established theory, and in
the closing plenary session by the second author summarizing work and discussions by two
working groups - the heavy quark production subgroup of the morning delta group and the
afternoon theory group. This introductory section contains: (i) a general discussion on heavy
quarks and energy scales; and (ii) an overview of the kinematic regions and the theoretical
approaches to heavy quark calculation. Sec.2 consists of a brief summary of the experimental
status, including the main successes and problems in the comparison between data and exist-
ing theoretical calculations. Sec.3 reviews the well-known calculations on photoproduction,
leptoproduction and hadroproduction of heavy quarks. Sec.4 describes two current efforts to
extend the region of validity of existing calculations, involving the resummation of relevant
large logarithms inherent in fixed-order perturbative QCD calculations. Note that actual
cross section values for individual experiments are not included in this article. They can be
found in the contribution by Riemersma and Meng.

In order to provide the necessary background for describing the different approaches
to heavy quark production calculations, we begin by some general remarks.

Energy Scales and Heavy Quarks: The term “heavy quark” depends on the energy
scale. It is generally regarded that the up, down and strange quarks with masses m,, my
and m, respectively are “light quarks” as their masses are below and/or comparable with
the scale Agep in perturbative QCD. Therefore we only see experimental manifestations of
their production via “jets”. The “heavy” quarks are the charm, bottom and top quarks
with masses m,, m; and m, respectively. However in QCD this distinction should really
depend on the energy scale in the process under consideration. At high energies where the
total energy in the hadronic collision /5 3 m, then the effective mass of the charmed
quark is zero and the charmed quark should be considered as a normal light quark in the
hadron. Therefore it can be described by a parton density, and this parton can initiate a
hard scattering. At even higher energies wheve /3 3» my then the bottom quark should also
be considered as a light quark. (Since the top quark has not been detected it is unclear how
large the energy must be before it can be considered as a light quark.) This scale-dependent



description of charm and bottom quarks has not so far been adopted in most theoretical
calculations.

The mass parameters m.and m; need clarification since they are not directly mea-
surable quantities. Originally the existence of heavy (coufined) quarks was inferred from the
discovery of colorless spin-1 vector meson states such as the J/y and T, which are produced
copiously both in electron-positron and in hadronic collisions. These physical particles (let
us call them heavy hadrons) are bound states of charmed and bottom quarks respectively
and have well-defined masses and lifetimes. Within the context of QCD there must be quan-
tities which we can designate as heavy quark masses with values approximately one-half
those of the vector meson masses. Then m, = 1.5 GeV/c? and m, = 4.75 GeV/c? have a
phenomenclogical significance. In perturbation theory, we can identify these masses as the
renormalized masses of the basic QCD Lagrangian. When mass effects are important, {or
example just above the “threshold™ for heavy quark antiquark production, we cannot ignore
terms of order m/+/5 in a partonic reaction.

The description of experimentally observed heavy hadron production and decay in-

volve the following stages: (i) production of the heavy quark by the high energy collision; (ii)
“fragmentation” of the heavy quark into a heavy meson or baryon (we only consider open
heavy flavor hadrons, not “onium" states); and (iii) decay of the heavy flavor hadron into
ordinary hadrons and leptons.
Heavy Quark Production: The production of a heavy quark is usually calculated in the
parton model at a scale set approximately by the heavy quark mass, including higher order
corrections if possible, As the heavy quark mass m is larger than Agcp, there is an extra
large energy scale compared to the usual light quark physics. It was proven by Collins, Soper
and Sterman*! that the production cross section factorizes into a partonic hard scattering
cross section &;5(s,m?, Q%), which includes all short distance effects, multiplied by light
quark parton densities ¢, (z, Q?), which incorporate all long distance effects, The scale which
separates these two regions is the mass factorization scale, which we denote by @°. Inherent
in this factorization is the notion that the only quarks in the Ladron are the light ones. (In
view of the discussion in the first paragraph, this approach needs modification when m < N3
sce below.) In hadronic collisions and in neutral current lepton-hadron processes, the heavy
quark is produced in association with a heavy antiquark. This process is referred to in the
literature as “flavor creation”. In flavor-changing charged current neutriro interactions a
:gngle heavy quark can be produced from a light quark so there is no need for pair production
(<

Prior to the proof of this factorization theorem {valid for m not too small compared to
V/5), other production mechanisms were considered, one of them being “flavor excitation”,
where the heavy quark exists as a parton density in the hadron and is “excited” out of
the hadron by the hard interaction. Since (as mentioned earlier) ¢ and & quarks should be
considered as pertons at very high energies, this production mechanism does have a natural
place in the complete QCD treatment of heavy quark production valid for a wide range of
energies, especially when m « Q < /s. A consistent formulation of pQCD incorporating
both flavor creation and flavor excitation will be described briefly in Sec.4 later. Within
the QCD framework, there is a third kinematic region, m ~ Q < /3 (the so-called smail-z
region), which needs special attention as well. We shall describe recent developments on
this topic also in section four. A schematic map of the various kinematic regions and the
relevant underlying physics is shown in Fig.l. Finally, there are kinematical regions where
factorization of short and long distance effects cannot be proven so other mechanisms may
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play a role B,

Fragmentation and Decay: The keavy quarks referred to above carry color and do not
have the proper quantum numbers to make colorless heavy hadrons. When they are produced
in partonic collisions vacuum perturbations produce light quark-antiquark pairs over the
time scale AEAt = h. The heavy quark then combines with a light quark to form a
colorless physical hadron with well defined mass. Since this process involves long-distance
physics, not calculable in perturbation theory, it is also factorized out as a phenomenological
“fragmentation function” in the pQCD framework. This function is extracted by fitting
other experimental data, usually from ete~ collisions. The heavy hadron finally decays into
light on-mass-shell hadrons with branching ratios that can be measured experimentally. The
decay process involves the transition of the heavy quark into a light quark according to weak
or electromagnetic interactions. Decays of heavy quarks are extensively discussed in other
sections of this proceedings.

o~
~

2. STATUS OF EXPERIMENTS

Heavy flavor production has been experimentally studied at electron-positron,
hadron-hadron and lepton-hadron facilities. Some general review articles are Refs.[4],{5]&
(6] In e*e™ collisions the production of heavy flavors does niot involve strong interactions
in the initial state. The physics studied focus on decay properties and CP violation, hence
lie outside the scope of this review. (However, these measurements do yield useful informa-
tion on the fragmentation functions for heavy quarks into heavy flavor hadrons which are of
considerable relevance to the interpretation of data in hadron collisions.}

Leptoproduction of charm has been observed in pN scattering (neutral current,
or NC, interaction) experiments and »¥ scattering (charged current, or CC, interaction)
experiments. The NC measurements!’| are too crude to yield quantitative information on
the production mechanism so far. Both flavor-creation (virtual v gluon fusion) and favor-
excitation (virtual 4 charm parton scattering) have been invoked to interpret the data, with
no conclusive evidence for either. Forthcoming data from HERA will be of vital importance
in testing QCD predictions. Charged current datal®® are much more decisive. The con-
ventional interpretation of these data was confined to the “leading order” QCD process -
scattering of the exchanged W-boson off light quarks (d and s). Recently, it has been realized
that the “next-to-leading order” (NLO) process of W-gluon fusion is of equal significance
numerically and physica.lly.m Thus the analysis of the most recent comprehensive datal®
has been carried to this order.10 This process provides vital information on the basic QCD
parameter m, (1.61 & 0.25 GeV) ~ the charm quark mass, and on the strange quark distri-
bution inside the nucleon. (See Ref.[10] for details.} Charged current production of charm
is also anticipated in ep collider (HERA) experiments.

The production of charmed mesons and baryons in hadron-hadron scattering
at fixed target energies has been recently reviewed.lll The second generation of charm
production experiments have overcome many of the difficulties of the earlier experiments;
and the recent high-statistics data from CERN and Fermilab are in good general agreement,
in contrast to the conflicting results from the first generation days. The shape of the energy
dependence of the total production cross-section agrees quite well with existing fixed-order
QCD calculations. However the theoretical predictions on the overall normalization has very
large uncertainties — first, the NLO contribution is of the same magaitude as the LO term;
secondly, the results are strongly dependent on the choice of the {unknown) factorization {and



renormalization) scale {usually denoted by i or Q). Fig.2 shows the measured total cross-
section with some specific choices of m, and scale p. Fig.J shows the large scale dependence
of the theory prediction. Note that the strong g dependence persists in the NLO result.
This is conclusive evidence that this scheme of perturbative calculation is not reliable, since,
in general, the scale-dependence is expected to diminish with increased order of calculation.
These problems are not unexpected. On one hand, at the charmed quark mass, a, is large
so small changes in the scale result in large changes in the theoretical cross section. On
the other hand, since the mass m, is much smaller than the typical energy scale, the charm
quark should behave just like another parton - a fact not taken inte account in the existing
fixed-order calculations. We shall come back to this point in Sec.4.. Data are also available
on the p, and x g inclusive distributions. For a discussion of these distributions we refer the
reader to the above review article.

Photoproduction of charm is in a similar state as hadroproduction[l?]. Due to the
fact that real on-mass-shell photons fluctuate easily into virtual light mass quark-antiquark
pairs, photoproduction consists of two components: the direct or point like component is
similar to leptoproduction; and the hadronic or resolved component to h&dl‘Dpl’Oductlon For
the second component, we need to input the parton densities in the photon! 131 as well as
the parton densities in the proton[HI These former quantities are not well known but the
situation should be better clarified when data from HERA are analyzed. Electroproduction
of charm (Cf. discussion in previous paragraphs on leptoproduction.) is probably a cleaner
test of QCD but there will be many fewer events.

Hadroproduction of b-quarks has been observed at CERN and at Fermilab. The
UA1 experiment produced the first inclusive differential spectrum in the transverse momen-
tum of the b-quark (16) This data were fitted rather well, both in shape and normalization,
by the predictions from O(a?) perturbative QCD (assuming only Ravor creation), using the
best available gluon and quark densities in the proton. At higher energies the same differ-
ential spectrum (actually in pr > prmin} has been presented by the CDF collaboration at
the Fermilab Tevatron. In this case the data are generally a factor of two larger than the
theoretical predictions and the points at small pruyia are even higher. At this meeting we
have seen the latest data analysis from the CDF group. 1nn They have now discovered that
there were more J/# decays from excited charmed states in the low pr data. Therctore
the data points at low prmi, have come down so that the shape is more in line with the
theory. We note that here, again, the theory predictions are fairly sensitive to the choice of
the unknown factorization scale. See Fig.3. However, even allowing the scale to vary over a
reasonable range, the rate is still uncomfortably large. Attempts have been made to fit this
data using the O(a,) corrections inf20 but by changing the gluon density in the proton {and
stretching the choice of scale).fls} Another discussion of the discrepancy between theory and
data is given in Ref.[19]. As mentioned earlier, systematic efforts to extend the validity of
QCD predictions beyond the fixed-order calculations will be discussed in Sec.4.

3 REVIEW of FIXED-ORDER QCD CALCULATIONS

As explained above perturbative QCD calculations of the production cross sections
for heavy quarks are only valid in specific regions in the energy scale. Near threshold, where
the heavy quark mass m is not negligible with respect to the total energy in the partonic
collision /s, fixed order calculations in a, using the flavor-creation mechanism alone should
generally be reliable. However, since the partonic collision energy is not fixed, even though
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the hadronic coilision energy is set for a particular accelerator, the relevant scales are not
constant. Therefore all quarks have to be subdivided into two classes at a typical scale,
say the mass factorization scale Q?, those with light masses m, (where m2 « Q?), which
can be produced in the final state, and those with heavy masses my (where m% » Q?),
which are too heavy to be produced in the final state. One can consider that the relevant
scale is Q* & m?, the mass of the heavy quark under study. The light mass quarks are
then described by parton densities, ¢;{z, Q%) which evolve in Q? as solutions of the QCD
evolution equation (211,

The hadron-hadron production cross section is given by the convolution of parton-
parton scattering cross-sections with distribution functions of the partons, as given by the
master formaula of the QCD parton model:

oSm@) =Y [ du [ dnadm @Yo nEme,

where the parton distributions are labelled by ¢:(z,Q?) for flavor ¢ in the hadron and
§ = 7225, The parton-parton scattering cross-section &;;(3,m, Q%) can be calculated in
perturbative QCD. In lowest order the appropriate & should be identified with one of simple
cross sections given below. The carat is only significant in higher order when it means that
we must take the finite part of the calculated parton-parton cross section in a specific renor-
malization and factorization scheme. Both ¢;(z, Q%) and 7:;(3, m, Q%) are scheme and scale
dependent, but the calculated physical cross-section o(S, m, Q%) should be insensitive to (2

if the choice of calculational scheme is appropriate for the process. (See Sec.1 and Sec.4 for
discussions.)

3.1 Leading Order Flavor Creation Cross-sections

We will now write down the lowest order parton-level cross-sections for heavy quark
production in the reactions g+§ - Q +Q [2 Y+g = Q+Q @ and g4 g - Q+Q (24
The differential and total cross sections for the reaction ¢ + § &+ Q@+ 4 where
q(g) are light {massless) quarks and Q(Q) are heavy quarks with mass m, can be obtained
from the well-known results for the QED reaction et + e~ = pt 4+ p~ . Comparing the two
Lagrangians one can easily show that the QCD results are

dlg_ 4raf(@) i+ 2m?
2d.’tldml = 3 [ : 52 B ]5(3+t1 +uy), (2
and s
8rag
a(s,mﬂ) = "‘Tgcj—)(s + sz)ﬁ (3)

We use the notation ¢ = ¢ —m?, u; = u — m? where ¢, t and u are the standard Mandelstam
invariants, § = (1 ~4m?/s)"/? and o, = ¢?/(47). The results include a summation over final
spins and colors and an average over initial spins and colors,

For photoproduction we need to consider the reaction v + g —+ ¢ 4 @, which has its
QED counterpart in ¥ + v = p* + . The differential cross section is

, d%
dtldul

wa,ma,(QQ)eﬁ, Baepb{s +t + 1), {4)



where

h m?a
h,w Sy,
uy ) i

is the same factor that appears in the QED result. The total cross section is
20ty (QF) L+ 3 im?
= ey 3 {(1+ 1—;1)_(”_”“5 )3}
For electroproduction we need the corresponding formulae for the transverse and longitudinal
partonic cross sections in the reaction 7" + g —+ @ + Q. These can be found in 251-(28],
Finally for the reaction g + g = @ + @ the color structure is more complicated and
the differential scattering amplitude takes the form

i = (- 1) -

8 —_
dtldul 16
again summed and averaged over initial polarizations and colors. The total cross section is
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As mentioned before, the above results should be convoluted with the appropriate
leading order parton densities to calculate hadronic crass sections and inclusive distributions
in the Born approximation. Note that in lowest order the scale Q2 only appears in the lowest
order coupling constant {which we will discuss in more detail shortly) and in the parton
densities. There is no real physical criterion for choosing any particular scale. Therefore one
should not be surprised that there are rather large changes in the theoretical cross section
when &* is varied. One of the reasons why it is important to calculate the next order QCD
corrections is to reduce this sensitivity to (2,

3.2 Nezxt-to-leading Order Caleulations

Now consider what happens when we calculate QQCD corrections to the Born reac-

tions given above. These corrections have been carried out for photoproduction (29"[301, :

electroproduction B! ang hadroproduction (3211201 of heavy quarks through next order in
0.

One has to ealculate alt diagrams containing loop corrections to the Born amplitude
(in order to calculate the interference terms) and square the sum of all diagrams with emission
of an additional parton. In this calculation several new features enter, which we will try
to explain in as non-technical language as possible. The first problem is that there are
several types of divergences in the diagrams, which are classified as ultraviolet {removed
by remormalization), infrared (cancels when we sum over degenerate physical states) and
collinear (absorbed into the definition of the light mass parton densities). The removal of
these singularities is understood in principle but complex to carry out in practice. When the
singularities are removed analytically, it is easiest to discuss the total cross section or the
single particle inclusive heavy quark differential distributions in pr or y.

Light Quark contributions: The classification of quarks into light and heavy has been
mentioned earlier. The light mass quarks are absorbed into the definitions of parton densities
at a certain scale Q. Another way of stating this is that during the calculation we find
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potentially dangerous terms in my, such as Inmi/m?, which we rewrite as InQ?/m? +
In m} /Q?, and absorb the latter logarithms into the definitions of the light quark densities,
which then satisfy the Altarelli-Parisi equations. The cross section still depends on the scale
Q? via terms in InQ2?/m?. The other scale, called the renormalization scale, enters via the
running coupling constant a,(Q?), which is introduced to solve the renormalization group
equation. These two scales are taken equal in all attempts to extract parton densities from
experiment so we call them simply 2. Therefore the partonic cross sections are usually
written in terms of so-called scaling ratios as
2 2
sl m?. Q%) = 254 n) + dras{ 18 m) + T 1n L)),

(9)

where the dimensionless functions fi‘gl(rj},f,—(‘:-](u) represent the Born contribution and the

O(ag) correction respectively. The function f_,-(j)(n) appears when the mass factorization scale
Q? deviates from the square of the heavy flavor mass m®. The scaling ratio 5 is denoted by
_ s

" 4m?
although other ratios such as 4m?/s are just as useful. In higher order QCD all these partonic

cross sections as well as the parton densities are scheme dependent because they are only
defined after a prescription is used to remove the collinear singularities. :

n 1 (10}

Heavy Quark Decoupling: Now let us discuss the case of really heavy quarks, with
my 3> m. At first sight one wouid neglect them since there is not enough energy to produce
such quarks as physical particles. However this is not a correct procedure. Heavy quark loop
corrections to the gluon propagator (like fermion loop corrections to the photon propagator
in QCD} include a sum over all virtual quarks irrespective how heavy they are so we cannot
ignore them. Fortunately there is a theorem due to Appelquist, Catrazone and Symanzik
31 which states that the higher order corrections due to the heavy quark loops can be
absorbed into a redefinition of the measurable parameters of the theory {coupling constants
and masses) so their effects are not observable. (In spontaneously broken theories such as the
standard model of electroweak interactions, the particle masses are related to the coupling
constants so the theorem is not valid. This is why accurate measurements of standard model
parameters at the Z mass are sensitive to the top and Higgs masses.} In QCD the theorem
is true and has to be implemented in a specific scheme if one wants the running coupling
constant to be continuous across quark production thresholds. If this is not done then terms
like In(m% /Q®) appear in the perturbative expansion and they are large when Q? < m¥.
Of course one can absorb them into a redefinition of the running coupling constant so it is
discontinuous at the scale where Q* = m}. Although there is nothing wrong with such a
method it is simpler to remove all these large logarithms completely from the start. This is
what is done when one follows the so-called Collins, Wilczek and Zee renormalization scheme
(4, in which the heavy quarks are decoupled in the limit of small momentum flowing into
heavy flavor loops. We will assume that this scheme is followed when we consider higher order
corrections. Since the cross section is a renormalization group invariant we can limit ourselves
to mass and coupling constant renormalization. Usually mass renormalization is performed
in the on-mass-shell renormalization scheme and coupling constant renormalization follows
the so-called M5 scheme.



2.3 Rlustrative Results on Parton-level Cross sections

In Fig.4 we show the contributions to the partonic functions fi%(n}, f{)(») and
fi(n) from the gluon-gluon scattering channel plotted versus # in the MS scheme. The
Born contribution fi%(n) decreases at large and small 7. However the higher order correc-
tion fiJ(n) is large in both these regions. The corrections at small 77 (near threshold) are
partly due to the exchange of a "Coulomb” gluon between the heavy quark-antiquark pair.
This has a QED counterpart which was discussed long ago by Schwinger *¥. However this
correction is only important very close to threshold. The main contribution to the enhance-
ment is due to an imperfect cancellation of soft and virtual O(a,) corrections near threshold,
which leaves behind some large logarithms.

There is also an enhancement in the cross section at large 5 which is due mainly to
graphs where the incoming gluon splits into two i.e., these are the Feynman diagrams with
massless t-channel exchanges. These are often referred to as the large corrections at small r
where T = m?%/s.

We now examine the plot of f{1)(n) the coefficient of the scale dependent logarithm
In{2?/m?). This function changes sign an intermediate value of 5. Since we do not know
whether to choose a scale so that this logarithm is positive or negative we see that it can
either enhance or suppress the contributions at large and/for small . This is one reason
that we still see large variations in the hadronic cross section at a different choice of the (2.
There is of course a favorable situation where the variation is small, namely when the parton
densities weight the central region heavily. However this only occurs at specific values of m
for each experimental value of /5, which are often nowhere near the masses m,, m, or the
estimated value of m,. Clearly when m is small and the parton densities weight the large n
region (high CM energies) then the prediction for the cross section is poor. Also when m is
large and we are sensitive to the parton densities in the large x region (near threshold) then
again we do not have a very accurate prediction of the cross section. These regions wili be
discussed shortly. We should remind the reader that these f, (1) functions are not physical
quantities. Only after convolution with the corresponding M3 parton densities do we arrive
at measurable cross sections.

3.4  The QCD Running Coupling in the presence of Heavy Quark Masses:

The above decomposition factors out the running coupling constant so it can be
discussed separately. Qur choice of which quark is "light” has a significant influence on q,.
Since the latter depends on ny, the number of light quarks, it should change its numerical
value when Q? crosses a heavy quark threshold. To maintain continuity of the running
coupling constant across such thresholds, we have to change the value of A = Aqcp. If we
define the two-loop corrected a, in the MS scheme then

2 _ 1 _ b Inln(Q%/A%)
) = R L  aigeAT ) o
where by and by are given by
33-2n4 ' 153 — 19n;
= il = 12
b1 127 v b 2m(33 - 2ny) ' (12)

is valid for top-quark production with A = A5 and ny = 5. For bottom and charm production
we need «, for four and three flavors with different A, and A3 values respectively. So that

23

there is continuity across the b and ¢ thresholds we define following 30!

05(Q?) = 0.(Q25)
aa(Q@%) = a;'(Q%4) + a7 (m},5) — a7 (m}, 4) (13
a3 (@D = orNG23) + ot (mh, 4} + o) (m2,5) )

~a;(m},4) ~ a7 '(m],3)

so that
o (QY) = a,5(Q98(Q% — mf) + a,4(QH)8(m] — Q18(Q% — m?)

+ar,5(QN8(Q? — m?) (14)

This result is also often used in the calculation of the lowest order Born approximation even
though one should only use the first term in Eq. (11) above, with yet another value of A.

3.5 Limitations of Fized-order Calculations

We recall that these fixed O{a,) correction calculations are only applicable in a kine-
matical region where the mass m and the other typical energy scales of the physical process,
such as /s, py, etc. (generically called (@ above), are roughly of the same magnitude and
significantly larger than Agep. Under such circumstances the scale parameter in the cross
section is the heavy quark mass, so we need the running coupling constant at the scale m,
and light-mass parton densities evaluated at the same scale. Single particle differential dis-
tributions are calculable when p; &~ m at a scale Q% = p? + m%. Other distributions are
available from Monte Carlo programs, which generally do not include the O{a,) corrections
@0, Recently more effort has been put into the numerical cancellation of the singularities,
since this allows one to calculate exclusive correlations 3%} For charm and bottom quarks,
the condition @ ~ m is not well satisfied in current collider energies and beyond. Thus, as
observed in the review of experimental status (Section 2), in spite of qualitative agreements,
there are problems in comparison of these calculations with existing experimental results: in
particular, the large scale dependence of theoretical results which diminishes the predictive
power of the theory and the apparent disagreement of measured b-production cross-section
at CDF with existing theory. Limitations on the range of applicability of fixed-order {say,
n) calculations arise from terms of the form (e, (Q) In{Q?/m?)]" and o, (@) In{3/QY)]" which
do not become small as n becomes large if either Q?/m? 3> 1 or 5/Q? 3 1, hence vitiate the
usefulness of the perturbation expansion. The truncated perturbative calculation then be-
come a poor approximation, and it acquires large spurious scale-dependence. The following
section gives a brief description of recent approaches to extend the region of applicability of
QCD calculations of heavy quark production.

We close this section with a comment on the size of the next order corrections. For
next-to-leading order heavy quark production, they are often large even in the region where
fixed order calculation is supposed to be valid (typically, the ratioc NLO/LO is of order
1}, which brings up the question of whether the perturbation series is to be trusted at all.
In our opinion this is not a real problem, since the origin of the large NLO correction is
well-understood: the LO Feynman diagrams all give rise to cross-sections which vanish at
asymptotic energies; only the next order contribution contains graphs with massless gluon
exchanges in the ¢t-channel which yield a constant cross-section which, of course dominates
at high energies, even if down by one power of @,. Further higher order contributions do not
introduce similar large corrections, since no new qualitatively different mechanisms come in
beyond the NLO. This type of phenomenon is well known in field theory. A dramatic {(and



familiar) example occurs in QED. The cross section for et 4 e~ — u+ + p~ in lowest order
falls off as agqms" as the CM energy increases. In higher order the so-called two-photon
process is allowed, for instance e* + €™ = ¢¥ +e” + pt + p-, whose cross section grows
logarithmically at large energies as agppm;?in(S/m?)In*(S/m?). The relevant Feynman
diagrams now contain the t-channel exchange of massless particles. Since this process has
completely different kinematics as compared to the Born reaction {the muons are produced
at low p; with a flat rapidity distribution) it should not be considered as a correction to
it. The calculations of the true next order corrections to two-photon physics reactions
generally find small effects, since the scale change is now correctly incorporated in the ”Born”

approximation. A similar phenomena is expected to occur in the production of heavy quarks
in QCD.

4 BEYOND FIXED-ORDER CALCULATIONS - RECENT DEVELOP-
MENTS

Fig.1 in Sec.1 delineates the regions of phase space of applicability of the fixed-order
calculations and its extensions. In the region where Q%/m? » 1, the “heavy quark” (say,
charm or bottom) behaves more or less like an ordinary parten, hence the calculational
scheme must be adapted to reflect this fact. This will be discussed below in Secd.l. In
the region where s/Q? > 1, the momentum fraction carried by the partons (typically, z ~
O(Q/+/5}) becomes very small, large logarithm factors [o,{Q) In{5/Q?)]" must he resummed
to all orders in n. This “small-z” region will be discussed in Sec.4.2.

i1

Heavy quark partons and flavoer ezcitation

To elucidate the basic physics, consider for example the production of a heavy quark-
autiguark pair in deep inelastic electron scattering, e + N - Q@+ @ + X B39 Iy addition
to the energy scales s and m, the underlying process is characterized by another physical
scale @, the virtuality of the exchange photon. {Recall s = W? = @Q*(1/x — 1), where
x is the Bjorken scaling variable.) The leading order flavor creation process considered in
fixed-order calculations is v* + ¢ — @ + Q. For this reaction one can define analogous
functions to the f’s which appeared in Eq.{9) of the NLO calculation section, only they are
now dependent on two ratios, namely 3 = s/4m® — 1 and ¢ = Q*/m?2. It is terms of the form
[ () Ingl?, 8 = 1,2, which cause the results to be unreliable in the region Q2jmt > 1.
Here we encounter the same situation as ordinary light quark production in deep inelastic
scattering at current fixed-target energies. The cure to this problem is well-known: we need
to resum all logarithm factors of this form to all orders and this can be done “automatically”
by use of the renormalization group equation (which is commonly called the Altarelli-Parisi
equation in leading order}. The net result is that, the “heavy quark” {denoted by Q and Q)
becomes one of the partons of the theory, and we must include the additional basic process
¥ + Q) & Q(Q) - flavor excitation — with the associated parton distribution function
q&f,(r,,u) in the master formulal! Since the [a,{p)In€)?, § = 1,2 terms are now included in
this additional (finite) contribution, they must be removed from the original formulas for
afr" +g = @ +Q) to avoid double-counting. This results in a subtracted hard cross-section
to be inserted in the master formula. This subtraction involves a factorization scale g which
we can identify with the physical scale ) according to usual convention. (A good alternative
choice is p? = Q% + m?.) )

The leading flavor excitation contribution 7* + Q(@) = Q(Q) is formally of order
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a? — one order lower than that of flavor creation, v* + g — € + §, which hegins at

order af. Thus, at very high energies ( u(Q) > m), v~ + Q(Q) = Q(Q) should be the
dominant one, leading to theoretical predictions substantiolly different from those of fized-
order flavor creation calculations. In contrast, when u{Q) is not too large compared to m,
the contributions from the two mechanisms are numerically of the same order since the gluon
distribution function ¢ is much larger than <t=?,. thus compensating for the extra power of
a. {In fact, in this region ¢§ ~ a, In{u/m) - P8 ® ¢%, where Pgo is the splitting function
of g =+ Q.) Here, the flavor excitation contribution is rather unphysical (since the “parton”
interpretation is not a good one when the mass is not negligible) and the QCD formalism
corrects this by removing its contribution with the required “subtraction” of double-counting
mentioned above. The end result is that, favor creation does emerge as the primary physical
mechanism for producing heavy quarks when p(Q@) ~ m.

This brief discussion should make it clear that, in a properly formulated QCD frame-
work, flavor creation and flavor excitation are complementary fundamental processes, each
with their own natural region of dominance, but also must co-exist in some parts of phase
space which mark the transition region. (See Fig.1) The ideas explained here applies to
hadroproduction of heavy quarks as well. At the present, whereas fixed-order flavor creation
calculations have been completed to NLO order, the generalized scheme to include flavor ex-
citation is only beginning to be developed. First results(®*] on leptoproduction, carried out
to order a,, is encouraging in that they show al] the expected qualitative features discussed
above, and yield the anticipated reduction in scale-dependence. Fig.5 shows results on the

various contributions (flavor excitation, flavor creation, their overlap (i.e. subtraction}) to

the structure function F(x,Q) for charm production as a function of @ for a given z. Note
how the subtraction interpolates between the flavor excitation (at low (7) and the flavor
creation (at high Q) as the physics dictates. Fig.6 shows dependence on the choice of scale
{u) for the various terms. We see that the strong u dependence of the individnal terms is
greatly reduced in the theoretically more compiete combined result.

4.2

Small-z resummation -~ k, Factorization

A similar problem occurs as the In(1/x) ~ In{s/p?)variable gets large for not too large
In(p/m). Thus, for large CM energies when a,In(1/z) = 1, the fixed-order perturbation
series again breaks down. Several groups have worked on this “small 2" problem. and
methods have to be developed to resum these large logarithms 401141142 The basic
tool for resumming leading [a, In(1/x)]" contributions to all orders in a, was the Lipatov
equation. This problem is extremely challenging theoretically. There is no simple physical
picture which can be described in this short review. The three existing approaches differ
considerably in technical detail. But they also share several general features which are worth
mentioning. These are: (i) they all start with the Lipatov “hard pemeron” formalism, as
already mentioned; {i}} they all involve using a ki-factorization formalism, which employs a
new type of gluon distribution invalving off-shell gluons with definite transverse momentum
@(z, k) which relates to the usual on-shell gluon distribution function G(z, Q%) qualitatively
by 1G(z, Q%) = §9° dk? p(x, k?); (iii) so far, they are limited to a theory of gluons (which
dominate at small-z) only and to resummation of the “leading” contribution to small-z (i.e.
no systematic extension to terms of the form of In"~*(1/z) and lower is available).

Quantitative predictions from the efforts to include small-z resummation are still lack-
ing. Estimates obtained by Refs.[40] & [41} suggest corrections to fixed-order flavor creation



calculations are no more than 30-40% at current collider (both lepton-hadron and hadron-
hadron) energies. However, Ref.[42] claims effects up to 100% or more for b-production at
the Tevatron. At this workshop, considerable efforts were made to understand this result
and to evaluate the potential for making quantitative predictions far cross-sections useful for
the rest of the Workshop. These efforts were not fruitful. It appears the quoted results are
very much dependent on the input gluon distribution function ¢(z,k2) (which is not well
determined) and that the numerical calculation of the hard cross-section and the convolution
integral of the k-factorization formula are not yet fully under control. Much work is required
to develop these individual new approaches and to reconcile the differences between them.

Also, it is important to clarify where the transition region between the “small-r”
and the conventional physics takes place. In the absence of a priori theoretical prediction
on the location of this transition, a phenomenological approach is to compare fixed order
calculations hold with the alternative resummed results. Numerical studies focusing on
this comparison completed so farl43] strongly suggest that distinctive small-x resummed
results do not become important down to x ~ 107%, For practical applications, this type
of comparison involves comparing data on the production of one specific heavy quark at
different accelerators, or data on ¢,b and/or t production at the same machine.
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Other Regions and considerations

Finally there is the region where both In(1/x} and In{z/m) are large. This is the multi-
scale asymptotic region, where nothing much is known, either experimentally or theoretically.
For completeness we should also warn the reader that the region where the quark is produced
near threshold is also not theoretically clean. Then there are another set of large logarithms
in the perturbation series which have to be resummed 144, see atso Ref.[45]. These corrections
are important for ¢-quark production at the Fermilab Tevatron 461,
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Figure 2. Energy dependence of the total cross-section for Charm Production. Note the
theory lines are strongly dependent on the choice of the factorization scale and the charm

quark mass.
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B DECAYS—MEASUREMENTS AND PREDICTIONS
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ABSTRACT

Hadronic decays of B mesons are reviewed. First, masses of B mesons and observed
patterns together with physics behind them are discussed. Then the effective Hamiltonian
tesponsible for major decays is presented and its practical applications is discussed in the
context of factorization. Various tests of factorization are then studied. For rare decays,
the focus is placed on K, #x final state and the penguin-mediated X,v. In general, the
measurements are in excelleat agreement with predictions of the standard madel,

1. BASIC METHODS ON UPSILON-48 RESONANCE

Most of the data presented in the following are collected on the upsilon-4S resonance,
and some basic experimental techniques are briefly described below.

The B meson pair production crass section on the upsilon-4S resonance js roughly
1 nb; namely, an integrated luminosity of 1 fb~! would generate 1 million B meson pairs.
The CLEQ-II detector has logged about 1.2 fb~1 of data thus generating 1.2 million B meson
pairs.

On the upsilon-485 resonance, light quark pairs (u%, dd, 3, and ¢ - often referred to
as the ‘continuum’) are also generated in addition to the B meson pairs. The cross section
ratio of B meson pair to the continuum is roughly 1 to 2.5. The continuum is often a
major background and in order to understand this component, data are taken right below
the resonance (32 MeV below the peak) corresponding to about one half of the integrated
luminosity taken on the resonance. When we want to plot a distribution of certain parameter
for B meson pairs, we can subtract the distribution for the data taken off-resonance from
that taken on-resonance (with a proper normalization). The distribution is then said to be
‘continuum subtracted”.

At the upsilon-4S resonance, the B mesons are generated with definite energy and
momentum given by

Ep = Eyeun = 5.289GeV, Py = 0.325GeV/c. (1)



When reconstructing a decay B — f; + f3 + - f,, natural parameters to look at are thus
the total energy and momentum of the decay products f; (i = 1,..,n):

Etot=ZEi. Ptnt=zlsi (2)

which should peak at Ey.am and Pg respectively, where E; and F; are the energy and mornen-
tum of the i-th decay product. In practice, often used parameters are the ‘energy difference’
AFE and the ‘beam-constrained mass’' My defined by

Mp = o — Py - (3)

Since Eyeam is a constant, measuring AE and My is equivalent to measuring E, and P
The mass reconstructed this way has a good resolution which varies from 2.5 to 3.3 MeV
depending on decay mode and usually dominated by the spread of beam energy. The essence
of this method in background rejection, hawever, is simply the conservation of energy and
absolute momentum in a B meson decay. We will often be referring to Mg and AE in the
rest of this article; the definitions are as defined above,

AE = Etol. - Ebean‘n

2. MASSES

21 B adB

The masses of neutral and charged B mesons can be measured by fully reconstructing
the major decay modes. Figure ! shows the distribution of the beam-constrained mass
Mg for B~ and B° mesons after requiring that the energy difference AE is within 2.5 of
zero. The decay modes used are B~ — D™, D*Op— DO~ , D% 4K~ for the charged
B meson and B® — D*+z-, D*tpm DYe= D+ 7, K° for the neutral B meson. The D*
mesons are detected by the decays D — D%® D** — D%+ and I mesons are detected
by D% — K~n*, D% — K~w*n*, These modes are chosen since they are particularly clean.
There are 362 signal events for B~ and 340 signal events for B°. With a correction due to
initial state radiation of —1.1 £ 0.5 MeV, we obtain Mgo = 5280.3 £ 0.2 £ 2.0 MeV and
Mg~ = 5273.9 £ 0.2 + 2.0 MeV . The first error is statistical and the second systematic.
The systematic error is dominated by the uncertainty in the energy scale of the storage ring
which cancels when we take the mass difference: Mpe ~ Mp- = 0.44 + 0.25 + 0.19 MeV,;
namely, the masses of B~ and B’ are consistent with being identical within several tenth
of MeV. The results are summarized in Table 1 together with previous measurements.

It is interesting to compare this result with that for strange and charm mesons. There
we have Mygo — M- = 4.024 £0.032 MeV and Mps — Mpo = 4,77 £0.27 MeV' which seem
to indicate that the meson mass is heavier when a heavy quark is combined with a d quark
than with a u quark. The pattern, however, clearly does not repeat for B mesons. The
current understanding for the isospin mass splitting is that there are effects due to the u — d
mass difference as well as QED effects® (i.e. due to the electric charge difference between w
and d quarks). Both are of order a few MeV, and the two kinds of effects happen to cancel
for the B meson case.® There seems to be no simple and intrinsic reason to give M§ = M},
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Figure 1. The beam-constrained mass for charged (a) and neutral {b) B mesons after AE is
required to be consistent with zero. Particularly clean modes are selected and summed.

Table !, Masses of neutral and charged B mesons.

(MeV) CLEO 157 ARGUS CLEO IT¥
Mg 52780 £0.4£2.0 | 52706 £ 0.7 £2.0 | 52803 £ 02 £ 2.0
Mp- | 52783 +£0.4+2.0 | 5280.5+ 1.0 £2.0 | 5279.9 0.2 £ 2.0

Mgo — Mp- | ~04£06+05 | ~09+1.2+05 | 0.44 +£0.25 +0.19

2.2 (ther Botiom Mesons

Bottom hadrons heavier than B~ and F° are not produced on upsilon-4S resonance,
and the results so far come from accelerators that operate at higher energies.

Figure 2 shows the decay Bs — ¢, ¢ -+ K+ K~ observed by the CDF collaboration’
in pp collisions at 1.8 TeV c.m. energy. There are 14 + 4.7 events observed and fitting a
gaussian to the peak, the By mass is determined to be 53383.3 £4.54 5.0 MeV. The ALEPH
collaboration has also reported a result on Bs mass from two events Bs — ¢'¢ and D¥r-.
The mass measurement is dominated by the ¢'¢ event and gives 5369+ 5.6 £1.5 MeV. These
results are summarized in Table 2 together with a possible candidate event reported earlier
by the OPAL collaboration and a recently reported result from DELPHI The measurements
by CDF and ALEPH are marginally consistent (2-sigma difference statistically); taking the
weighted average, the mass difference between Bg and B® is 97 MeV. The value is strikingly
similar to the charm case MD} —Mp+ = 99.510.6 MeV,! and also consistent with predictions
of non-relativistic models: Mg, = 5345 — 5388 MeV 1!
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Table 2. Measurements of Hg meson mass. The (" and ¢ mesons are detected by 24" — [+1-
and ¢ — K+~ respectively, and D} mesons are detected in the modes Df —+ ¢t K*K.

Modes Number of events Mg, (MeV)
ALEPE® #é, DEn- p) 53686 LF6E15
CDF? 2] 144+ 4.7 5383+ 45+£5.0
OPAL? he (1 candidate) 5360 4 70
DELPHI® | Df{r~ora]), ¢ 1 5357 £ 12+ 6

The mass of B*(JF = 17) has been measured by CUSP'? and CLEO" by detecting
the monochromatic photon in the transition B* — By. The numbers are!!

Mg —Mp= 464+£03108

4586+ 1.0

MeV (CLEO) (4)
MeV (CUSP). (5)
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These measurements are in accordance with an intriguing observation on the hyperfine split-
ting
AM = M*(17) - MH0™) = const = 0.5MeV?. (8)

This holds well for {r, g}, &', D, Ds and now for B. In non-relativistic models, such relation is
realized when the potential between the constituent quarks is linearly increasing as a function
of the distance between the quarks.”™'® 1t is consistent with a naive picture that the two
constituent quarks are connected by a flux tube with a constant tension, At short distance,
the potential is expected to be Coulomb-like; this portion of the potential, however, is not
expected to play a significant role.’® Also, there is an electromagnetic hyperfine splitting
which violates the relation 6, but its effect is also much smaller than the hyperfine splitting
due to strong interaction.!”

Apart from the theoretical importance, the above mass difference indicates that B*
cannot decay to Brx. It has a practical implication that one cannot tag the sign of the bottom
flavor by the decays such as B"* — B%rt where the charge sign of the pion tells us if the
neutral B meson is bottom or anti-bottom. Such flavor tagging would have made it easy
to study the CP violating decay asymmetry in B® or B - Y, rtr~ etc. particularly in
hadron colliders. Now we have to hope that there may be a higher resonance that decays to
Bw which is narrow and produced copicusly.!®

3. NON-SUPPRESSED DECAYS

3.1 Effective Hamiltonian

The interaction of interest for B meson decays comes from the charged current part
of the Standard Model Lagrangian:'®

d
Lo = \/ii(ua Cst)L7nV ( '; ) w*, (7)
L

where g is the weak coupling constant, the subscript L for the quark field indicates left-
handed component (e.g. u; = {1 --vs)u etc.), and the matrix V is the Cabbibo-Kobayashi-
Masukawa {CKM) matrix:

Vnd V,_,, Vub

V=l Ve Vi, VW (8)
Ve Vs Vo

The experimental value of the CKM matrix V is well represented by?®?! (assuming unitarity

of V)
1 A [Vile A~ 0.22
Vo~ -1 A? where a = arg(Vy) (9)
[Vigle®® A2 1 8 = arg(Vu)

and the magnitude of ¥4, V4 is of order A*. Taking the first and third columns, the unitarity
condition

ViV + ViV + VgV = 0 (10)

becomes a triangle as below (called the unitary triangle).



Vtdi (11)

IVubi
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At energy scales well below the W mass, the propagation of W can be ‘integrated
out' and we obtain 4-fermion effective Hamiltonian® relevant to B decays given by

Hep = %vum(cltu)ol +Calp)On) 4 - - (12)
O, = (@u)(eh), O, = (cu)(db) (13)

where G = ¢*/{4V/2M3,) is the Fermi coupling constant and the quark current (g'q) is
a short hand for g, 7.(1 — ¥s)g, which is a color-singlet V — A current {¢: ecolor index).
Any combination of replacements ¢ = u,22 — ¢ and d — 5 can be made to obtain other
possible interactions as long as the replacements are consistently made including the indexes
of the CKM matrix elements. The terms shown in (12) are part of an expansion of the
effective hamiltonian (the operator product expansion®)}, It has an advantage that the
calculable short-distance effects are separated into the coefficients of the operators (Wilson
coefficients) while the long distance effects such as the state of valence quarks in mesons are
absorbed into matrix elements of the operators.

Without QCD correction, we only have the first operator O, which is shown dia-
gramatically in Figure 3(a). With QCD correction, gluons flying between the quark lines
can shuffle the color flows and generate an effective neutral current operaior Oy shown in
Figure 3(b). The Wilson coefficients €, can be calculated using the leading-logarithm
approximation (LLA)*

14 1
C] = 5(04. +C_) Cz = E(C+ - C._) (14)

with .
L= [___“3("2) ]ﬁ (15)

as{Mj)
where d_ = —2d} = 8, and oy is the running coupling constant of strong interaction given
b
’ as(p?) = 7 with b=11~ on (16)
ST Bog(wi A kco) I

with ny being the number of relevant flavors, and p the typical mass scale of probiems in
question. Note that C, and C_ are related by C3C_ = I. With g = m, = 5 GeV, n; = 4,
and Agqep = 0.25 GeV we have

The next-te-leading logarithm approximation (NLLA) has been computed;®® the result does
not differ drastically from the LLA result quoted above. For the transition & — csg, however,
the momenturmn transfer associated with the light quarks are much smaller than the bottom
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mass scale and as a result the corresponding coefficients could be significantly different

from (17). In fact, in one estimation using heavy quark effective theory (HQET)™ the
coefficients are about 30% larger for ) and almost twice as large for C5:%

Cy ~ 145 Cy ~ -0.45 (for b — ¢sT). (18)

There are also 4-fermion operators of the type shown in Figure 3(c) cailed Penguin

operators.?® The corresponding coefficients, however, are small and the Penguin operators

are relevant only for highly suppressed decays such as B — K*v and Kn, to which we will

come back later.

(a) o )
c,u ds .
cu
b b
cu - cu
CiOn C202
b u,c,t ds
{c) %5
g q
"Penguin’

Figure 3. Four fermion operators of the effective Hamiltonian responsible for B meson decays.

3.2 Two-body Decnys and Factorization

Compared to semileptonic decays, hadronic decays are harder to understand due to
variety of short and long-distance strong interactions among the quarks involved. Two-body
hadronic decays, however, are the simplest kind, and some framework of understanding -
factorization - exists.?” Also, it should be noted that two-body decays account for a sub-
stantial fraction of total hadronic decays of heavy mesons (~ 15% for bottom mesons and
~ 75% for charm mesons when resonances are included®).

The idea of factorization for hadronic weak decay dates back at least to the early
60’s when Schwinger showed that the Al = 3/2 transition of K — aw can be estimated
from the corresponding semileptonic rate.?® The procedure, however, was not considered to
be accurate; in fact, when Feynman reported calculations of A — pr and K+ - 7+z% using
the idea of factorization,® he preceded the discussion by the following disclaimer: ‘You may
not wish to consider this line of flimsy reasoning; we are becoming very uncertain about this
matter, nevertheless 1 shall present it.” There is, however, a good reason to believe that the
factorization works well for certain B decays.



We take B® — D*z~ as an example. This can occur by the operator O, as shown
in Figure 4(a), where it is assumed that the B — D transition is caused by the current
operator (2b) and that =~ is created by the current operator {du). Assuming that the
B — D transition and the 7~ creation are independent, the amplitude can be wrilten as

(D*n™|(du)(@B)[B°) = (x|(du)(0} D* |(cb)| B") (19)

which constitutes the essence of the factorization assumption.

(b)

£x 0,

Figure 4. Decay B® — Dtr- by the operator Oy (a) and O (b). The latter is suppressed
by a factor £.

It is instructive to visualize the situation intuitively. A B meson may be viewed as
an analog of a hydrogen atom where the heavy bottom quark is at the center surrounded
by a cloud made of light quark and gluon |[Figure 5{(a)}. Upon the decay of the b quark, the
b quark disappears and c, T, and d quarks appear. The c quark will combine with the ariginal
clond that was around the & quark to form a £} meson, and the ud pair will eventually turn
into a pion. Here orie can cast doubts on the factorization assumption on two points:

1. When the @d pair passes through the cloud, it may strongly interact with the cloud,
in which case the formation of the D meson and the creation of the pion cannot be
independent.

2. After the D) meson and the pion are formed, they may re-scatter through final-state
interaction (FSI); e.g. DY + 71~ — D 4 x9 etc.

For each of the above, Bjorken has argued that it does not pose sericus problem for the
factorization assumption.® First, the invariant mass of the ud pair is of order pion mass;
thus, they are highly collinear and close together. Since the total color of the pair is zero,
they form a small color dipole and the cloud cannot see them from some distance away.
The pair is thus expected to pass through the cloud without much interaction. Second, the
formation time of the pion in its own rest frame is of order 0.3 fm/c which is the time for
light to propagate from the center of the pion to the edge. Since the pion is highly energetic
(~ 2.5 GeV), by the time it is formed the distance between the IJ meson and the pion is
already severai fermis; thus, they cannot interact through FSI. A similar argument of ‘color
transparency’ was also used for production of p and ¢ in high energy scatterings.

KX

=0.4 fm

(a) (b) (c)

Figure 5. An intuitive picture of the decay B° -+ D¥x~. Before the decay (a}, immediately
after the b quark decay (b), and right after the formation of final state mesons (c).

This line of argument has been put forward by Dugan and Grinstein in the framework
of QCD and the heavy quark effective theary, and it has been shown that factorization holds
in the limit of Map — oo while Mp/Mp is kept constant.? For decays which involve
two charmed mesons such as B° — Dz D%, the two mesons in the final state are partially
overlapped at the formation time, and thus the factorization may not work well for these
decays. Factorization is known to hold also for the large No limit where Ng is the number
of colors.® Even though the correction to the limit is of order 1/3 which is quite large, the
applicability of the 1/N¢ argument is not restricted to the large velocity limit,®” and thus
complementary to the ‘color transparency’ argument.

The decay B° — D*r can also proceed by the operator O, as shown in Figure 4(b).
In this case, naively only the color singlet component of the @ and d legs is expected to
contribute. Applying Fierz transformations to color indexes as well as to gamma matrices,®
0, can be written as

0; = %0t + %(HA"u)(a\.-b) (20)
where the second term is a color singlet operator formed by two color-octet currents with A’
being the SU(3} Gell- Mann matrices. Thus, O, contains O, within itself, and consequently
0, and O, are not orthogonal.® The overall coefficient of 0, is then C, + C,/3. For the
decay B - D%2%, the relevant operator is O,. There, the role of O; and O, are inverted
with the overall coefficient of O being C; + C1/3. In fact, we can write (12) in two ways
G101 + C20; = (C1 +2)0, + 2(dXu)(erb)
21
= (C2 + §)0; + J(@Nb)(zAiw). )
Assuming factorization, the effective Hamiltonian may then be written in terms of ‘factorized
hadron operators®® as

Gr. .. — -
Hhod = TgVude[ﬂl(du)had(fb)hm + 62{db}paa{Tt )y} (22)
where the above arguments suggest
ay = C] +£Cg . _ 1
4 = Cp+EC, with £ = T (23



where the effect of O; to the first term and that of O, to the second term is parametrized by
¢ (sometimes called "color suppression factor’). The contribution of the octet current term
in (20), however, may have a significant effect; in fact, an estimation using QCD sum rule
indicates that its contribution may in effect lead to £ ~ (.%° Also, an analysis of charm decays
suggests £ near zero.® It has thus been suggested that a,, e, be taken as free parameters.?®

Given the factorized Hamiltonian (22), one can then write down the amplitude for a
decay. For example, if X~ is a meson made of valence quarks d and 7,

G

Amp(B® = DX ) = Z2ViyVaar (X I@al0}{ D [(@blhaa | B°) (24)

where we have from Lorentz invariance
(X7 |(@d}aal0) = —ifxp*  (for X: pseudo scalar) (25)
(X~ |(Td)fpal0) = fxmxe® (far X: vector or axial vector) (26)

“with fy being a parameter of energy dimension (called the decay constant). The current
matrix element is the same as that appearing in the corresponding semileptonic decay?!
evaluated at g% = m?:

2 _ 2 2 _ .2
{D*|(2b)hadal B) = (PB +ppy - 2B = "‘"q) F(¢)+ 2T = Do, Folg) (27
“

where Fy and B are longitudinal and transverse form factors respectively [one can casily
verify that the coefficient of [ satisfies {...},¢* = 0]. For the case of pion emission, the
transverse component exactly vanishes (by definition) and we have

%Vu‘dvcﬁalfﬂ(m?i — mp)Fo(m?).
The form factors Fg; may be either obtained from semileptonic decays or calculated by
models suck as the relativistic harmonic oscillator model together with the pole dominance. 3!
They are relatively slowly varying functions of order 1. In addition, the heavy quark effective
theory allows us to relate all form factors for transitions between heavy mesons to a universal
form factor,*? Similar procedures are applied to other decay modes,

In general, we may distinguish three classes of decays when we consider two-body
decays of heavy mesons mediated by operators of the types O;; in spectator mode (i.e. the
light quark in the parent meson does not participate in the weak decay):*3

Amp(B° - Dtam) = —i (28}

Class 1 Only the first term in (22) contributes and the amplitude is proportional to ay;
—f] + .
eg. B — Dtn,

Class 2 Only the second term in (22) contributes and the amplitude is proportional to ay;
e.g. B° - DOr°. Sometimes called ‘color-suppressed’ decays.

Class 3 Both terms in (22) contribute and the amplitude contains both @, and ay;
eg B~ - D%~
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- 3.3

Some comments are in order. If both final-state particles are charged, then it is Class 1,
if both are neutral, then it is Class 2, if one is neutral and the other is charged, then it
depends. In B — D*x~, the current B — D emits a x and thus the pion decay constant
fx is involved. In B® — D70, the current B — x emits a D meson and thus the [) meson
decay constant fp is involved. In B~ — D°r~, a class 1 amplitude and a class 2 amplitude
interfere and thus both f, and fp are involved. Also, note that in B — D%, the ‘color
transparency’ argument does not apply since the color-singlet pair passing through the cloud
is now ¢t pair which are moving quite slowly, and it may form a D meson before leaving the
cloud. Thus, factorization may not be a good assumption in this case.

Heavy mesons may also decay through valence quark annihilation or W-exchange
processes* as shown in Figure 6 which are also mediated by interactions of types 0Oy 2. Such
processes have been discussed in the context of the lifetime difference between D% and Do,
but thought to be helicity-suppressed,*® and also suppressed by form factor effect when two-
body decays are considered.*® It was suggested, however, that the helicity suppression may
be lifted when soft gluon effects are taken into account.®” Even though annihilation/exchange
processes are usually ignored in B decays, it has not been proven that they do not significantly
contribute in all types of decays.

or

Figure 6. The annihilation and W -exchange processes.

Ezperimental Test of Factorization

The decays B — PP, PV have definite final spin state, where P is a pseudo scalar
meson and V' a vector meson, thus the decay rate is the only dynamical parameter that can
be tested. On the other hand, the decays B — V'V has three possible helicity amplitudes
which can also be compared against prediction of factorization.

For the test of decay rates, we take B° — D"t X~ with X~ being 7=, p~, or aj.
As described above, factorization allows us to estimate the decay rates of these modes from
the ¢*-dependent form factors of the corresponding semileptonic decay B° — D**I-». In
other words, there is a simple relation between the differential decay rate of the semileptonic

mode at ¢> = m% and the corresponding non-leptonic decay rate, which can be conveniently
written ag®

de Br(B° — D x-)
BB - D)

=672 [} [Vael® (29}

q2 =m3(

where fy is the decay constant of the meson X. No QCD correction is included in the
expression on the right hand side.*® If QCD correction is to be included, a reasonable choice
would be to add (C; + C3/3)? to the right hand side of (23). This is because, in (21},
the contribution from the octet current has been shown ‘to be suppressed in the decays in



question as shown by Dugan and Grinstein.® However, Cy + C3/3 is unity to the first order
due to the relation C2C, = 1; thus, we will proceed without QCD correction. The above
formula is applicable for X being any spin-1 particle or any light spin-0 particle (assuming
factorization, of course).® When the particle X is apin-0, it cannol replace all the helicity
degrees of freedom of the D* appearing in the semileptonic decay, and the formula is correct
only in the limit of my < mg. The correction for pion, however, is negligible (~ 0.5%). If
X is spin-1, then no such restriction applies. If D* is replaced by D, then a similar helicity
projection factor should be included.

The procedure of the test is to measure the decay rate B — D*X and the differential
semileptonic rate dI'/dg® to obtain the ratio R, and then compare it to the valuc expected
from factorization: 672 f%|Vis|2. The ¢* distribution of the semileptonic decay B — D™l p
is shown in Figure 7, which is a combination of ARGUS®*® and CLEQ®! data. The shape is
fit to three different inodels? %3 to obtain the value at given ¢
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Figure 7. The distribution of the lepton-neutrino jnvariant mass {¢*) for the process B —
Dt~y as measured by CLEQ and ARGUS.

The decay constants can be obtained by the leptonic decay rate®

2 12 247
GFfﬂ mwmi (1 _ ﬂ) . (30)

u 2
8 me

T(r~ - u77,) =

for pion which gives f, = 132 MeV. From the tau decay rates

3 mi 2 m?
T(r~ = V7)) = fg;G}Wudﬁfﬁ (1 - m‘;’) (1 +2m;’) . {31

where V' is a veclor or axial vector, we get f, = 197 £ 3 MeV and f,, = 178 4 28 MeV.
Including the effect of decay width of meson,’® these go up to f, = 210 = 3 MeV and
fay = 201 £ 32 MeV. Using the isospin symmetry relation f,- = f, the decay constant of
p can also be obtained from [(p® — ete~) measured in e*e™ —» p° by
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drad
Iy v fo (32)

where ¢y = 1/2 for p;* this gives f, = 216 + 5 MeV which we will use.

Table 3 summarizes the result of the comparison. Note that in taking the ratio (29,
uncertainty in " detection efficiency is canceled. This of course assumes that same I* and
I branching ratios are used for the measurements of D*{v mode and D* X mode; a correction
has been made to the values of Figure 7 using the new measurements from CLEQ.5™8 The
agreement is quite good for » and p. For a,, the measured R is about a factor of two larger
than the expected value, but statistically it is only 1.5 sigma's. This could well be due to
breakdown of factorization at a; mass of 1.26 GeV. The branching ratio of D*e, is determined
assuming that the D**x*7~ 7~ final state with 1.0 < Ma, < 1.6 GeV is dominated by a;.
Figure 8 shows the 3r invariant mass distribution for the decay mode B® — D**ata=n-.
‘The a; peak is clearly seen, and amount of non g, contribution is quite small.

F(VG — e+e") =

Table 3. Test of factorization. Branching fraction of B — DX is compared to the corre-
sponding semileptonic decay evaluated at ¢* = m%.

X | Br(D**X~)  dBr/dg® R{measured) Ix R =6x%V4*f%
{%)te) (%/GeV?) (GeV?) (GeV) (Gev?)

7 [ 0.265+0.036 023%0.05 1.15+0.30 | 0.132:£0.0005 9.9810.01

p ot 0.735£0.106 0.2540.04  2.94+0.63 | 0.216+0.005 2.63+0.12

ap | 1.32 20,30 0.3240.04  4.13+1.07 | 0.201+0.032 2.2740.72

(a)} The errors are statistical enly.
(b) It is assumed that D**a; deminates D™tx+n 1~ mode where the 37 mass
is between 1.0 and 1.6 GeV,
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Figure 8. The 3x mass distribution in the decay B° — D"tz+r—n-. (a) Monte Carlo
simulation for B — D**ay,a; — p°r-. (2) Monte Carlo simulation where g%~ is uniform
in phase space. (c} Data with B-mass side bands subtracted.



As stated earlier, for B — V'V decays there are helicity degrees of freedom which
cannot be uniquely determined by kinematics. The factorization assumption leads to specific
prediction for helicity amplitudes which can then be tested experimentally. For example, once
the matrix element is factorized as

Amp(B — Dp) o {pl(5d){,4l0) (D" (2b)nad, | B), (33)
then by Lorentz invariance the rho production part {p|(Td)},ql0} is proportional to the p po-
larization vector ¢ [see (26)]. It then acts the same way as the polarization vector of W
in semileptonic decay resulting in the same p polarization as that of the W in semileptonic
decay at ¢* = m2. If factorization is not valid, this argument cannot hold, and thus it serves
as a good check of factorization,

The polarization of p can be measured by the distribution of p~ — 7%~ polar decay
angle 8, in the g rest frame with respect to the B direction in the same frame, Longitudi-
nal polarization (helicity = 0) would have cos? 8, distribution while transverse polarization
(helicity = +1) would have sin’4, distribution. Or equivalently, one can measure the decay
angle of D* (0p) in the same way since the helicity of D" is the same as that of p. In fact,
the angular distribution can be written as

dr 1l —ag

doos§,dcosbp sin” 8, sin’ 0p + ay, cos? 8, cos® 8p (34)
where ag is the fraction of longitudinal polarization
H 2

w |Hol o

T HLE £ {Ho + | H-P?

with Hy o being the three helicity amplitudes. Figure 9 shows the distributions of 8, and
Op for data. A simultaneous fit to the two angles gives

ar =093 £005+005 (CLEO) (36)

where the first error is statistical and the second systematic which includes uncertainty in

background subtraction and detection efficiencies. The experimental measurement of the

polarization in the semileptonic decay is unfortunately not available at this point, and we
have to compare the above measurement to absolute theoretical predicticn which requires
some assumption on form factors. One estimate using HQET*® gives

ar, = (.88 (factorization + HQET) (37)

which is in agreement with the data.
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Figure 9. The angular distributions for p decay angle (a) and the D° decay angle (k) in
B Dt p.

This helicity = 0 dominance can be intuitively understood as follows (see the figure
below). When the %d pair is emitted, they are nearly collinear, and the helicities are left-
handed for the d quark and right-handed for the & quark. Therefore the total helicity is zero
which is transferred to the final p meson assuming that there is no final state interaction
that changes the spin state. This feature is independent of specific choice of form factors,
while it does assume factorization.

8.4

Extraction of 6y and a,

In this section, we will take the coefficients a, and a; as free parameters in the
factorized effective Hamiltonian (22), and try to find their values by fitting to measured
branching ratios. First, we will use B — D and ¢ decays to demonstrate the procedure,
then a global fit to clean modes will be performed.

In order to extract a; and az, we need the form factors of B — D transition. This
is quite well known; we will use the result of the fit to the universal form factor under the
framework of HQET. The relevant value here is Fy(q? = m2) = 0.58. For the B — r or
K transition, there is no experimental data, and a model calculation is used where the overlap
of B and the light meson wave functions is obtained by relativistic harmonic oscillator model
and the g* dependence is given by pole dominance. The coefficients of 1,2 below. are taken
from Reference 27.

Class-I (determination of a;); The decay amplitude of B® — [Dtz- (or for any two-
body decay B — PP) is given by

p 2
=z —
SnglAmpl
where p is the momentum in the B rest frame. Using the factorized amplitude {28} together
with Vi = 0.045, Viy = 0.975, Gr = 1.166 x 1075 {GeV~2), Fy(m3) =0.58, and 75 = 1.18 ps,

(38)



we get

Br(D*r™) = 0.264e} (%) (39)
The measured branching ratio is Br(Dta~) = .29 £ 0.04% from CLEQ, where the error is
statistical only. It then gives a; = 1.1.

Class-1I (determination of a): In B® — Dz, D meson is emitted and the transition
is from H to 7. Proceeding the same way as before, we get

2
Br(D"2°%) = 0.201 (fD(GEV)) o2

0.22 (%)

(40)
where the isospin factor 1/2 is included (#? is half ¥u and half dd). Experimentally, only up-
per limit exists for this mode: a recent number from CLEQ is Br{D%1%) < 0.035%(90%C L.},
which corresponds to les| < 0.4.

The decay B~ — K~ is also a Cabbibo-favored Class-II decay. The transition is
B — K and 1 is emitted. The decay constant of ¥ can be obtained from its ete~ width:
fy =384 £ 14MeV. The expected branching ratio is

Br{ypi~) = 181922 (%) (41)

where the large coefficient is primarily due to the large decay constant of ¢, The measurement
Br(y /™) = 0.110 £ 0.015 (CLEOQ]) gives |a;] = 0.26. One point of caution js that a, in
b — c€s transition is likely to be different from ag in b -+ ¢@id transition. In fact, the values
of 'y ; themselves are expected to be different as seen in (18). Nonetheless, they are often
assumed to be the same and we will proceed with this assumption for now,

Class-HI (determination of ¢3/a;): As stated earlier, for Class-II and Class-111 decays,
the factorization assumption is not well founded. However, if we assume the factorized
Hamiltonian (22), we can obtain the sign as well as the absolute value of ay/e; through the
interference of the two types of diagrams shown in Figure 4. For example, the branching
fraction of B~ — D¢~ (normalized to B® — D*n~) is given by

Br(Dz") az { fp(MeV) ’
Br(Dtr-) [1+1.230al( 220 )] '

The ratio measured by CLEQ is 1.84 £ 0.24 £ 0.29, and this leads to az/a; = 0.29 £ 0.11.
The positive sign is a direct consequence of Br(D%~) > Br{D*#").
Tables 4 to 6 summarjze measurements and expected branching ratios from the fac-
torization model as calculated in Reference 27. The agreements are excellent in all cases.
In order to obtain more accurate value for a; we fit four Class-I modes, B° —
D*x=,D*p~,D**r~, and D™*p~. For a;, we use the Class-IT modes B° — HKO bk
and B~ — K=, K", The result is

lay| = 1.15 £ 0.04 £ 0.04 + 0.09,

(42)

|az| = 0.26 + 0.01 + 0.01 + 0.02 (43)

where the first error is statistical, the second and the third are systematic. The third error is

due to the uncertainty in the ratio of production and that of lifetimes of charged vs neutral

B mesons. The relevant quantity is (fy 74 )/(f-7..) where f,, f_ are the production fractions

and 74,7_ are the lifetimes. This value is sometimes assumed to be unity. A measurement

from Br(B~ — D‘olu)/Br‘(Eﬂ — D8l g
fi7s

= =124£020£0.1040.16.

i (CLEO).

(44)
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For determination of ay/a;, we use the following four ratios of branching fractions:
B(D°r=)/B(D*n~), B(D%~)/B(D*p"), B(D**x~}/B(D*="), and B(D*p~)/B(L**p™)
to obtain

-Zi = 0.23 £ 0.04 £ 0,03 + 0.10 (45)

‘ 1
where (fy7)/(f-7-)} = 1.2 is used and the last error is due to the uncertainty in this
quantity. The absolute value of a;/e; is consistent with the value obtained above which is
0.26/1.15 = 0.23, and the negative sign seems to be excluded. From (23}, we have

@ _ G +{C S E= ayfa — Co/Ch
T 1= (CafCi)aafan)

(o] Ca+EC,
Using €y = 1.11, (', = —0.26, the negative value ay/e; = —0.23 corresponds to £ = 0.01
and the positive value 2/a;, = 0.23 corresponds to § = 0.44. Thus, £ = 0 as suggested by
an analysis of charm decays?® seems to be excluded in the B decays. However, one has to
keep in mind that in the analysis above, the factorization was applied to questionable cases
where emitted meson is heavy, Also, the factorization is not expected to hold well for charm
decays, so the formulation using a,, itself is in question in charm decays.

So far only Class-II modes observed are for b — cEs only. As one can see from the
table, however, the present sensitivity is close to the expected values for the D°2® and related
modes. It 13 likely that these modes will be observed soon.

(46)

Table 4. Class-I branching ratios.

B CLEO (%) ARGUS (%) Model (%)% a; = 1.15
D¥r= }029£0.04+£003£005 048£0.11 +0.137 0.264a? 035
Dp~ [081+£011+£0.124013°  0.940.54 0.3 0.621a? 0.82
D**7= | 0.26 £0.03 £ 0.03 £0.01° 0.28 £ 0.09 & 0.06¢ 0.254a? 0.34
D*tp~ |0.7420.10£0.13£003° 07+03+0.3¢ 0.702a2 0.93

D*tar® | 1.26 +0.20 4 0.14 + 0.04° 0.97a¥{ f.1/0.22) 1.28
Dy ™™ < 0.18°

DYD; 1.2£0.7° 1.T£1.3406° | 1.213a(fp,/0.29)° 1.60
D+p:- 27+1.7+£09° |0.859}(fp,./0.28)*  1.14
D**D; 2.4 +1.4° 14 £1.0£03° | 0.824a3(fp,/0.28)? 1.09
D+ Dz~ 26+ 1.4406° |2.203a%(fp,./0.28)2  2.91

e
D°D; 29E L3 24+£1.2+04° | 1.215a3(fp,/0.28)7  1.61
DDy 16+12+£03 |0.862a3(fp,./0.28)°  1.14
DD; 1.3:£09+02 | 0.828a%(fp,/0.28)  1.10

DoD:- 3.1+1.64£05 |2.206a¥(fp,./0.28) 292

a. Preliminary result to be submitted to Phys. Rev. D. The first error is statistical, the
second systematic, and the third error is due to uncertainties of D branching ratios.

b. Reference 59, Br{D} — ¢n*) = 2% is used.

¢. Reference 60, Br{D} — ¢x*) = 2.7% is used.

d. Reference 3.

e. All events with 3r mass between 1.0 and 1.6 GeV (after background subtraction) are
assumed to be a;.



Table 5. Class-1T branching ratios.

B CLEO (%) ARGUS (%) Model (%) a, = 0.26
D0 < 0.035¢ 0.201a3(fp/022Y  0.014
Dop° < 0.042° 0.136a3(fp/0.22F  0.009
Dg® < 0.072¢ 0.213a%(fp./0.22)  0.014
Dop° < 0.092* 0.223a3( fp./0.22)*  0.015

Do < 0.075¢
Doy’ < 0.074°
D% < 0.048°
Dy < (1.086"

Doy < 0.36°
| D" < 0.13°

vk | 0.07540.024 £ 0.008° 0.08 £ 0.06 + 0.02* 1.817a2 0.123
SR ] 0.169 £ 0.031 £0.018° 0.11 £ 0.05 £0.02° 2.927a2 0.198
K < 0.08° < 0.28 1.065a2 0.072
HE™ < 0.1ge < Q.23 1.965a2 0.133
xdz(: < 0.27:

Ya <021

=
YK~ | 0.110 £ 0.015 + 0.009" 0.07 £0.03 £0.01° 181942 0.123
HE 10178+ 0.051 £0.023° 0.16 £0.11 £003° 2.932a3 0.198
P~ | 0.061 £0.023 +0.015° (.18 + 0.08 + 0.04* 1.068a2 0.072
P K < 0.30° < .49 1.971a2 0.133
xa K7 ] 0.097 £ 0.040 & 0.009¢
Yokt < 0.21°

a. Preliminary result to be submitted to Phys. Rev. D.
b. Reference 3. Modes involving a K, are multiplied by two to obtain the branching ratios

for &°.

Table 6. Class-1II branching ratios.

B- CLEO (%) ARGUS (%) Model (%)% a, = 1.15
az = 0.26
D%z~ 0.55£0.04 0.20 £0.08 £0.06° | 0.265(a; + 1.230a,(fp/0.22))*  0.57
+0.03 £ 0.02°
DYy 1.35 £ 0,12 13+£04+04% | 0.622(a, + 0.662a:(fp/0.22))? 1.09
+0.12 £ 0.04°
Dn- 0.49 £0.07  0.40 £0.14 £0.12% | 0.255(a; + 1.20245( fp./022)F  0.56
+0.06 + 0.03°
D~ 1.68 £0.21 LO£0.6+04% | 0.703{a? + 0.635a2( fp./0.22)° 1.27
40.22 + 0.08° +1.487aa;( fp./0.22))
D*0g;c 1.88 £0.40
+0.30 £ 0.10°
Disheym™ | 0.11£0.05
+0.04 + 0,03°
D;;fw) - < 0.15°
Di3eyp™ < 0.14¢
D',‘fw]p < 0.5°
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a. Prelimina.ry result to be submitted to Phys. Rev. D. The first error is statistical, the
second systematic, and the third error is due to uncertainties of D branching ratios.

b. Reference 3.

c. All events with 3z mass between 1.0 and 1.6 GeV (aflter background subtraction) are
assumed to be ay.

3.5  Final State Interaction

The factorization assumes that effect of final state interaction is negligible. Therefore
any test that is sensitive to final state interaction is also a test of factorization.

One way is to perform an isospin analysis on a set of isospin-related modes. For
example, assuming that the relevant Hamiltonian has isospin |I, L} = )1, -1} (i.e. b — ciad
- simply a creation of @d pair as long as isopin is concerned), the three decay amplitudes of
B’ = D*r—, D°1°, and B~ -+ D%r~ can be written as

Amp(DtrT) = \/IAJ - \/gA%
Amp(D%5") = [A; + \/7 {(47)
Amp(D% ™) = \/_Aa

where A% and A; are the isospin 3/2 and 1/2 amplitudes respectively. There are three
unknown parameters: |Ag l, |A [, and & = arg(A /A ). Since there are three measurements
of decay rates, one can solve for the three unknowns Then the non-zera phase § signifies
the existence of final state interaction. Unfortunately, the D%z mode is not observed yet at

this point; we expect, however, that it will he ohserved sometime soon as mentioned earlier.




One could go further along this line if one is enough. One can set § = 0 and recalculate
the decay rates that would have been without the final state interaction. Then those rates
may be compared with what is expected by factorization. In fact, a phenomenologically
successful analysis of charm decay was performed in such manner.?® However, there is no
guarantee that all the effect of final state interaction can be taken away by this method.
There may be interactions with other final states, for example.

Ancther possibility is to look at the azimuthal angular distribution in B -+ VV
decays. Taking B — D*p as an example, the angular distribution is given by

dl

dendedy & (IH4 17 + |H_|")shs;, + 4| Hol cpe]

+2Re(Hy H_)shs? cos 2x + 2Im(H} H_)sh,s) sin 2x (48)
+4Re(H Hy + HX Hy)speps,c, cos y + 4lm(H} Hy — H! Hy)speps,c, sin x

where 8p , are the polar decay angle of D and p decays as before, and x is the azimuthal
angle between the two decay planes, We have used a short hand: ¢p = cosflp, sp =
sinf@p etc. If there is no final-state interaction and there is no CP violation, then all the
helicity amplitudes are relatively real. The effect of CP violation would show up as difference
of angular distribution (as well as difference in total decay rate) between B and B decays.5?
For Cabbibo-favored modes such as D*p, we do not expect significant CP violation. Thus,
existence of terms proportional to sin x or sin 2y signals final state interaction.®® This analysis
should be able to be done with dataset presently available, but thus far not completed.

4. SUPPRESSED DECAYS

Now we move to rare decays which are typically Cabbibo-suppressed. We start from
charm-less two-body decays.

4.1 B Decays-to Two Charmless Mesons

Each of the processes B® —+ K—xt, 7*tn~ could proceed through two types of dia-
grams: spectator and penguin (Figure 10). When there exist more than one diagram with
different weak interaction phases and different final state interaction phases {i.e. strong
interaction), there can be CP violating decay asymmetries®® as seen below. Suppose two
diagrams contribute to a decay B -+ f with amplitudes 4, and Aje® where A, are the
weak amplitudes and & is the FSI phase difference. Since only relative phases matter, the
weak and strong phases of the first diagram are assumed to be zero. Fo: the corresponding
B — ¥ decay, the weak phase changes its sign but the strong phase does not. This leads to
a decay asymmetry:

Amp(B — f) = Ay + A2, Amp(B — f) = A} + Aje® (A : real). (49)
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(50)

In our case, the weak phase of each diagram is given by that of the CKM matrix elements
which multiply the entire amplitude as coefficients. Thus we expect that there is a weak
phase difference as shown in the figure, The strong phases, however, are difficult to estimate.

spectator Penguin

2
: b M’L’z} s
3 K
Kn . - u
- T
d

d

phase = argVub phase = 1
3
b ‘:‘.NW\%;L
t d _
b ¥ — .
R
n ”n
C g d d
phase = argVub phase = -argvtd
A~0.22

Figure 10. Diagrams that can contribute to B — ir,rr.

If we assume the flavor SU(3) symmetry, then the ratio of amplitudes are

_K_:r Kr 1

~ (51)
AT lapectator TT [penguin A

~ A

where A is the Cabbibo suppression factor (~ 0.2). It is expected that the spectator diagram
will dominate in B° — w*#~. Then if there is no penguin contribution, the X ~»* branching
ratio should be A% ~ 0.04 times smaller than that of #*x~. Thus, if the rate of X~ nt is



comparable or greater than 7+x~, then it is likely that the K~ #% rate is dominated by the
penguin diagram, When there is a large disparity in magnitudes of the two diagrams, the
expected CP violation will be small independent of the phases,

One should note, however, that there is a possibility that B -+ K can occur
through final state re-scatterings. This could oceur through intermediate states involving
two charmed mesons as

B D"DY -+ K*r™, B = D~ DY st (52)
which corresponds to replacing the top quark loop in the penguin diagrams by a charm quark
which will be on-shell as shown below and can be considered to be a dispersive version of
penguin diagram.

o. (53)

%&n

Such process will result in a large FSI phase, and can interfere with the top quark penguin
diagram to generate a CP violation as originally postulated by Bander, Silverman and Soni.®

Approximate rate of zt#~ can be estimated from the measured B° — D~ z* rate
quile rehiably:

2
~1x107%

Br{r*z") ~ Hﬁ” (54)

cb

where the effect of form factor will reduce it somewhat and that of phase space will increase
it somewhat, The estimation of the K7 rate requires the coefficient of the penguin opera-
tor, and the uncertainly is grealer; the theoreiical estimates are in the same range as the
rr mode.®®

Experimentally, the signature on T(45) is a rather spectacular high-momentum back-
to-back tracks of p ~ 2.6 GeV. This is the maximum momentum a B-decay can emit and
thus the background is dominated by continuum events; thus, cuts are made on event shapes
to reject 2-jet like events and the fast back-to-back tracks are required not ta be aligned with
the jet axis of event. For a B pair event, the event shape is spherical and there is little
correlation between the event axis and the direction of the back-to-back tracks. Then, as
before, the energy difference AE and the beam-constrained mass Mg is used Lo select the
candidates [see (3)].

When masses are correctly assigned to the tracks, the A E resolution is 25 MeV. The
dE/dz information in the drift chamber is used to separate kaon and pion. The dE/dx
resolution is 6.5% and provides 1.8¢ K — = separation per track. Each candidate is assigned
the most likely masses (x7, K, or KK), then AFE is calculated. The beam-constrained
mass, on the other hand, does not depend on the mass assignments and the resolution is
2.5 MeV. Figure 11(a) shows the Mg distribution for K7 and =7 candidates after 2-¢ cut
on AE around zero. The shaded events are the n7 candidates. One can see an enhancement
at the nominal B mass of 5.280 GeV. The AFE distribution after the 2-¢ cut on My is shown
in Figure 11{b). Again, there is a peak around the nominal region near AE = 0. For the
final extraction of numbers, an un-binned maximum likelihood fit is performed with AE,
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Mg, dE/dz, and an event shape variable as parameters. Here AF is calculated assuming
7. The result is shown in Table 7.97

When AFE is calculated assuming 7, the value shifts down by 42 MeV if the actual
tracks are {r. Since the AE resolution is 25 MeV, this by itself can provide 1.7o separation
between K= and ww. The avaliable particle identifications are not good enough to cleanly
separate the two. When K'r and #r are combined there is a substantial signal of about 3.5¢.
The central value of 77~ mode is consistent with the expected value of 1 x 10>, If we take
the central value of the J(*7~ mode at its face value, then penguin diagrams (t-loop or the
re-scattering c-loop) are likely to be dominating the i *7~ mode.

] T 1
{a}

mep—

Events/2 5 Mev

HERERNE
529 5
Moss(Gev)

29

Events/25Mev

'u" X 1

1
100 o
AE{MeV)

Figure 11, Sum of K7 sample and m# sample. (2) The beam-constrained mass Mg after the
2-o cut on AE. (b) AE distribution after the 2-¢ cut on Mp. The shaded events are the
events assigned to be w7,

Table 7. Measured branching fractions and 90% confidence level upper limits.

Mode Bi(10-®)  Upper Limit (10-%)
¥t~ 13108 £ 0.2 2.9
Kte- 11537+ 0.2 2.6
K*K- 0.7
K*n +xta [24%58 502




4.2 b tos Radiative Decays

Another rare process a penguin diagram is expected to contribute is the radiative
b — s transition through emission and re-absorption of W.

W (55)

Y

At the lowest order, the GIM suppression is operative and it depends on the top mass (m,)
strongly, and Br(B — X,v) changes from 0.5 x 107* at m, = 100 GeV to 1.4 x 107*

at m, = 200 GeV. With QCD correction,®® the GIM suppression is loosened (‘soft’ GIM '

suppression} and as a result the rate is substantially enhanced and becomes a slow function
of m;. The enhancement factor is ~5 at m, = 120 GeV to give Hr{B — X,y) =~ 3.5x 1071,
Theoretical estimate for the exclusive mode B — K *7y is more uncertain due to the unknown
transition matrix element B — K*.%® One estimate based on HQET gives Br(B — K"y} =
(1.4 —4.9) x 10757

The experimental signature™ is a monochromatic hard photon (2.6 GeV) recoiling
against K* — Km decay. We look for both B® = K*% and B~ — K*~v. The K*'s are
searched for in the modes K*? -+ K*s~ and K*~ — K~#% K,n~. Again the background is
dominated by continuum events since such high-energy photon is at the kinematic limit of
B decay. The continuum backgrounds are reduced by requiring that the events be not 2-jet
like and that the hard photon be not aligned to the event axis. If the photon forms a 7% or
n with another photon then it is rejected. Figure 12 shows the Mg distribution after the cut
|AE| < 90 MeV (2.20). There is a clear signal observed with 6.6 & 2.8 events in B® mode
and 4.1 + 2.3 events in B~ modes. The branching fractions are

Br(B% — K) (40 £ 1.7+ 0.8) x 1073,

Br(B~ - K*y) = (5.7431%11)x10°  (CLEO). (56)
If we assume isospin symmetry, then
BriB® + K\ =Br(B - K" 4)=(45+1.54£09) x107° (57)

which is consistent with theoretical estimates based on the standard mode! where the penguin
contribution dominates. Another possibility is that the B — K"+ transition may occur
through ¥ K+ by vector dominance™

B— K™ — K" (vector dominance) (58)
or other long distance effects.”™ Such processes have been estimated and found to be at least
an order of magnitude smaller than the observed rate.

The inclusive transition B — X,v can be searched by looking for the hard photon
without reconstructing X, where the mass of X, lies in the typical strange meson region
(0.5 to 2 GeV). Similar culs as before to reduce continuum backgrounds are applied. Fig-
ure 13 shows the continuum-subtracted (see Section 1) photon spectrum. The signal region
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ie? around 2.2 to 2.7 GeV. There seems Lo be some enhancement, but it is not statistically
significant; thus, we set an upper limit

Br{b~+ sy) < 5.4 x 107* (CLEO™). (59}
Such measurement places stringent constraints on non-standard physics, in particular two-
Higgs-doublet models.”™ The W-top lcop can be replaced by loops involving charged Higgs,

neutralinos, gluinos, and squarks etc. * For example, in the minimal supersymmetric madel

with two Higgs doublets, the mass o1 the CP-odd neutral Higgs A® is ruled out for mye <
250 GeV (tan g > 1).77
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Figure 12. The Mg distribution for B — K™y after AE cut,
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DESIGN CHOICES AND ISSUES FOR
COLLIDER EXPERIMENTS

JEFE SPALDING
Fermi National Accelerator Laboratory
Batavia, IL 60510

1. INTRODUCTION

This talk was given on the first day of the workshop. It discusses the technical
considerations in the design of B physics experiments at hadron colliders.
Since the talk was given on the first day of the workshop, it is an overview of
the issues which will be more fully addressed in the working groups.

B particles are copiously produced in hadronic collisions at both FNAL and
55C energies. However, the high rates and relatively soft py distribution for B
production present severe challenges for the experiments. In terms of
detector technologies the main issues are:
o Triggering and DAQ at very high rates, and the collection and
analysis of very large data sets

o Tracking and vertexing over a large rapidily range in a high
radiation environment
o Particle ID - in particular lepton ID and good n and K separation,

again over a large rapidity range

These technical issues result from underlying physics properties and
requiremnents, including:

o The small ratio of o g (per decay mode)/orqT

0 The need for precision measurements -- for example in the
measurement of the time evolution in Bs-mixing

o The need to tag the flavor of the B particle at its production

The large cross-section for B production (about 0.1% of the total hadronic
cross-section) is a major advantage for hadron colliders. As illustrated in
Table 1, these cross-sections lead to the production of very large numbers of B
particles. For example at Fermilab energies, ¥s = 2 TeV, an integrated
tuminosity of 1 fb"1 will produce about 5-10 x 1010 B decays, and the yields are
5 to 10 times higher at the SSC. The main issue for B physics at hadron
machines is not the production of sufficient B particles, but rather the
development of the experimental techniques to fully exploit the enormous
yield.



Table 1: Beauty cross-sections and production rates at hadron colliders.

FNAL FNAL S5C
(1.8 ->2.0 TeV) Main Injector (40 TeV)

b QCD ~ 50ub QCD ~ 50ub
cross-section |  Expt~100pub Expt ~ 100 ub QCD 2500 pb
Luminosity 5 x 1030 5x 10%1 1033/103¢"

em2s71 em 7] em 2571
Pb p;oduced 25.5 x 107 2551010 1011 . 012"
in 10
seconds

* Although the accelerator will run at higher luminosities, trigger rate
limitations and radiation damage to vgitex detectors will limit the
luminosity for B experiments to about 107+,

The B particles are produced at relatively low pt, and over a broad range in
rapidity y, with a rather loose correlation in Ay between the B and B. Figure 1
illustrates the rapidity and polar angle distributions of the B's and the pt of
their decay products. These distributions necessitate a broad coverage in
rapidity for tracking and triggering, especially for studies involving the
reconstruction of decay products from both the B and B. There are
conceptually two classes of detector geometry; central (typically with coverage
out to one to threc units of rapidity on each side of zero) and forward (with
coverage above plus one or two units or below minus one or two units of
rapidity, perhaps in a two-arm configuration). The present CDF and D0
detectors at Fermilab are central detectors optimized for high-p physics, but
are nevertheless capable of extensive B physics. CDF has a solenoidal field,
while DO in its present configuration has no magnetic field. The B physics
capabilities of these detectors will be upgraded by extending the rapidity range
of the tracking and triggering, and by adding a solenoidal field for DO. 1 The
BCD coliaboration has proposed a central detector at Fermilab and at the $5C
with a broad rapidity range and a dipole field to improve forward tracking for
low pt particles. 2 Forward detectors using planar gfixed-target like) geometry
have been proposed at Fermilab, LHC and the SSC.
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Pt{Gev/c)

4 o0 4 0 2 4%
Figure 1: Rapidity and polar angle distributions of B-particles, the

difference in rapidity for the B and B, and the p; distribution for the
B decay products (generated by ISAJET).

Extended rapidity coverage is essential for analyses in which the flavor of a B
at production is tagged via the decay of the partner B, either using the lepton
from semi-leptonic decays or with the kaon charge from the subsequent
charm decay. These tags require particle ID, charge measurement, and
probably p; selection and impact parameter cuts for the tag particle over this
broad range. An alternative method for tagging, using the charge of a pion
associated with the signal B, may prove to be very important. 4 Such a
correlation may result from the decay of B** states, or from the non-resonant
fragmentation of the b quark. This correlation, if it is found to exist, will
alleviate much of the need for extended rapidity coverage.

At high luminosities the B production rate is several kHz. The challenge of
isolating the B decays from the even larger number of background events
presents the main problem encountered in hadron experiments, both in
triggering and in event reconstruction.

Since the characteristics of BB events, in terms of particle py, rapidity spread
and multiplicity are not particularly distinctive, it is difficult to design
experiment triggers and analysis criteria which separate B B events from the
much larger total cross-section. At high luminosities, the total BB event rate
is itself too high, and mode-specific triggers are needed. The most obvious



feature of a generic BB event is the presence of the B (and the subsequent
charm) decay vertices. Silicon vertex detectors have been used for some time
with great success in fixed-target experiments to isolate and study charm
decays. They have more recently been used in the LEP experiments. >

B+ — J/WK+
n+

Primary Vertex ~74=3%

p-

Figure 2: CDF event display showing the vertex reconstruction of
an event with a primary vertex and two secondary vertices, one of
which includes a J/y. The length of the tracks is proportional to
their momenta.

CDF is using the first silicon detector Lo be installed in a full hadron collider
experiment. 6 (The first use of a silicon detector at a hadron machine was in
the SPPS test P-238 for a dedicated forward B experiment.) 7 The power of
vertex reconstruction to isolate B decays is illustrated by the first results of
CDF using the SVX. Figure 2 shows a reconstructed event in CDF. A J/wy
resulting from a B decay is seen, well separated from the primary interaction
vertex, and from a second decay vertex, presumably the decay of the second B.
Events like this will yield valuable information on the correlations between
the B and B.

Currently BB events are selected by triggering on semi-leptonic or multi-
leptonic B decay modes, since these are more easily identified at the trigger
level. Future triggers will include impact parameter information, and
eventually vertex reconstruction to greatly reduce the trigger rate and
enhance the B content of the data set.
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In addition to the need for vertex finding and tracking over a wide rapidity
range, and for fast DAQ and triggering, another area of detector development
important for B physics is particle ID. This not only contributes to the
reduction in combinatoric_background to the B signals, but also allows the use
of kaons to "tag” the b or b flavor of the decaying B. The branching ratio for a
charged kaon from the decay chain b — ¢ — s is higher than direct semi-
leptonic branching. The BCD and COBEX proposals estimate that the tagging
efficiency using kaons and leptons can be over three times higher than that
for leptous alone. Of course this improvement is only fully realized for
triggers which do not themselves rely on observing a semi-leptonic decay.

We now discuss each of these three issues for hadron collider B experiments.

2. TRIGGERING FOR B'S AND THE NEED FOR HIGH
DATA ACQUISITION RATES

Experiments so far have relied on triggers based on semi-leptonic B decays, or
the decays into J/y modes. Even so, single lepton trigger rates are dominated
by background due to decays in flight and "punch-through" for muons.
Several groups are working on strategies based on the use of vertex detector
information by a trigger processor at "Level 2" (in a typical 3-level trigger
system). Such processors must produce rejection factors of order 102 or
higher and make the trigger decision within a few psec. Trigger processor
technology will continue to improve, with more complete event
reconstruction becoming possible in shorter times. This then puts severe
requirements on the speed of the front-end electronics and Level 1 trigger.

With such processors in the on-line triggers, the high event rates result in the
accumulation of very large data sets. Even with the expected reduction in the
cost of workstation farms on which we have come to rely, the scale of the
offline computing is a serious problem for many experiments.

As an illustration we look at the approaches adopted by BCD, COBEX and
CDF.

21 BCD

The BCD proposals were perhaps the first to really grapple with this problem
of triggering, data aquisition rate, and data set size (see Figure 3). Their
solution is to emphasize speed of readout and to send the data to a huge
online workstation farm. The size of farm required is estimated to be one
million MIPs, or 10 thousand 100-MIP workstations! Similarly the quantity of

" data archived, and the off-line computing required, are on a very large scale.

Of course computing costs continue to drop and it is difficult to estimate the
cost to purchase and support computing on this scale in, say, the year 2000.



1x10°2 @ FNAL —» > 4 MHz interaction rate

The trigger is not
Anal specifie : in the BCD
nalo ( . ,
Pipel'tm_;g in L1 g“‘%ﬁe" proposa’s
Frontend ny A rejection of ~1/100 is
required for a trigger
rate of 40 Klz.
Digitize
Online "L3" farm rejection ~1,/100
Farm requires ~ 1 Terra IPS (million MIPS)
Offline: archive ~ 1KHz (0.5 Mbytes per event)

Figure 3: BCD Trigger-DAQ Scheme.

22 COBEX

Two trigger schemes are discussed in the COBEX proposals (see Figure 4). The
“topology trigger" uses a pipeline trigger processor to process the vertex
detector information and determine inconsistency with a singte vertex. The
vertex detector consists of a series of silicon planes perpendicular to the beam.
In order to achieve high acceptance the silicon planes come to within a few
millimeters of the beam itself. The trigger processor reconstructs tracks in
each view separately, and determines a chi-squared assuming imly pre
vertex. This trigger is limited to a maximum luminoesity of a few 1031 cm 21
by the rate of multiple beam interactions. For higher luminosities a muon
trigger is proposed, including processors for tracking and impact parameter
cuts.
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Topology Trizger: .
5% 10°! @ LHC 5 x 1072 @ LHC

| 1

L1: Muon < 100 mrad

Interaction Trigger

T
[ 35MHz
L1-2 Trigger Processor 1
using vertex detector
Rejection ~ 1/100

L2 Trigger Processors: Muon
Tracking and Impact Parameter

| I
Trigger rate into farm ~ 75 KHz Trigger rate into farm ~ 25 KHz
|

L3 Online Farm L3 Online Farm
Offline Offline

Figure 4: COBEX Trigger-DAQ Scheme.

The L3 farm and offline computing are not specified in the COBEX proposals,
but it is interesting to note that with extensive L1 and L2 trigger processors the
event rate into the farm at LHC is similar to the BCDD FNAL proposal.

23 CDF

CDF also emphasizes the need for L1 and L2 trigger processors {see Figure 5).
The XFT (eXtremely Fast Tracker) will find tracks in the central tracking
chamber in the level 1 trigger. At level 2, the Silicon Vertex Tracker or SVT
will use an array of processors and associative memories to extend these
tracks in the r-@ view in the vertex detector and impose impact parameter
cuts. This will allow the pt threshold fer single-lepton triggers to be lowered,
and will provide a trigger for exclusive B final states such as nx .



5x10°lem %l @ ENAL
Interaction Trigger ~ 7.6 MHz

Front-end [ L1 Trigger j
data Rejection ~ 1/150
L1 Buffer
50 KHz Calorimeter Towers,
L Leptons & tracks (XFT)
L2 Trigger
L2 Buffer Rejection - 1/50

more of the same, plus

<1KHz impact parameter cuts
- (SVT)
[ L3 Farm
100's Hz
Offline

Figure 5: CDF Trigger-DAQ Scheme.

Use of the vertex detector information at L2 requires a very fast digitization
and readout, within 7 ps. Groups at Fermilab, LHC and SSC are designing
readout schemes using high speed optical links to provide the vertex detector
information both to the data acquisition and trigger systems.

3. VERTEX DETECTORS

Silicon vertex detectors are an essential component of heavy flavor
experiments. Hadron colliders present a severe environment for these
detectors in terms of requirements on high rate operation, low mass
construction (particularly since the B decay products are low pt, and hence
multiple scattering is of particular concern in the central region), extended
rapidity coverage, and exposure to radiation doses up to a few Mrad.
Improved pattern recognition and 3D vertex reconstruction are provided by
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double-sided vertex detectors with little increase in multiple scattering. Pixel
detectors hold out the promise of significant further improvements for the
future. To extend the rapidity range the next generation of silicon vertex
detectors will be significantly larger than the present CDF SVX. Both CDF and
DO are planning detectors with 250K readout channels, compared to 46K
channels for SVX, and the central detectors at SSC and LHC are designed with
several million channels. Extended rapidity coverage requires detectors in
both barrel and disk geometry. The forward geometry experiments achieve
their coverage with detectors in a disk geometry, resulting in a simplified
mechnical design.

The short interbunch spacing at future hadron colliders (132 nsec at FNAL
with the Main Injector, and 25 nsec at the SSC), and the need for fast DAQ
places challenging demands on the vertex detector readout. New readout
chips are being developed to meet the needs of the high data rates, and large
scale of detectors (see Figure 6). Like the present SVX chip (SVX-H) these
chips will all be radiation hard. For precision vertex reconstruction the
analog information from the strips is important to locate the centroid of a
cluster.  Chips being developed at ENAL and LBL for the CDF and D0
upgrades, and those developed by the RD2 collaboration ¢ include ADCs on-
board the chip. Of course, keeping this analog information greatly increases
the quantity of digital data which must then be read from the chip.

L1 Trigger initiates digitization of a specific
cell in the pipeline and subsequent readout
Preamp Integrator
— -
I L L LI T
e T T T T 1 | ADC (per|
AC Coupling Analog Storage Pipeline channel)
to Detector Strip
Sparcification and
readout of the chip

Figure 6: Conceptual Chip Components. Each chip contains 128 such readout
channels at 50 um spacing.

The position resolution may be less crucial for tracking devices. The silicon
tracker designed for SDC keeps only hit information, not the value of the
charge. In the present SVX II design the analog input is halted during



digitization and readout (which are expected to take about 5 psec) , leading to a
deadtime at very large level 1 rates. Operaling the analog and digital
functions concurrently on the same chip is a challenge. The RD2 group is
developing a design to do this in one CMOS chip. In the SDC design the
analog front-end is bipolar with the digital section in a separate CMOS chip.

Whereas the readout electronics mounted on the detectors can be made rad-
hard to abiove 1 Mrad (the 5VX-H chip, fabricated in the UTMC radiation hard
CMOS process has so far been tested above 2 Mrad), the issues for the detectors
themselves are of more concern.  Several groups have studied the effects of
radiation on detectors 10, lonization can increase the detector capacitance, at
least on the n-side, and bulk damage leads to increased leakage current, which
can be reduced by running the detectors at lower temperatures. At exposures
of about 0.5 Mrad the bulk silicon changes from n-type to p-type, and
following this the valtage required to fully deplete the detector increases. The
life of the detector will finally be limited to a few Mrad when this increase in
the depletion voltage reaches the point where the detectors break down.

Exposing the silicon to high doses cannot be avoided. For precision
measurements of the time evolution of Bg-mixing or CP-asymmetries vertex
detectors should be ciose to the beam. For CDF and D0 running at fuii Main
Injector luminosities, with the inner silicon 2 to 3 cm from the beam, the
detectors are likely to experience an integrated dose of about 1 Mrad over 4 x
107 seconds. This is about the same as the dose which will be experienced by
the inner layer of the SDC silicon tracker at 10 cm at the S8C. In the forward
geometry of COBEX, with the silicon about 3 mm from the beam the dose is
much higher, scaling something like radiusZ. Such proximity to the beam is
requlred for a hlgh acceptance for \.rerte)::a {ccongtructlon and trlggermg at hlgh
raplaltleS in Ol'ﬂ(‘!l' to run aft a [th 1U~= (Imn =s * It s> llKUly l.lll:ll lIl.t:f blllcﬁﬁ

would have to be replaced several times during a data run.

It is clear that muon and electron identification with a large geometric
coverage is important for B experiments. In 40% of beauty events one of the

R's dacave ca onically, and the charee of the lenton then tags the flavor
Lr o u:\‘ﬂya .‘.lC.llIl lCt}lUlll\.ull], AL R diad B A% III\- I\.y E LEALE

of that B at the time of decay. Similarly, hadronic ID can play a critial role.
The identification of kaons in particular not only allows a reduction in
combinatorial backgrounds and reflections, but also the possibility of taggmg
ncqng t!-\o kann from the qnhnoquonf r'h:arm Hmra}: Wh!‘n ]OPI‘ﬂn r'nvpragﬂ IC.
fairly standard in all experiments, hadron ID is more challengmg, especially
in the central reglon In a forward geometry the B momentum is typically a

few tens of GeV 3, which puts the kaons into a momentum range which is
lupmnl for fixed- -target py?nrlmpnh: Also, this geometry allows significant

real estate to be devoted to Cerenkov counters. Standard Cerenkov counters
can therefore be used, although the high occupancy levels suggest the need
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for finely segmented RICH counters rather than traditional threshold
counters.

For the central geometries the momentum range of the decay products
extends up to only a few GeV. Depending on the trigger, the momentum
spectrum of kaons in triggered events can extend quite high, so one would
like K/n separation from a pt of , say, 0.4 GeV to above 6 GeV. Also, the space
available for detectors dedicated to particle ID is very limited in a central
magnetic field. Time-of-flight systems can in principal provide adequate
separation up to perhaps 1.5 to 2 GeV/c , depending on the time resolution
and the path length of the Sf/stem The present CLEO system provides 26 K-n
separation to above 1 Gev 11, dE/dX information using the tracking systems
can contribute to higher pt, with a gap in coverage where the K and n dE/dX
curves cross. The performance of such systems depends largely on the
number of samples, for example the OPAL and ALEPH dE/dX measurements
provide good K-m separation to high Pt 2, whereas the smaller number of
samples with the centrai tracking chamber at CDF limits the significance of
the separation at higher pt. In combination with a TOF system studies for
CDF indicate that a 20 separation can be achieved out to a pt of 5 Gev. 13

Compact Cerenkov counters could extend this pt range higher, and the
development work looks very promising for counters using a liquid or solid
radiator, a low gain gaseous chamber to allow the Cerenkov ring to spread
and a solid photocathode with, for example, Csl pads on a substrate, 14 These
counters are thin, fast, and are efficient for Cerenkov light while being
insensitive to minimum ionizing particles. While substantial development
is still needed, it is possible that such counters can be built with a total
thickness of 5 to 10 cm, making this technology sultable for pIacement
PO B

ha FaSw
vetween tne

hac.-:;ng and magnetic coil or calorimeters in the central g’OTl

5. CONCLUDING REMARKS

B physics at hadron colliders is already a broad on-going program and we are
just learning how to do it, both in terms of the technology and the analysis

techniques. The initial resulis from CDF are very encouraging and the

ungrades to CDFE and D0 will extend this nroeram in the future to include the
UpPg! O InGuGe ine

study of rare decays, Bs-mixing, and CP-asymmetries. Over the next few years
the efficiencies and dilutions will be measured for lepton tagging, and for

tagging via associated pions, allowing reliable estimates to be made for the
future.

Achieving sufficiently high data rates and background rejection requires the
development of high speed data acquisition and triggering, and precision
vertex detectors. While the D0 and CDF detectors, and the major detectors

planned at S$SC and LHC are primarily intended for high Pt physics, they will
be capable of extensive B physics. The full exploitation of the potential at



hadron colliders may however require a dedicated experiment, optimized for
low pt and very high rates, perhaps with a forward geometry. The choice of
rapidity coverage, forward versus central, is driven by the issues of trigger
strategies and rates, vertex detector design and tracking performance, and
particle ID. The requirements for these capabilities, and the performace of the
different approaches are studied by the working groups at this workshop.
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DESIGN CHOICES AND ISSUES IN FIXED-TARGET B EXPERIMENTS

LESLIE CAMILLERI
PPE Division, CERN
1211 Geneva 23, Switzerland

1. THE PHYSICS MEASUREMENTS

1.1 CP Violaiion

The main priority of any expetiment on B physics in the years to come will be an
endeavour 1o observe CP violation in the B sector 1. This can be attempted in several ways as
described in the theoretical talks in this workshop.

a) A measurement of the CP asymmetry

Av (?ﬂ—-) f)-(B° —1)
(B, -+ £)+(B? > 1)
where f is a self-conjugate state, will yield a measure of the angles o, 3, and y through a
measurement of BJ—m*n”, B} — wK§, and BY — pK? respectively. In order to
determine whether the observed decay originated from a B? or a B, the nature of the
companion B must be ascertained, most probably through the sign of the lepton or the
kaon it decays to. A measurement of these three angles will overconstrain the unitary
triangle shown in Fig. 1.
b) The angle ¥ can also be determined by measuring six self-tagging reactions 2,
B — DUK'®, DK"Y, DIK™® and Bj - DK™, DK™, D?K""
where D? denotes the decay of
a DU into CP eigenstates, such
as nn, nnrrn, KK, and KKnn.
Constructing the triangles
shown in Fig. 2 will yield a
measurement of y. Note that all
six reactions are characterized
by at least four tracks not
coming from the primary . : P
vertex. (0,0} P 1.0 (.0

tp) 83 =n’n

=D k%
- AB-»0°RY

Figure 2. Self-tagging processes arranged in two triangles giving the angle Y.



12 Bg Oscillations

These are expected to be very fast and hadron machines may well be the only way to
observe them. They could be observed in the decay

BY - DExt
Ly o] nt
LK'K”
Here again the reaction involves four tracks originaling at secondary vertices. At LHC fixed-

target conditions (+/s=114 GeV) the oscillation tength is of the order of 1 ¢m for x5 = 12, Vertex
resobutions of = | mm are therefore nceded.

1.3 Rare Decay Modes

The inclusive reactions B = ptu~X and B — ete X as well as the exclusive channels
B — - and B — ete could be observed using a lepton trigger. In the latter case the Standard
Model predicts * a branching ratio of ~ 10-%. Any deviations from this number could point 10
new physics. For instance a two Higgs Doublet extension would predict 4 a branching ratio of
10-8 for my = 150 GeV/cZ, my < 400 GeV/c2, and small tan 3.

14 Tagging

For those reactions which are not self-tagging the nature of the companion B must be
determined. Experimentally this is most easily done by determining the sign of the lepion in its
semi-leptonic decays. However, this is costly in event numbers as only 21% of the B's decay to
an eleciron or a muon, Furthermore, mistags can occur because of the observed leptons
ariginating from the B — D — ~ chain, from n/K decays, or from /L or n/e misidentifications,
These mistags can be reduced by requiring the lepton to have pr > 1.2 GeV/c. The efficiency of
this cut is 0.8 for B’s and results in

_wrong tags
all tags

The nature of the companion B can also be determined by measuring the sign of the
charged kaon in the B — D —» K chain, More events are retained this way as 50% of the B's
result in a charged kaon. Mistags are due to B — DD decays and Cabibbo suppressed decays.
For kaons w = 0.16.

In principle, it is also possible to 1ag by directly measuring the charge of the companion
BY, either in a very strong magnetic field or by recenstructing all the decay charged particles.

Finally, as explained in an earlier talk, the effect of oscillations of the compinion B resulis
in a value of

0.17.

WIONE WB _ 55
all tag o

o=

1.5 Checks

Because the initial state is pp rather than pp, the B® and B production rates will not
necessarily be the same 5. Before a CP asymmetry can be measured these production rates will,
of course, have to be known, This can be done by measuring the reactions

B 5 1/’ BY 5 J/yK”

LykK*'n™ Ly K nt

2.1
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These reactions are expected to have a branching ratio that is three times bigger than the
¥/ \;;Kg decays and they will of course be automatically included in a JAy uigger. Funthermore,
they are not expected 1o exhibit CP violation and they are self tagging. Because of this latter

- property an observation of this reaction wilt yield a measurcment of dilution effects in

“companion B tagging”.

The production rates for B* and B~ will also need to be known in order to compute @.
Here the reaction B — J/yK*, which will also be included in a J/y trigger, can be used.

Both these reactions will need particle identification.

These measurements imply the following requirements of the experiment.
a) Trigger — A muon trigger will be sensitive to J/y reactions and muon tags.

~ An electron trigger will double the number of lepton events.

— In order to include kaon tags and self-tagging reactions, the experiment must not
rely entirely on lepton triggers. Secondary veriex triggers and hadron pr riggers
should be included in order to have the maximum flexibility.

b) Detector — Venex detector.

— Particle identification.

— Good momentum resolution.

— Electromagnetic and hadronic calorimeters.

~ Muon detector.

2.  QUESTIONS AND ISSUES

The following issues have 1o be addressed.

— Collider or fixed-target mode?

— If fixed target, extracted beam or internal targe(?
— If internal target, gas jet or wire target?

— If a gas jet, hydrogen or a heavy gas?

— Beam pipe design.

— Silicon microvertex design and radiation damage.
- K decay path.

— Particie identification.

- Momentum tesolution.

— Order of detectors.

Collider or Fixed Target

— The mean B flight path is much longer in a fixed-target mode than in a cotlider mode
(Fig. 3). Furthermore, the target region in fixed-target can be limited to a few millimetres
compared with several centimeires in a collider mode. This makes for much easier
separation of a secondary vertex from the primary vertex, even at the trigger level.

— Owing 10 the lower +/s in fixed-target mode, the associated multiplicity is lower (Fig. 4).
Comparing a fixed-target spectrometer having an acceptance of 3.5-87 mrad with a
forward collider 6 one having an acceptance of 5-600 mrad, the mean charged multiplicity
associated with 2 B is 9.5 as against 30.3 and the mean number of associated Kg is0%as
against 1.9.

— Whereas the pr distribution of secondaries from B decays is the same for fixed-target and
collider modes, the py distribution of minimum bias events is much steeper in fixed-target
than in collider modes. This results in a hadronic pr trigger having a rejection of 6 x 10~
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At the LHC and SSC a continuously extracted beam can be obtained using channeling by a P867 13 1.2 x 108 24 mm Si 25 a1
SFT 9 2% 108 18 mm 5i 19 17

bent crystal placed in the halo of the beam. The halo particles are guided by the bent crystal

planes and deviated by ~ 0.7 mrad. The principle was tested 8 uging a 120 GeV beam at the 90 planes over L8 ¢cm

CERN SPS. The counting rale in a counter telescope is shown in Fig. 5 as a function of crystal LHB 10 2x 108 7.5mm Cu 52 5
orientation. A clear peak is observed. Channeling efficiencies of 10-12% have been measured.
Both the SET 9 and LHB 10 proposals intend 1o use this technique. 23 Internal Target
Table 1 is a summary of running or proposed extracted beam B experiments. li can be seen
that the longitudinal target dimension varies from 0.2 ¢m to 18 cm and that the target thicknesses 2.3.1 Gas jet

are several tens of per cent of a radiation length and several per cent of an interaction length.
This resulls in many conversions and secondary interactions thus increasing the multiplicity in
an event and producing “fake” secondary vertices. The beam intensities vary from 2.5 x 106 10
4 x 107 particles per second (2 x 108 for SFT and LHB)

An experiment using a gas jet in the circulating beam of a collider uses a beam of
EFFECTIVE INTENSITY = NUMBER OF CIRCULATING PROTONS x REVOLUTION FREQUENCY

= (1.5 % 1014y x 3441 =5.2 % 1017 p/s a1 $SC
= (4.8 % 104y x 11246 = 5.4 x 1018 p/s at LHC.
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This is ten orders of magnitude more than an extracied beam and therefore allows the use
of a very thin target such as a gas jet. This in turn implies no conversions, no secondary
interactions, and no muliiple scattering in the target.

A molecular hydrogen cluster targst has been used 16 for seven years in the SPS collider
by experiment UAG, The design is shown in Fig. 6. Hydrogen gas is pumped through a 0.1 mm
nozzle cooled 1o 25 K. Saturation occurs on the other side of the nozzle and clusters of ~ 103
molecules are formed. This cluster jet is collimated using a skimmer and diaphragms. It then
traverses the circulating beam and is absorbed in a cryopump. In UAG the jet profile at the beam
was 2.5 mm transverse to the beam and & mm along the beam, and its density was
4 x 10" p/fcm3. The integrated density along the beam was 3.2 x 10'4 p/fem?. For use in the
proposed GAJET B experiment 17 the longitudinal dimension of the jet must be reduced to about
2 mm, while maintaining approximately the same integratzd density. This can be done by
reducing the size of the diaphragm and skimmer holes, reducing the distance between the nozzle
and the circulating beam from 22 ¢m 1o 13 cm, and increasing the gas throughput by a factor of
1.7. This should result in a 2 mm long jet with an integrated density of 3.8 x 1014 p/cm?, It must
be ascertained that no diffuse gas remains in the vicinity of the jet. The upper limit on this
number from UAG6 is 5% of the peak density.

2.3.2 Wire target

Cluster beam
This 15 4 method advocated by the

proponents of the HERA B experiment 18,
Eight 50 pm steel wires would be placed
in the halo of the 82{) GeV proton beam at
about 4 beam ¢’s from the centre. They
would be arranged in two groups of four
wires § cm apart, as shown in Fig. 7. A
wire target is favoured by this group over
a gas jet as it only affects the particles in

H2 .p~ Lbar, Q~16 mbarliice

T K
f——101 mm dam.
saturation '

_~cluster  formation
(~ 103 molec/cluster)

virtual source
of clusters

IIt

—
!

skimmer
il
!Il ~— dlaphragms

Figure 6. The UA6 molecular cluster jet design.

the halo, which are in any case lost to the
main ep experiments; it needs a simple
scraper type mechanism rather than big
pumping sutions and it produces no
diffuse gas. However, a sudden movement
of the beam could result in large increases

in counting rates, whereas with a gas jeta

movement of the beam can only reduce
the counting rate. The technique was
tested with a single wire and was shown to
produce stable counting rates five minutes
after moving the wire into position, Also,
no background increase wus observed in
the ep experiments.
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Figure 7: The eight-wire configuration of the HERA B proposed internal target.

2.4  The Use of Heavy Gases in a Jet

The following applies to metallic targels as well. It is expected that the BB production
cross-section will be proportional to A%, where A = atomic weight of the target and 0.9 < . <
1.0. On the other hand, the total cross-section is known to be proportional to A%72. The ratio of
the OB F 10 Gio will therefore be F times what it is in hydrogen wheie F = A® 072, For argon
(A = 40) and o = 0.95, F is equal 12 w0 2.3, Therefore, for a given number of minimum bias
events there will be 2.3 times more BB events in argon than in hydrogen. Hence a better signal-
to-noise ratio for A # 1 wargets,

There is however a price o pay.

— Both the multiplicity associated with a BB pair and the multiplicity in minimum bias
events are about a factor of 2 higher in pA collision than in pp collisions, thus increasing
the complexity of events 20,

- In pA collisions the production cross-section for pions 2} of pr > 2.0 GeV/c is proportional
to Al13. As an example, for a copper target {A = 64} the cross-section for pion production
per nucleon is 1.9 times bigger than the pp cross-section. The difference in p distribution
between minimum bias events and B events is thus reduced in pA collisions.

A summary of the luminusities, interaction rates, and numbers of minimum bias events per
bunch is given in Table 2 for SFT, LHB, GAJET, and HERA B. The number of interaction rates

varies from (.1 per bunch for SFT to 4.0 per bunch for HERA B.

Table 2. Cross-sections, luminosities and interaction rates for proposed fixed-target
experiments on CP violalion.

OB H GMAA = effective [nteraction Bunch Min. bias
per nucleon | il per nucleon | Luminosity rate spacing | events per
{LLb) {mb) (MHz) (ns) bunch
SFT L5 14 5 x 1032 7 16 0.1
LHB 1.0 11 4% 103 9 25 0.2
GAJET 1.0 35 2 x 1033 Fii) 25 1.8
HERA B 0.01 10) 4 % 1033 40 1(¥) 4.0




2.5 Beam Pipe Design

For experiment using an internal target, the B decay products must traverse the storage
ring beam pipe. It must therefore be carefully designed 1o minimize the amount of marerial. In
particular, heavy flanges and septum plates must be avoided. Glancing incidence on even very
thin pipes can result in traversals of several radiation Jengths of material 22, The silicon
microvertex detector must be housed inside the beam pipe in roman pots.

2.6 Silicon Microvertex Detecror

In the case of experiments using an external beam, the microveriex derector can be placed
immediately Tollowing the target {ILHB) or can actually constitute the target (SFT). In both cases
the B's have encugh flight path to decay within the microvertex detector. This makes the pattern
recognition problem much easier, as demonstrated by the WAD2 experiment at CERN 23, The
direct observation of decay vertices within the microvertex detector is a distinct advamage of an
extracted beam over all other methods of studying B production.

The S¥T active target design consists of 90 planes of 200 um thick silicon planes spread
over 18 cm along the beam and followed by further reconsiruction planes cccupying 120 cm
along the beam.

For a gas jet target or a wire target the silicon planes must be housed in roman pots. The
minimum distance of approach to the beam, dictated either by radiation dose or by disturbance 1o
the beam, together with the minimum production angle to be observed determines the position of
these detectors along the beam. In the case of GAJET the detectors consists of nine 300 pm thick
double sided reconstruction planes of 25 um pitch. These reconstruction planes, tapether with six
additiona! trigger planes, are located a1 distances varying between 40 cm and 400 cm from the
jet. They can be located in individual pots or grouped in a few pots following the design
pioneered by P238: partial vacuum within the pots allows very thin walls 24, The decay vertices
can be reconstructed with a precision of £ ! mm along the beam and * 20 pm transverse (o the
beam.

2.7 Radiation Damage 1o the Silicon Microvertex

The radiation dose, D, absorbed in 107 s by a strip located at a distance of R cm from the
beam is given by 25
D=266x10""d

=42%x10%+ o LA

ot E &2 MRad
where
& = fluence (particles per cm?)
+ = instantanecus luminosity
O = total cross-section
dN/dn = number of particles per unit of rapidity.

The dose is essentially independent of the distance ALONG the beam at which the detector
is placed but depends critically on the transverse distance R from the beam. For a given
luminosity, the maximum dose tolerable 26 by the silicon will determine the minimum distance
R, at which the detectors can be placed. For a desired angular coverage, this in turn witl fix the
distance along the beam at which the detectors must be placed,

As an example, for GAJET running at 2 x 1033 cm~2 57! a dose of 20 MRad/year is
expected for a strip 7 mm from the beam.
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In the case of an extracted beam there is an extra complication because, in order to
capitalize on the fact that in these experiments the B decay vertex can occur within the vertex
detector, the beam must also go through the vertex detector. This would quickly destroy the
silicon at the spot traversed by the beam. The solution is to spread the radiation damage due to
the beam over an area S cm?, The LHB solution is to move the veriex detector over an area of
10 % 10 cm?, whereas SFT intends to use a beam of 8 cm diameter. Either solution necessitates a
vertex detector of much larger dimensi ns than would be needed with 4 fixed narrow beam. The
fluence is than given by 25,

® = (1075) (Ny) > (1 + Ly { New ) fpa fan)fs

where
Np = Number of protons per second in the beam
Lt  =Tarpet thickness in units of interaction length

(N} = Mean number of charged particles per interaction

foa = Nuclear enhancement of multiplicity = 2

fsi = Enhancement of multiplicity due to secondary interactions and conversions = 2.

A comparison of LHB with GAJET, both at a luminosity of 1033 ¢m? s-1, results in LHB
expecting a dose of 2.4 MRad everywhere, whereas GAJET expects a maximum of 7.5 MRad at
0.7 cm from the beam. The extracted beam experiment expects a smaller maximum dose because
of its ability 1o spread the radiation damage of the beam over a large area.

28 Kg Decay Region

It is necessary to allow a significant distance for the K‘S' w decay before the magnetic
analysis. The mean decay length at the LHC fixed target is 8.6 m. In order to maximize the
distance available for Kg decay GAJET is investigating the possibility of installing the RICH in
front of the magnet.

2.9  Particle ldentification

Discrimination between pions and kaons is necessary for kaon tagging and to avoid the
contamination of the B — mm sumple by B — Kn decays. The latter is the most difficult problem
because of the high momenta of the pions in B — nm events (Fig. 8). Rejecting candidate events
with momenta larger than 250 GeV/c would result in an efficiency of only 50%. Extending the
upper momentum cut to 600 GeV/c would recover most of the lost events.

The SFT Collaboration proposes to use a 12 m long neon-filled RICH. The Cherenkov
photens are to be observed in an array of multianode photomultipliers. These are preferred over
TEA or TMAE filled wire chambers because of

— small (< 2 ns) dispersion in collection time
- no need for high temperature or low pressure
- no need for ultra-pure radiator gas {TEA is only sensitive 10 UV photons and hence is
very sensitive 1o 0Xygen contamination).

The upper limit in momentum for 7/K discrimination at the 2 standard deviation level is
shown in Fig. 9 as a function of anode pad size. It can be seen that discrimination can be
obtained for momesnta up to 300 GeV/c for a pad size of 3 x 3 mm?2,
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Figure 8. The momentum distribution of &'s
from B — n¥a- in a LHC fixed-1arget mode.

Another very interesting new idea, currently being investigated by P86S, is the use of
Visible Light Photon Counters instead of phototubes or wire chambers.

Beyond these momenta it should be possible to use traasition radiation detectors for /K
separation. GAJET is proposing to use 100 modules of the type developed for ATLAS in the
RD6 project 27. Each module consists of 12 x 15 um thick polypropyiene foils scparated by
370 um and of one plane of 4 mm diameter Xe-filled straw tubes separited by 8 mim. Defining o
“hit" as a tube containing an energy deposition greater than 5 keV (where & minimum ionizing
particle deposits 1.8 keV), the distribution of the number of hits along & track is ploued for piony
and kaons of 400 GeV/c (Fig. 10a). The particles cannot be distinguished a1 low momenta,
where both of them do not give transition radiation and at very high momen where both of

them do. However, between 150 and 450 GeV/c a kaon suppression factor of 10 can be obtained

(Fig. 10b).
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Figure 10a. The distribution of hits in a 100 plane TRD for pions
and kaons of 400 GeV/c momentum.
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Figure 10b. The kaon suppression factor provided by the TRD as a function of momentum.

2.10 The magneric spectrometer

It is expected that it will not be possible to link observed n(" W a given decay vertex. It is
therefore important to be able 1o distinguish between B —) \yK and B - vy K 70 on the basis
of the reconstruction of the y and the KU only. The wK, invariant mass for lhe two modes is
shown in Fig. 11 for a momentum resolutmn Op/p = 10—‘§p For this momentum resolution the
background for \pK =% under the peak from ly'l{s is small. However, worsening the momentum
resolution would clear]y broaden the peak and move more background 1o higher masses.
Similarly for B— w*n-n® and B— n*n-,
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Figure 11. The invariant mass of wKo for B — wKO and B — \UKun” assuming
a momentum tesolution of a(p)/p = 103 p.




2.11 Grder of Detector Components

Several possibilities can be envisaged. GAJET, HERA B, P865 and P867 envisage the use
of a single magnet, whereas SFT and LHB arc thinking of two. As mentioned carlier, GAJET is
advocating placing the RICH before the magnet unlike the other proposals This maximizes the
K“ decay volume, and results in straight tracks from a point source in the RICH. In this
conﬁgurauon the magnet is closer to the calorimeter thus minimizing the effect of the magnetic
bend on the pr of a particle as calculated from calorimeter information alone.

3. FIRST-LEVEL TRIGGERS

ft is assumed that the data will be pipelined
Gunah HIOTT > Tmn) over about 2.5 ps and that the first-level
“Osnzp (Wioralls) — triggers should give a rejection of about

- 1000 in that time. Four types of triggers
Rig — will be discussed ~ an optical disciminator,
e a silicon trigger, a pr trigger, and a muon
rigger. The first two select events with
tracks not originating at the target and give
- rejections which are therefore correlated. In
selecting events with a displaced second
- vertex, these two triggers necessarily reject
B decays a1 small proper time. However,
the CP asymmeltry of these events is small
and therefore rejecting them does not
significantly worsen the error on the
asymmetry. This is demonstrated in Fig.
12, which shows, as a function of the lower
cut of the proper time Tmin, the number of
events retained, the error on the asymmetry,
and the fitting factor 1, all normalized by
their value at Timin = 0 {all evems retained).
For a cutat T > 0.5 Tg. 22% of the events
are lost but the error only worsens by 2%.
This is therefore a useful cul.
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Figure 12. The proportion of the number of
events retained, the [fitting factor 1,
and the depradation in the error in sin 2P as a
function of the lowest value of proper time,
Tmin. Used in the analysis.

3.1 The Optical Discriminator 28

It consists of a shell of transparent material centred on the target. The index of refraction of
the material is chosen such that Cherenkov light emitted in the shell by charged particles
originating at the target is refracied out, whereas some of the light emitted by particles not
pointing 1o the target is trapped in the shell by total internal reflection and emerges at the edge of
the shell (Fig, 13). The principle was tested 29 by placing a LiF shell in a parallel beam (Fig. 14).
For each particle a pseudo-impact parameter, b, could be calculated. It increased with distance
from the middle of the crystal. The mean number of photoelectrons observed at the edge of the
shell is plotted in Fig. 15 as a function of b. It can be seen that, as expected, very little tight is
trapped and collected at the edge for particles with b = 0 (i.e. patticles simulating those
originating from the target). Furthermore, the amount of collected light increases with b,
However, it is obvious from the figure that the device tested is only sensitive to impact
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parameters above — 4 mm, whereas in a B experiment an optical discriminator must be able to
rigger on impact parameters of a few haondred microns. The result of a Monte Carlo calculation
which includes Fresnel reflection, refraction, chrematicity mirror collection efficiency, and
quantum efficiency of the photomultiplier is also shown in Fig. 15 and agrees very well with the
data. This program was therefore used to predict the behaviour of different optical configura-
tions. For a shell of index of refraction n), immersed in a medium of index n2, the condition
NOT to collect light for particles with b =0 is

1A(nf»n§)>0.

The closer this quantity is to zero the smaller will be the impact parameters that result in
collected light. Furthermore, in order to obtain a sharp threshold and 4 large amount of collected
light, this condition must be satisfied by as large a range of wavelengths as possible. Such an
achromatic combination of n; and n; would be obtained with sapphire (A1;03, ny = 1.8) coated
with Si0; (n = 1.5). For small impact parameters only light emitted in the last part of the shell is
trapped. The amount of collected light can therefore be increased by replacing a single thick
shell by several thinner concentric achromatic shells. The efficiency for retaining B — tn— and
minimum bias events as a function of a cut on the number of observed photoelectrons, Ngp,, was
calculated using the Monte Carlo described earlier, for the GAJET geometry (Fig. 16). An
efficiency for B — n*n~ of .62 and for minimum bias of 0.1 was obtained for Noy 2 8. This
trigger has a very fast response time — 25 ns and could even give a decision in less than the
bunch crossing time. [t relies heavily on having a point target. Its rejection of minimum bias
events worsens by a factor of 3 in going from a 2 mm long to a 7 mm long target because of
minimum bias events produced at the edges of the target simulating b # 0 events.
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Figure 13: The principle of the optical
discriminator. a) Cherenkov light
refracted out of the shell for a pariicle
originating at the target. b) Some
Cherenkov light totally internally
reflected to the edge of the shell for a
particle not originating at the target.

Figure 14. Test of an optical discriminator
in a parallel beam. The off-axis particles
simulate particles not originating at the
target.
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Figure 16. The efficiency of the optical
trigger as a function of the lower cut on
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Figure 15. The mean number of photoelectrons
as a function of impact parameter for data and
Monte Carlo.

32 Secondary Vertex Trigger

This would be based on silicon planes. For experiments with point targets (gas jets or wire
targets) in which the primary veriex is automatically known, the preferred geometry 1o capitalize
on the long flight path of the B is an r—§ geometry. To reduce combinatorial background, each
r—® strip can be divided into striplets. The trigger could be based on 3 planes, the number of
striplets in each plane being the same but their dimensions increasing in proportion 10 the
distance of the plane from the target. Thus a track originating at the target will intersect striplets
of the same order number in the 3 planes and can be easily rejected. The trigger algorithm would

— reject hits that form 3-hit combinations, pointing to the target;
— form 3-hit combinations that point downstream of the target;
- require at least 3 such combinations,

A Monte Carlo program which includes multiple scattering indicates that a rejection of
minimum bias events by more than a factor of 100 can be obtained for a 50% B efficiency. It is
expected that this rejection can be obtained in less than 2.5 ps.

60

3.3  Transverse Momentum Trigger for Hadrons and Electrony

The energy and position information 1o form the pr trigger can be obtained:

— either from the calorimeter; this is fast but has @ worse resolution and is affected by the
magnetic deflection;

- or from pad chambers and the magnet; this is slower and is affecied by chamber
occupancy; however, it is more accurate and computes the true pr.

It may be that the best solution would be
10 use the magnetic bend algorithms in which
the position information of the last pud plane is
replaced by position information obtained from
the calorimeter. The following calculation is
based on calorimeter information only tn the

AIDT qanmias
ol n.rL. l bC\JlIlLll y

An individual calorimeter cell (4 x 4 cm?)
consists of a scintillator tile 8y, 2 Xy of lead, a
scintillator tile S2, an electromagnetic
calorimeter cell of lead scintillitor tile design, a
hadron calorimeter cell. Using appropriste
combinations of §¢, 53, an electromagnetic cell
and a hadronic cell, we can define signatures for
charged hadrons, electrons, and photons,
Overlapping clusters of 3 x 3 cells for electrons
and 5 x 5§ cells for hadrons can be formed. A
Monte Carlo which includes multiple
interactions, calorimeter resolutions, and the
effect of the magnetic bending results in the
efficiencies for trlhgcrmg on a single hadronic
cluster of pT 2 il){ shown in Fig. 17, In
GAJET for pH"‘D > 2.6 GeV/e the efficiency
for B— n*n- 1s $4% to be compared with 0.9%
for minimum bias events. The trigger
efficiencies are 96% for B — Jiy Kg, IhKg —
e*e~ compared with [.7% for minimum bias
events when triggering on ]J°lcc > 1 GeV/c.
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Figure 17. The efficicncy of & hadronic pr

trigger as a function of the threshold on

pTADR for B — nt*a~ and minimum bias.

34 MuonTrigger

Both SFT and LHB advocate the use of three planes of Resistive Pad Chambers (RPC) for
their muon trigger and Programmable Array Logic (PAL). SFT plans to use two planes between
the magnet and the muon filter and one plane after the filter. For a given pad combination in
chambers 1 and 3, the range of pads in chamber 2 corresponding to the minimum pt to be
iggered on is stored in the PAL.

In LHB all three RPC planes are placed behind the filter, thus reducing the occupancy
{Fig. 18). Two magnets of equal and opposite deflection are used such thi after the Lwo magnets
a track emerges parallel to its original direction but displaced by an amount which decreases



with increasing momentum. The trigger is therefore based on selecting 3-pad combinations that
point close to the target.

LHB

APG pad

{Tow magnels chambers

apposite dellection}

L ]

Beam
Target

Figure 18. The LHB trigger scheme for muons.

4,  COMPARISON OF SENSITIVITIES AND DIFFICULTIES

4.1 Sensitivities
The sensitivities of SFT, LHB, GAJET, and HERA B are contrasted in Table 3. The
branching ratios of B — JAyK®, Iy — + -, and Kg — - have been taken to be 3.3 x 104
0.12, and 0.69 respectively. It is assumed that the angle B will be obtained from a time-
dependent fit which minimizes the effect of oscillations in the primary B. Note that in the
numbers presented by the collaborations.
— LHB has only used a lepton tag.
— HERA B, because of the very low B production cross-section, assumes a run lasting five
times longer than the other proposals (but it proposes o use an existing machine!).
— There are still large differences in assumed reconstruction efficiencies (0.27 for GAJET
compared with 0.57 for LHB),
— HERA B would benefit from an increase of the HERA proton energy from 0.8 TeV to

Errors on sin 2P of the order of £ 0.03 could be achieved with about 10,000 observed
events in one year.

The corresponding numbers for the m+n~ mode are shown in Table 4. HERA B is not
proposing to investigaie this channe! at present. Errors on sin 2a of the order of £ 0.03 to 0.08
are anticipated.

Table 4. Sensitivity of SFT, LHB, and GAJET for the B -3 n*n- channel.

SFT LHB GAJET
Eacceplance 0.76 0.75 0.62
Ercconstruc 0.55 0.23 0.39__ ]
El_rigger 050 0.85 0.19
€uap 0.65 0.16
N(ntn-) i 2704 2200__7 7600
Alsin 200) 1 +0.077 3+ 0.056 +0.032 ]

4.2 Difficulties

An attempt has been made 1o summarize the difficulties of the extracied beant, gas jet, and
wire target approaches in Table 5. A “+” in a given column favours the corresponding method.

An extracted beam offers the advantages of a well-defined target (no surreunding halo),
larger signal-to-noise ratio due to its use of a A # 1 targel, better vertex resolution because of its
ability to place silicon planes in the extracted beam, no beam pipe and roman pots, and smaller
radiation damage. Its disadvantages are its thick target which results in moltiple scattering,
secondary interactions and conversions, its long target which makes triggering on secondary
vertices more difficult, its increased associated multiplicity due to nuclear effects,

Table 5. Advanages (+) and disadvaniages of the various fixed-target approaches to B physics.

| TeV. Extracted beam H2 gas jet Wire target
Table 3. Sensitivity of SFT, LHB, GAJET, and HERA B for the B — Jhy Kg channe! ;Neltli-.(fi;:fincd te;rgct. + 7 +
no diffuse gas
SFT LHB GAJET HERA Thin target : ¥ +
Time (s) wr 107 107 5.4 x 107 {no sec. inter.)
bb 1.2 x 1010 1% 1010 2% 1010 1.6 x 10 Azl -
Hadronization 08 0.8 0.8 0.8 Large o 5B/0w + +
Eaccent 0.30 0.52 0.4 Assoc. mult. e
accepiance .08 T tl th
EICCOI'IS“’UC 066 - 057 027 argc cng P + -
_ 0.70 0.64 062 0.7 Easy trigger on sec. vertex +
w?‘“’-—“" 0.57 S £ 016 0.736 - 667 {optical+silicon)
* i (0.14 + 0.22) PT trigger +
NOAKY ) 13000 6800 10440 2610 Vertex resolution +
s’ Beam pipe and roman pots +
D 0.26 0.75 0.5 0.5 . -
0 e 057 072 0.82 Acceptance ?
- ‘Radiation damage +
: n + +0.038 +0.027 +0.065 &
Atsin 2By = 1/IDYN)| #0021 003 (0,050
at | TeV)
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A pas jet offers a thin target with no secondary interactions, a short targel making
secondary vertex trigger algorithms faster, a lower associated multiplicity, and a betier p1
mgger. However, it has a smaller signal-to-noise ratio, worse vertex resolution, a beam pipe and
roman pots, and worse radiation damage.

A wire target offers a thin target with no multiple scattering, secondary interactions or
conversions, a short target making it easy 1o trigger on secondary vertices, and a better signal-
to-noise ratio. But it has a worse associated multiplicity, a beam pipe, roman pots, and worse
radiation damage.

5. CONCLUSIONS

No single method stands out as the “obvious one”. An extracted beam yields bener vertex
resolution and an internal target easier triggering.
A flexible and diverse triggering scheme is of prime importance in order 1o be sensitive 10
a8 many reactions as possibie; the experiment shouid not be fimited 1o fepton tniggers only.
Proposed experiments (P865, PR67, HERA B) at existing machines will be invaluable for
testing new devices and strategies for the LHC and SSC experiments.
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RECENT RESULTS ON B PHYSICS WITH CDF
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1. INTRODUCTION

The existence of working b experiments at hadron colliders is a vital component in
planning for CP violation studies in the B system. Not only do they extend our current
knowledge of the production and decay of the b quark, they reduce the amount of extrap-
olation necessary in making decisions for the future. As our experimental and theoretical
prejudices confront the reality of data, we obtain benchmarks with which io better design
new experiments and upgrade existing ones. In May 1992, the drought of CDF data ended,
as the Fermilab Tevatron resumed operations., This began what turned out to be a very
successful year of running. Between the completion of detector commissioning and the end
of the run, CDF wrote ~ 21 pb~1 of data to tape. Analysis is proceeding rapidly, and
already two papers on b physics have been submitted for publication.

I will discuss the improvements made to CDF! for the 1992 run, as well as give
broad description on how we triggered on b events CDF. I will briefiy review the results from
the 1988 run on inclusive b production, with a little more detail on a study of bb correlated
production. Then, I will discuss a measurement of the differential cross section made using
fully reconstructed B mesons from a porlion of the new data, The addition of a silicon
vertex detector has made the study of b lifetimes possible at CDF, and I will discuss results
on inclusive and exclusive measurements. Finally, I give some indication of what, we hope,
is yet to come from the data we have taken and will take in the coming year. I will not
discuss the longer range upgrade plans for CDF, as that as been covered elsewhere in this
workshop?

1.1 Detector Upgrades for Run 1A

A number of improvements were made to CDF in the long shutdown between the
1988 and 1992 runs. The Central Muon eXiension chambers {(CMX) have been added which
extend the 5 coverage from 0.6 to 1.0. Behind the original muon chambers(CMU), extra
steel has been added, followed by the Central Muen uPgrade chambers (CMP), increasing
the number of abgorption lengths in this region from 5 to 8. The Central PreRadiator mul-
tiwire proportional chambers (CPR) were installed in front of the Central ElectroMagnetic
calorimeter (CEM), but outside the 1.09 radiation lengths of material in the CDF solencid.



These allow additional ¢/ discrimination. The readout electronics for the Central Tracking
Chamber (CTC) have been modified to allow for dE/dX measurements. Calibration of the
dE/dX information is in progress. )

Finally, we added a silicon microstrip detector (SVX)? This is a four layer DC coupled,
single sided silicon device. The hit resolution is 13 pm, with radii ranging from 3 to 8 cm.
This gives an impact parameter resolution that varies from 40 pm for a 1.0 GeV/c track, to
< 15 pm for high Pr tracks. It covers |z| < 26 cm, but since this is also the RMS spread of
the interaction region in z, not all events in CDF have vertices within the fiducial volume of
the SVX.

1.2 b Priggers for Run 14

Currently and for the near future, CDF is primarily a high Pr experiment. Triggers
for low Pr physics must obey the rule, “Contribute no deadtime to the top search.” A brief
discussion of the triggers relevant for b physics, may help people understand what physics
might be done at CDF and on what time scale. These triggers are based identification of
electrons and muons.

The irigger is divided into three levels. At Levell, we require at least one central
muon stub or one CEM trigger tower (g x ¢ = 0.2 x 0.25) with a Pr(Er) > 6 GeV. For
events with two or more lepton candidates, the threshold is lowered to 4 for the CEM tower
and 3 for the muon stub, Since the Pr of the muon stub is measured only in the muon
chambers, the resolution is poor, and the trigger turn on soft. For instance, the 3 GeV/c
threshold has an efficiency that rises from 50% at 1.6 GeV/c to 90% at 3.1 GeV/c and
teaches a plateau of 94%

At Level2, hardware EM clustering, and track finding* are run. The tracks are
matched te the EM clusters or muon stubs, cuts are placed on the E; of EM clusters
and the Pr of tracks. The electron{muon) culs are 9 GeV (9 GeV/c) for the single lepton
triggers, and 5 GeV (3 GeV/c) for the ee, ey and pp triggers. In order to increase the
acceptance for J/¢ events in the dimuon triggers, only one of the muon stubs was required
to have a hardware track matched to it. In addition, a lower threshold single lepton trigger
was installed specifically for b physics. The threshold was 6 GeV, but not all evenis were
written to tape. The fraction of these triggers thal was passed by Level 2 was automatically
adjusted to soak up any available bandwidih, without violating the prime rule stated above.

Level3® consisted of a 1000 MIP microprocessor farm, in which a subset of the offline -

reconstruction software was run. The thresholds for the lepton triggers were matched to
iheir Level 2 values, except the dimuon trigger, where the thresholds were lowered to down
to 1.4 GeV/c. This matched the range out energy for muons passing through calorimeter.
In addition to filtering, Level3 also selected 10% of the events for a special high priority data
set. Since this split was made in the trigger, these events were available to the collaboration
within hours of the data being taken. This stream mainly consisted of top candidates, W’s,
and other high Pr events. We were able to include a data set containing opposite sign
dimuon events with mass between 2.8 and 3.4 GeV/c?. All of the results from the 1992 run
presented here come from these J/4 events.

2, b PRODUCTION STUDIES

Determining & production cross sections provide an interesting test of QCD. Measur-
ing B spectra also provide important engineering numbers for predicting the sensitivily of
future experiments. CDF has used many methods of studying & production, and is using the

109 T

T T
Vs=1.8 TeV, |yl<l, py>p,™™
—— NLO QCD

o (pp ~ bX) [nb]

There are correlated uncertainties >
among the measurements. ~
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pr™"(b) [GeV/c]

Figure 1: Summary of various CDF measurements of the cross section for b quark production
with Pf > PP™™. The solid line is a next-to-leading order calculation along with those
obtained from varying parameters in the calculation.

new data to extend and refine these measurements.
2.1  Overview of 1988 data

A summary of the published CDF b cross section measurements is shown in Figure 1,
Although measurements at lower energy® were in good agreement with the next-to-leading-
order (NLO) QCD calculations] the theory scems to slightly underestimate the cross section
et the Tevatron. Here, [ will iry to list what the major sources of uncertainty were in the
individual measurements, and how we will be able to reduce them with the 1992 data set.

Inclusive lepton cross seclions®® provided a high statistice measure of the b cross
section at the Tevatron. The systematic uncertainties in these measurements, come from
our level of knowledge of the backgrounds. Using the detector improvements in the current
data we will be able to greatly reduce these uncertainties. The CPR will allow us to better
estimate and reduce the amount of hadron fakes in the electron sample, while the level of



hadron punch-through in the muon sample can be reduced by requiring muon confirmation
in the CMP. Studies of lepton impact parameters in the SVX will allow a more accurate
determination of what fraction of the leptons actually come from the decay of b hadrons.

We also measured the b cross section® using the semi-exclusive decay B — e~ DX,
The improvemente listed above will also lead to a better measurement in this channel, Just
as important will be the increase in statistics thai the lower lepton trigger thresholds and
increased luminosity are providing.

Studies of charmonium production'® provide an estimate of the b cross section al
lower Pr. The excellent mass resolution of CDF, allows us to easily separate J/¢, .,
and 1(25) states from the background. Converting charmonium cross sections to & cross
sections requires knowledge of the fraction of these ¢ states that come from b decays. In
these measurements we have used the theoretical assumption that charmonium production
at the Tevatron is dominated by & and y,. production. This predicts that the 100% of the
¥(25) events come from b’s. Using the measured J/¥ and . cross sections we can also
determine this model dependent b cross section. With the addition of the SVX we now
have vertex resolutions that are small compared to the b lifetime. This will allow us to
separale the J/i’s from prompt charmonium praduction from those from b decays in a
model independent manner. As will be seen in the discussion on the lifetime analysis, there
are indications that the fraction of J/¥'s that come from b might be smaller than derived
from the above assumption.

The last two points on the curve come from fully reconstructed B meson decays!!
These measurement were limited by statistics. The triggers implemented for the 1992 run
increased the acceptance for J/4 events by over a factor of five. The integrated luminosity
written to tape was also about a factor of 5 greater than in 1988. As will be discussed later,
this increase in statistics are substantially increasing our physics reach with these decay
modes.

2.2 bb Correlated Cross Section

The NLO calculations'? predict correlations between the b and b quark. In addition
to being an interesting check of the theory, measurements of these correlations indicate how
we can use these models to predict tagging rates in future experiments. We have used the
ey data set from the 1988 run to examine some of these correlations!?

Since a fake lepton will have no sign correlation with the other lepton, we use the
difference in number of same sign and opposite sign ex events (A.,,) to measure the bb cross
section. To calculate the number of bb events, we correct A, for events lost due to mixing,
using the average mixing parameter x. The number of bb events is then,

_ _fuBeu

Ng = 1207 (1)
where delta corrects for events where one of the leplons comes from the sequential decay,
b c — I f;is the fraction of sign subtracied events due to bb as opposed to c€ production.
This is measured from the distribution of the component of the lepton momentum transverse
to the direction of the associated jet (P§'). This distribution is shown in Figure 2 for same
sign (dashed histogram) and opposite sign (solid histogram) events. The difference of these
distributions (points) is then fit 1o the shapes of the P;* distributions for b and ¢ decays
obtained from Monte Carlo. The fit indicates fiz = 1.0709.

We measure N for electron Pr > 5.0 GeV/ec and muon Pr > 3.0, 4.0, and 5.0
GeV/c. These cuts imply Pr > 8.76 GeV/c for one b and Pr > 6.5, 7.5, and 8.75 GeV/c for
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the second b. The derived cross section as a function of the second b quark's Pr is shown
in Figure 3. Again, the NLO prediction seems to be slightly low with respect to the data,
but within errors the agreement is good. Although the plot shows little sensitivity to the
shape of the distribution, the uncertainties in the measurements are highly correlated. Work
is proceeding to unfold the correlated from the uncorrelated errors, in order to get a more
precise determination of the shape.

28 dog/dPt

The statistics available in the decay B* — J/¢¢K* allow us to directly measure the
differential cross section of B mesons as a function of Pr. This measurement™ is currently
based on 14pb~" of the 1982 data.

Events were selected by requiring opposite sign dimuons with track-siub matching
consistent with the multiple scatiering in the material before the muon chambers. In order
to be in a region of well understood trigger efficiency, each muon was required to have
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Figure 3: The cross section for p5 — BbX. The cross section is plotted as a function of the
PP of the second b given the P"" of the first b. Also shown is a theoretical prediction and
associated uncertainty.

Pr > 1.8 GeV/c, and at least one was required to have Pr > 2.8 GeV/c. The dimuons were
constrained to come from a common point in space, which improves the mass resolution.
J/¥ candidates were selected by requiring that the invariant mass be within 3 sigma of the
world average)® where sigma was determined by fitling a gaussian to the mass distribution.

Any track with Pr > 2.0 GeV/c was assigned the kaon mass and combined with the
J/¢. The Pr cut reduces the combinatoric background due to tracks from the underlying
event. All three tracks were then refit with the constraints that they all come from a common
point and the dimuon invariant mass be equal to the world average J/4 mass. The mass
distribution for J/¢¥ Kt candidates with Pr > 6.0 GeV/c is shown in Figure 4. A fit to the
data gives 104 + 21 events.

The data was divided inlo three bins in Pr, 6-9, 9-12, and 12.15 GeV/c. Mass plots
for each bin were fit with mean and width fixed to the values obtained in the full sample. The
cross section is shown in Figure 5, along with a NLO calculation'? convoluted with Peterson
fragmentation!® A common normalization uncertainty, dominated by the uncertainty in the
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Figure 4: B meson invariant mass from the decay B* — J/yK+.

produet branching ratio'® for this decay is shown separately. The measured values are about
a factor of two higher than the NLO predictions!?, and the shape may be steeper at low Py
than was predicted. Work is ongoing to determine the best way to use the SVX information
in this analysis.

3. & LIFETIMES

The b lifetime can be combined with measures of semileptonic b decays, to determine
the Cabbibbo-Kobayashi-Maskawa'” matrix element V. The most promising method em-
ploys Heavy Quark Effective Theory' to interpret exclusive semileptonic decays!® In the
past they have used a lifetime determined as an inclusive average over hadronic states, but
as slatistics improve over the next year or so, I expect that exclusive lifetimes will naturatly
be combined with exclusive decay rates, to obtain V5. Exclusive lifetime measurernents also
allow comparisons between hadrons. The spectator model predicts that the B® and B* life-
time should be nearly equal, although this didn’t turn to be true in the charm system!® CDF
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Figure 5: The B meson differential cross section compared to a NLO calculation convoluted
with Peterson fragmentation.

has completed a measurement of the inclusive b lifetime?® and is now pursuing a program of
individual measurements of bottom hadron lifetimes.

8.1  Inclusive Lifetime

In the past two years, LEP experiments have used semileptonic b decays, to ob-
tain statistically precise measurements of the average b lifetime?! The theoretical models of
semileptonic decays are now the dominant source of uncertainty. The decay B — J/pX
provides an alternatjve determination of the b lifetime with different systematic uncertain-
ties. Using the 1992 data, CDF has obtained the first high statistics measurement of the b
Lfetime using J/4 decay vertices.

To obtain a sample sample of J/+'s for measuring the lifetime, the Pr requirements
for the muons were reduced slightly to increase the acceptance. To ensure a well measured
vertex, both muon tracks were required to be reconstructed in the SVX with hits on at least
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The fits (curves) are described in the text.

three out of the four layers. None of these hits could have total charge deposition greater
than four times that expected for & minimum ionizing particle, and all of them had to have
a small residual. The total x? contribution of these residuals had to be less than 20, If any
of the $VX hits matched to the muons could be assigned to another track, the muon was not
considered further. Finally, the two muons were refit with a constraint that they come from
a common vertex. Only those events consistent with this constraint were retained. About
20% of the triggered J/1 events survived all these cuts.

The transverse decay distance (L,,) is the projection of the vector pointing from
the primary to the secondary vertex, both measured in the transverse plane. The secondary
vertex that obtained in the constrained fit, while the primary is approximated by the average
beam position, determined run-by run. The beam is circular and has an rms of = 40um.
Contrary to some peoples expectations, many of these events are too clean to allow an event-
by-event determination of the primary with better accuracy. We convert L, to a proper
lifetime (A} using the S of the J/,

M,
- Ls TN ot ey 2
PER(FY) ®
where F(PE) corrects from {8v)y to (87)s- It is depends on the b production and decay as
convoluted with the trigger and is determined as a function of P¥ using Monte Carlo.
We fit the A distribution using curves representing the three sources of dimuon events
in the J/4 region.

o J/+ from b decays: This is parameterized by an exponential convoluted with a gaussian
resolution. From the fit, we also obtain the fraction of J/y's arising from b decays (f,).

s Prompt charmonium production: This yields a zero lifetime coniribution, smeared with
a gaussian resclution,



e Background processes whose invariant mass happens to fall in the J/¢ mass window:
There are many possible sources to this component, and the shape could be complex.
It can, however bz measured using the J/¢ sidebands. The distribution of the sideband
events has been fit to the sum of a gaussian and both a positive and negative exponential,
each with different slope. Both the shape and size of this component are determined
from the sidebands and are not free parameters in the fit to the signal region.

Figure: 6a shows the A distribution with the fit for the J/y sidebands. Figure 6b shows
the results of an unbinned likelihood fit to the data. The dark shaded area is the contribution
from the background fit. The light shaded area shows the sum of the background plus the
component due to b decays. The remaining unshaded gaussian is due to prompt decays. The
fit results are m, = 1.46 £ 0.06 ps and f, = 15.1 £ 0.6%. This value is much lower than the
model dependent fraction obtained in the cross section measurement of the last run. The
track quality cuts, however, tend to favor isolated muons. Therefore, the value of f} can
not be used to measure the b cross section until relative efficiencies for different sources of b
decays are understood.

The uncertainty in F{Pr) is the dominant source of sysiematic uncertainty in this
measurement (3.0%). We have estimated this by varying the b quark production spectrum
and fragmentation, and J/3 momentum spectrum and polarization in the B rest frame.
Other sources are the due to any residual SVX misalignment {2.0%), our uncertainty in the
event-by-event calculation of the error on A (1.6%), possible trigger biases {(1.4%), beam
instabilities over the course of a Tevatron store (1.0%), and the statistical uncertainty in the
determination of the background shape {0.5%). The final result is

75 = 1.46 + 0.06(stat.} 4 0.06syst.)ps. (3)

This represents the average lifetime for b-hadrons produced at the Tevatron, weighted by
their decay fraction into a J/3. This result is final and has been submitted for publication.

3.2  FEzclusive Lifetimes

Measurements of the B* and B° lifetimes have been made?? at LEP and PEP using
partially reconstructed decays containing a lepton and a D° or D*+. Although CDF is also
pursuing this technique, the large cross section at the Tevatron allows us to measure the
lifetimes directly using fully reconstructed B meson decays?® Measuring the lifetime of B+
and B" lifetimes using this method is, at the moment, statistically limited by the number of
fully reconstructed B's. In order to increase the sample, we have relaxed some of the track
quality cuts applied in the inclusive lifetime analysis. Only two SVX hits are required on each
track, and the muons are allowed to be in the new CMX chambers. B’s are reconstructed
in eight decay modes:

BY S JlK* - ptp K

BY — JfYK*t s ptpm KPxt

Bt — ¢{(25)KY —ptu-nta- Kt

Bt - P(25)K*Y — ptpwtx Kint

B® — K] - ptu K}

B° s pK*® ~— ptu Kta~

B® — $(25)K] - ptpTatxm K]

BY S p(28)KY - ptpwtn Ktao (4)

CDF preliminary

w. 1200 c

‘S‘ : 120 — 600 -
1000 E

2 E 100 :L 500 Kos

T 800 & 80 F 400

o r E

o 600 : 60 F 300

'§ 400 40 [ 200

% 200 20 f 100

& 0 Taal i 0 Eo o v o by 0 0

v 3 31 32 3.6 37 3.8 0.4 0.5

Mass of u'u”, J/Y¥ n*n”, and n'r” combinations in GeV/c?

Figure 7: Mass distributions of the J/y, $(25), and K3 candidates. The mass cuts are
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Figure 8: Mass distributions of the fully reconstructed B samples. The shaded histograms
are obtained by requiring cr > 100 wm. The signal and sideband regions are indicated by
the horizontal lines above the histograms.

K3 are selected by combining two tracks with impacl parameters grealer than 2, where o
is the measurement error on the impact parameter added in quadrature with the size of the
beam spot. The K3 is required to have a positive decay length, and an impact parameter
with respect to the J/4 vertex of less than 2 mm. Since K2's can decay outside the SVX
outer radius, the tracks used to reconstruct them are not required to have hits in the SVX.
The invariant mass distributions of some of the intermediate states are shown in Figure 7.
$(25) and K3 candidates are required to be within 20 MeV of the world average!® while
J/y and K* candidates are required to be within 80 MeV of the world average!® To be used
for reconstructing B's, the K*, K§, or K* candidates must have a Pr > 1.25 GeV/c.

In the final B reconstruction, all the decay tracks, except those from a K92, are vertex
constrained, and the J/y and ¥{25) candidates are mass constrained to their known values.
Any B’s with Pr < 6.0 GeV /c are rejected. In the case of multiple candidates, we keep the
one with the best x? for the constrained fii. The mass distributions for these candidates
are shown in Figure 8. The shaded region shows the same distribution for candidates with
er > 100um. There are clear B signals, albeit with a large zero lifetime background. For

the lifetime analysis, we define the signal region to be +30 MeV of the world average'® B
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mass. Sideband regions are are defined to be between 60 and 120 MeV away from the world
average, This excludes the region where B's with a missing v would be reconstructed.
~ The decay length distributions for charged and neutral B’s, for both the signal and
sideband regions is shown in Figure 9. The superimposed curves are the results of separate
unbinned likelihood fits for the B+ and BP®. Asfor the inclusive analysis, the signal is param-
eterized as an exponential convoluted with the gaussian resolution, while the background is
gaussian plus asymmetric exponential tails. The signal and background distributions have
been fit simultaneously. The fits indicate that there are 75 4- 10 charged and 61 + 9 neutral
B mesons in the signal regions. As can be seen, there are events at large decay length in the
sideband regions. The preliminary measurement of the lifetimes of the B+ and B mesons
is,
t = 1.63 4+ 0.21(stat.) £ 0.16(syst.}ps
1.54 £ 0.22(stat.) & 0.10(syst.)ps. {5)

4
!

The systematic uncertainty is dominated by the lack of statistics in the sideband regions,
and hence our inability to accurately measure the shape of the positive tails of their lifetime
distribution. Assuming that this systematic is uncorrelated, we obtain the lifetime ratio

r+/r® = 1.06 + 0.20(stat.) £ 0.12(syst.}. (6)

Work is ongoing to further increase both the statistics and the signal to noise ratio of the
B mesons, and to undersiand the shape of the background distribution better. We also will
add in the second half 1992 data.

4. The B, Mass

The B, meson is a bound state of a of a b-s quark-anliquark pair. Its mass is de-
termined from the QCD potential between them. It has been observed in the decay to a
lepton plus a P, meson?* 2% This allowed measurements of the B, lifetime, but due to miss-
ing neutrals, not the mass. An indirect mass measurement was obtained by CUSB using
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the photon spectrum in T(55) decays®® Recently, experiments at LEP have reported fully
reconstructing candidate events?®?” The CDF search® uses the decay mode B, — J/yé.

We follow the general reconstruction procedures tuned on the B, — J/¢yK* and
By — J/¢¥ K" decays. To ensure high efficiency, all well matched mouns are considered, and
tracks are not required to pass be refonstructed in the SVX. We combine tracks, assigned
the K mass, and keep combinations where the invariant mass is within 10 MeV of the ¢
mass. These are combined with Jfy — p*u~ candidates, where the four tracks are vertex
consirained and the dimuon pait is mass constrained to the J/y mass. The probability of
this fit must be greater than 1%. In order to reject combinatoric background, the resulling
combination is required to have a positive decay length. The mass spectrum of the resulting
events it shown in Figure 10. A signal is clearly visible and remains significant under variation
of the selection eriteria. A binned likelihood fit result gives 14.0 + 4.7 B, events at a mass
of 5383.3 £ 4.5 (stat.) MeV/c?.

The estimate of the systematic error is based on the uncertainty in the magnetic



field (1 MeV), varying the fitting procedure (2 MeV), and the selection criteria {2 MeV),
alternative methods for constraining the 4-track system (2 MeV}, and the current uncertainty
in the tracking calibration (3 MeV). Our ability to estimate these uncertainties is imited by
the size of the data sample. Thus the final result is,

Mg, = 5383.3 1 4.5(stat) t: 5.0(syst)MeV /c*. (7)
Although this measurement has been submitted for publication, we expect it to be
further improved with the addition of the second half of the data.

5. NEAR TERM GOALS AT CDF

While this workshop was going on, processing the “express” data stream with the
“final” version of the production executable was completed. Thus the entire J/y data
sample is now available for analysis. The main data set is expected to be completed by
the end of September. In these data sets, we will have ~ 80K J/4 events, and ~ 300 fully
reconstructed B decays; a few 10° semileptonic b decays, and ~ 1000 partially reconstructed
lepton + charm hadron events.

Using these data, we expect a rich program of b physics at CDF. We will improve our
understanding of b production at the Tevatron. The study of bb production will be extended
using the dilepton correlations in the new data. (We also look forward to seeing results on
this from our friends at D0.)

We will measure the exclusive B lifetimes with at least a factor of /2 reduction in
errors over what is presented here. We should also have a measurement using semileptonic
decays sometime this fall. We will improve our measurement of the B, mass. We will
either observe or greatly improve our upper limit on A, production. We will set limits on
or observe B, production. Searches for the rare decays including B — pgtp~, B — ptp~
K*/K/¢ are in progress, and in some we hope our sensitivity will approach the standard
model expectations. We will improve our measurement of time inlegrated B mixing, and
use the SVX to measure the time dependence of it.

We are looking forward to the continuation of the collider run, this fall through
next spring. We are still improving the detector, and optimizing the trigger, to obtain
the maximum physics output from CDF. For insiance, we are studying the feasibility of
instituting a dedicated trigger for the decay B — y K*/¢. The observation® of this decay
al CLEO is one of the more interesting events of the year. We feel obliged, if it appears
possible, to try to confirm it.

If this years run goes well, we should have 1000 fully reconstructed and self-tagged
B decays by next summer. This will allow us Lo study tagging rates and mis-tag fractions in
the kinematic region of interest for CP violation. We hope to have measurements of these
numbers using both lepton tagging and B-r correlations. This will allow us to begin to
oplimize our strategies for the future.

8. ACKNOWLEDGEMENTS

I would like to thank the people who helped me with the preparation of this talk. In
particular, I would like to thank F. DeJongh, T. LeCompte, O. Schneider, B. Mattingly, and
M. Bailey.

70

7.

[ T R X

REFERENCES

- F.Abe et. al. Nucl Instrum. Methods Phys. Res. A2T1 (1988) 387 and references

therein.

. J. Spalding, these proceedings.

D. Amidei el. al, Nucl, Inst. and Meth. A289 (1990) 388.

. G.W. Foster et. al., Nucl. Inst. and Meth. AZ89 (1990) 93.
«J.T. Carroll et. al., Nucl. Inst. and Meth. A300 (1991) 552. U. Joshi el. al., Nucl

Phys. B. (Proc. Suppl ) 23A (1991} 365.

. C.Albajar el. al, Phys. Leit. B186 (1987) 237, Phys. Leit. B213 (1988) 405, Phys.

Lett. B256 (1991) 121,

- P. Nason, 8. Dawson and R.K. Ellis,, Nucl. Phys. B303 {1988) 607, B237 (1989) 49,

B335 (1990) 260.

. F.Abe et. al., Phys. Rev. Lett. T1 (1993} 500.

9. F.Abe el. al, Preprint FERMILAB-PUB-93/145-F, submitted to Phys. Rev. Lett.

10.
11.
12.
13.

14.

15.
16.
17.

18.
19.

20.

21.

22.

F.Abe et. al., Preprint FERMILAB-PUB-93/106-E, submitted to Phys. Rev. Lett.
F.Abe et al, Phys. Rev. Lett. 88 (1992) 3403
M. Mangano, P. Nason, and G. Ridolfy, Nucl. Phys. B373 (1992) 295

CDF Collaboration, submitted to the XVI Inlernational Symposium on Lepton Photon
Interactions. Preprint FERMILAB-CON-93/200-E,

CDF Collaboration, submitted to the XVI International Symposium on Lepton Photon
Interactions. Preprint FERMILAB-CON-93/199-E.

C. Peterson ef. al., Phys. Rev. D27 (1983) 105; J. Chrin, Z. Phys. C36 (1987) 163.
Particle Data Group, K. Hikasa et. al., Phys. Rev. D45 (1992} 1.

N. Cabbibic., Phys. Rev. Lett. 10 (1963) 531; M. Kobayashi and T. Maskawa, Prog.
Theor. Phys. 49 (1973) 652.

N. Isgur and M. Wise,, Phys. Lett. B232 (1989) 113, B255 (1991) 287,

H. Albrecht et. al., Phys. Lett. B229 {1989) 175; D. Bortoletto and . Stone, Phys.
Rev. Lett. 65 (1990) 2951; M. Neubert, Phys. Letl. B264 (1991) 455; H. Albrect e,
al., Z. Phys. C57T (1993) 533,

F.Abe et. al., Preprint FERMILAB-PUB-93/158-E. submitted to Phys. Rev. Lett.
(1993).

P. Abreu ef. al, 5. Phys. C53 (1992) 567; B. Adeva ei. al, Phys. Lett. B270 (1992}
111; P.D. Acton et. al, Phys. Leit. B274 (1992) 513; D. Buskulic et. al., Phys.
Lett. B295 (1892) 174; P.D. Acton et. al. CERN PPE/93-02, submitted to Z. Phys.

5. Wagner, et. al, Phys. Rev. Leit. 84 (1990) 1095; P. Abreu, et. al., Z. Phys. C57
(1993} 181; D. Buskulic, et. al., Phys. Lett. B287 (1992) 448,, Phys. Leit. B30T (1993)
164; P.D. Acton et. al., Phys. Lett. B307 (1993) 247



23.

24,

25.
26.
27,

28.

29

CDF Collaboration, submitted to the XVI International Symposium on Lepton Pholon
Interactions. Preprint FERMILAB-CON-93/198-E.

D. Buskulic et. al., Phys. Rev. Lett. B294 (1992) 145; P. Abreu et. al., Phys. Letl. B289
(1992) 199,

P.T. Acton et. al., Phys. Lett. B295 (1992) 357.
J. Lee-Franzini el. al., Phys. Hev. Lelt. 65 (1990) 2947.

D. Buskulic et. al., Phys. Lett. B311 (1993) 425; W. Venus, talk presented at the XVI
International Symposium on Lepton Photon Interaclions,

F.Abe etl. al., Phys. Rev. Lett. 71 (1993) 1685.
. R. Ammar el. al., Phys. Rev. Lett. T1 (1993) 674.

71



73

B PHYSICS AT THE D0 DETECTOR

MARY ANNE C. CUMMINGS
Department of Physirs and Astronomy, University of Hawati
Honolulu, Hawaii 96896

ABSTRACT

This article describes the current b physics program at the D@ experi-
ment at Fermilab'. Results from single and dimuon events produced in
pp collisions at /s = 1.8 TeV include the inclusive muon and J/4p dif-
ferential cross sections and a measurement of the time-averaged B® — Be
mixing parameter x. Plans for the near future b physics program at
D@ are discussed, and an overview of the D@ upgrade, scheduled for
implementation beginning with Fermilab collider run 1l are presented
with emphasis on the prospects for continuing & physics research.

1. INTRODUCTION

The DO detector was originally designed and constructed to study high mass states
and large pr final products from proton-antiproton collisions at /a = 2 TeV in the FNAL
Tevatron Collider. Several gross features of the current detector reflect the original intent:
1) large muon coverage, || < 3.4, with thick magnetised iron to provide muon momentum
determination with small hadron punchthoughs 2} stable, unity-gain, finely segmented, her-
metic, radiation-hard calorimetry 3) non-magnelic tracking with emphasis on suppressing
backgrounds to electrons. The design and optimisation of the D@ tracking system has,
naturely, been very much influenced by the absence of a magnetic field.

These features serve the primary physics goals of D@ |, namely, searches for new
phenomena (the top quark, supersymmetric and other particles outside of the standard
model) and high precision stadies of the W and Z bosons. The detector design has allowed
for accurate identification, complete angular acceptance and precise measurement of charged
leptons (both electrons and muons), quarks and gluons which emerge as collimated jets of
particles, and neutrios. The fine segmentation of the calorimeter mekes D@ and excellent
tool for jet and QCD studies. However, in addition to the original goals, the large muon
coverage, both in triggering and track reconstruction, and the large bb cross section at /3
= 1.8 TeV (the current c.o.m. energy of the FNAL machine) also allow for a viable study of
& quark production in single muon and multi-muon channels,



This presentation will describe the D@ b physics program as carried out in the recent
'92.93 FNAL collider run. This wes the first time that D@ operated in colliding mode, and
en ambitious physics program was cartied out despite having also to commission the detector,
electronics, and data acquisition system. The priority was to collect data for top search and
W and Z studies; however, by the end of the run, all the necessary trigger hardware was
in place and functioning for single and dimuon triggers over the entire design coverage for
muons. The results of the inclusive muon and J/v cross sections can be used to extract the
bb cross sections which, in turn, can be compared directly to QCD next-to-leading (NLO)
calculations. A precise measurement of the combined mixing parameter x can be used to
set a lower limit on the B® mixing strength, z,. Measurement of heavy quark production at
large pseudorapidity would provide a useful probe of the gluon density function at small x.
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Figure 1. Elevation of the D@ detector,

The next section (2) will briefly describe the D@ detector, emphasising features salient
to b quark detection, The results {from single and dimuon triggers aze summarised in sections
3-5. The plans for the imminent collider run Ib are discussed in section 8. The penultimate
section summarises the long term plans for the b physics program in the D@ upgrade.
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2, D0 DETECTOR

Figure 1 shows an elevation of the DO detector. The D@ detector comprises (in
order from the beamline), 8 vertex detector, transition radiation detectors, central tracking
{drift chambers), a uranium-liquid argon calorimeter, and an extensive, three-layer system
of muon chambers. The calorimeter is contained in three eryostats, one central and two
endcaps. The central tracking is in three corresponding sections (central and two forward).
The fine segmentation (An x A¢ = 0.1 x 0.1) and good energy resolution (o ~ 0.41%/VE)
along with coverage up to |y} = 4.0 provides good measurement of jet energies.

(M)

INTERACTION LENGTH (A)

Figure 2. Thickness, in interaction lengths, of the D@ calorimeter and toroids.

The muon system comprises two different detector types. The "wide angle” (WA-
MUS) muon chambers are made of aluminum extrusions, 3 or 4 decks of 10.0 cm wide pro-
portional drift cells, These chambers are mounted three layers deep around three iron toroids
(one central, two ends). The 4-deck chambers form the layer inside the toroids, the 3-deck
chambers form the two outer layers. In addition te the drift times, the WAMUS chamber

cells are paired with a common anode wire to produce a longitudinal position through the



time division {AT) measurement. Vernier pads arranged in repeating patterns inside each
cell provide finer longitudinal position resolution within their "half" patterns (=2 30.0 cm) by
the ratios of induced charges on the inner and outer pads (see Figure 3). Signals from these
pads are also latched to form the trigger elements of the various muon triggers. The "small

angle” (SAMUS) system extends the reach of the muon system to 9] = 3.4. SAMUS com-
prises three stations of 3.0 cm wide proportional drift tubes at =, y and u planar orientations, -

with a smaller toroid between the first and second stations, at either end of the detector.
In both detectors, the combination of chambers and toroids provide a measurement of the
signed momentum of the muon by the bend of the track. Thus, the momentum resolution is
limited by multiple scattering in the iron to be > 18%. The thickness of the calorimeter plus
the iron is 14-18A over the 7 coverage {Figure 2). This makes the punchthrough probability
quite small (= 1074). For details of the D@ detector, and the muon system in particular,
see refs. (2] and (3].

60.96 cm

Figure 3. Cross section of the muon drift cells {top) and = section of the
vernier pad paltern along the length of the cell {bottom).
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a. INCLUSIVE MUON CROSS SECTION
3.1 Single Muon Trigger

The D@ trigger comprises a hierarchical system which reduces the 43 mb of inelastic -
cross section to 2 Hz of interesting physics events which are written to 8mm tapes. There
are three main levels. The Level 0 trigger is a scintillator array around the beam pipe that
detects the presences of an inelastic event. The Level 1 trigger is actually any number of
trigger elements from the calorimete and muon systems. For the b physics program, the
triggers consist of muon elements; a combination of hit cells that are contained within 60
¢m roads. These combinations are required to have at least 2 hits from at least 2 or 3
layets (depending on the detector geometry). The Level 1 muon trigger efficiency, including
geometrical acceptance, has a maximum of 60%, and is 30% efficient at pr= 4.0 GeV. The
Level 2 irigger is a software ‘rigger, using a farm of 48 micro Vaxes {4000/60). Several
roulines, or filters, can run, depending on the physics requirements, that use code similar
to the offline reconstruction. At Level 2, a good quality muon track, with p > 3.0 GeV is
required.

In addition, there is another hardwaze trigger, Level 1.5, which in the last run was
implemmented only in the high pr muon triggers used in the top and W/Z analyses. This
imposes a rough py cut on the muon track. It was not used for the run Ja b physics daia,
but has been fully implemented for the next run, and should provide enough rejection for
single muon low pr Lriggers over most of the 7 coverage. This is discussed in section 6.

3.2  Dala Analysis

Data for the inclusive muon cross section measurement was taken in several special
runs as the trigger rate was too high to run concurrently with other physics triggers. Dala
was collected for the n regions |5} < 1.0, 1.0 < || < 1.6, and 2.2 < |g] < 3.3 with integrated
luminosities of 89 nd~', 12 =7, and 6.3 inb respectively. Approximately 70% of the data
from the regions |g] < 1.0 and 1.0 < || < 1.6 have been fully reconstructed and are used for
the cross section measurement.

A good quality muon is defined after the following offline cuts:

. Good vertex projection in the bend and non-bend views;

. Track hits in all three layers of the muon system;

. 1 GeV energy deposition in the hit plus nearest neighbour calorimeter cells;
. Matching central tracking detector;

. Muon drift to within 100 ns of the beam crossing for [ < 1.0,

[ L

The overall acceptance for single muons was calculated using b—cu~pX ISAJET
events. These events were passed through a complete GEANT detector simulation, Level 1
and Level 2 trigger simulators, full reconstruction and offline cuts. The overall efficiency is
shown in Figure 4 26% for |7| < 1.0 and 18% for 1.0 < [n| < 1.6.

5.5 Resulls

) The inclusive muon cross section is found by dividing the number of observed muon
events in a given pr bin by the efficiency and integrated luminosity. The results for |n| < 1.0,
1.0 < |p} < 1.6 and 2.2 < |n| < 3.3 are shown in Figures 5(a-c). The various dotted/dashed



lines show the contributions to the cross section from b — pX ¢ —+ pX = or K decays and
their summed contribution.

Sources of systematic error arise from uncertainties in backgrounds from cosmic rays
and combinatorics (20%), and luminosity (12%). The combined systematic error is shown
as the larger error bars in the Figures 5(a-c).

The fact that the data agree well with the summed contributions from ISAJET is
NOT equivalent to the statement that the data agree with QCD predictions for the bb cross
section, since the [ISAJET events did not necessarily sample the full b6 cross sections. The
predictions for the observed muon cross section depend on the heavy quark fragmentation
functions folded into the QCD calculation. Work is still going on to extract bb cross sections
from the inclusive muon cross section measurements.
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Figure 4. Combined trigger, reconstruction and offline cuts efficiency for
muons with |g] < 1.0

4. INCLUSIVE J/¢ CROSS SECTION

4.1 The Dimuon Trigger

Dimuon events were collected by requiring that two muons are found in the Level 1
muon trigger as described above, and that two "quality” muons be reconstructed with the
Level 2 muon trigger. The integrated luminosity for the data sample used in the cross section

analysis is 3.5 pb~!.

4.2 The Dimuon Analysis
After an event has passed the above requirements, additional cuts are applied offline:
1. At least two "high quality” muon tracks are found;

2. Both tracks have good vertex projection in the bend and non-bend views;
3. A¢ < deglB0 and A < 170° cosmic ray rejection);

4, 1 GeV energy deposition in the hit plus nearest neighbour cells for both tracks;
5 p > B.0 GeV;
6. |n| < 0.8 for both muons.

oh GeV

Figure 5. Inclusive muon cross sections for (a) [n| < 1.0,
{b) 1.0 < |g] < 1.7 and (¢} 2.2 < {n| < 3.3. Shown with Monte
Carlo predictions for muons from b — uX (dashed line), ¢ — pX (dotied line),
« or K decays (dashed-dotted line), and their sum (solid line).

Jets are defined using a AR = /An¥ + AP? cone of 0.7 and have By > 8.0 GeV.

Isolated dimuons are defined such that the AR distance b;tween each muon and the nearest



jet be greater than 0.7. Non-isclaled dimuons are defined to have at least one muon within a
A Rcone of 0.7 about the nearest jet. The invariant mass plots for both like and unlike-sign
dimucns and for both non-isolated and isolated dimuon samples are shown in Figures 5. This
particular data sample corresponds to an integrated luminosity of 7.0 pb~'. Both unlike-sign
samples show a clear J/y peak. The isolated unlike- sign sample shows evidence of the J/4.
Neither of the like-sign samples shows any evidence of mass peaks.
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Figure 6. Unlike-sign (unshaded) and like-sign (shaded) invariant mass for:
(a) non-isolated and (b) isolated dimuons.
4.9 Commenits on Dimuons

For the inclusive J/4 cross section, both isolated and non-isolated dimucns were
used. The number of J/¥'s in each mass bin was estimated by fitting the invariant mass
distribution to a Gaussian (signat) plus a polynomial (background) which matched the tails
of the distribution above 4.0 GeV and below 2.0 GeV. The total number of J/1's is found
to be 138 4 15 events.

The acceptance was determined by generating J/4' with the ISAJET Monte Carlo,
passing them through the complete GEANT detector and trigger simulators, reconstructing
them fully, and applying the offfine cuts. The overall efficiency for J/y's is shown in Figure
6(a), where the bounds indicate systematic uncertainties. The inclusive J/y cross section
is gotten by dividing the number of J/¥% in each pr bin by the efficiency, and the inte-
grated luminosity. The results are shown in Figure 6(b). The error bars are for statistical
uncertainties only. Also shown are the ISAJET predictions for the J/v from x and direct
production (CPM) and for J/4's from B decay (BPM). That the data lic above the summed
contributions is significant, however. The determination of the bb cross section using inclu-
sive J/¢’s and of the fraction of J/4’s which come from x's or direct production is still in
PI’OEICSS.
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5. B* — B MIXING PARAMETER

5.1  Mizing Probabilities

Mixing between B® and its anti-particle can occur in the Standard Model via well-
known box diagrams. The time averaged mixing probability x is given in terms of the mixing
parameter x as

z?

242zt )
where z is the mass difference of the mass eigenstates divided by their average decay width.
The mixing parameters z4 and =z, are of interest because they can be written in terms of
parameters of the Standard Model. In parficular, they depend on the CKM matrix elemente
Vit and Vi,. An accurate measurement of x (or x,) can be used to set a lower limit on =,
and thus help constrain elements of the CKM matrix.

The combined mixing probability x is defined as

X

BR(b— B® - B ut) 2
B (@)
which is an average over both B} and B mesons which can mix as well as charged B mesons

which can not. The b or b can be tagged by the sign of the muon from the semi-leptonic
decay of the B.
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Figure 7. (a) Inclusive J/3 cross sections; {b) Overall J/y efficiency.

The semi-leptonic decay of a B°B® pair into muons (direct decay) will give rise to
unlike-sign dimuons. Flavor mixing of & B° or B° will result in like sign dimuons. Like sign
dimuons can also be produced by secondary decays in which one muon comes from & — g
decay while the other comes from b — ¢ — g decay. In the presence of mixing the fraction
of like and unlike-sign dimuons for various processes is given in Table 1,

Experimentally, one measures the ratio R of like- to unlike-sign dimuons. In order
fo extract x from R it is necessary to model the relative contributions of all processes



Table 1: Fraction of like and unlike sign dimuons from contributing processes

[ Process | Type Like Sign | Unlike Sign |
P1 bou, bopt {1-x) [(1-x)+x°
P2 bosp b0 |[(T—xP+x | 2x{1-x)
P3 lob—oeopt bocop | (- [(0-x)"+x
P4 boep,c— put 0% 100%

PS5 c—rpte—p” 0% 100%
P6 | Drell-Yan, J/9, T 0% 100%
P7 decay background 50% : 50%

contributing to dimuon preduction. For this we use the ISAJET Monte Carlo event generator
and a fast detector simulator described below. Once the relative fractions of the contributing
processes are known, x can be extracted from R as the solution to a quadratic equation.

5.2  Date Reduction and Analysis

Data was collected using the dimuon Level 1 and Level 2 muon trigger described in
section 4.1. The data used in the mixing analysis corresponds to a total integrated luminosity
of 8.4 pb~1. Offline cuts for the mixing analysis include:

1. Two or three high quality muon tracks in || < 1.1;

2. 1.0 GeV energy deposition in hit plus nearest neighbor calorimeter cells;
3. [ B - dl for each muon > 0.5 GeV;

4. A¢ < 160° (cosmic ray rejection);

5. m,, > 6.0 GeV (removes J/¢'s);

6. 3 < p< 25.0 GeV (ensures proper sign determination)},

In addition, each event is required to have at least one associated jet where an as-
sociated jet is defined as a jet with Ef—“ > 8 GeV within AR= 0.8 of the muon. Further,
all muons having associated jets in the event must satisfy p§f' > 1.2 GeV where pj' is the
transverse momentum of the muon relative to the jet axis. These cuts serve to enhance the
fraction of dimuons coming directly from bb decay.

Using these cuts we find a total of 116 like sign and 234 unlike-sign events. The
ratio of like to unlike-sign events does not change significantly if we relax the associated jet
requirement and ask only that at least one jet be found anywhere in the event. The fraclion
of cosmic rays in these events is estimated to be = 15% based on visual scan of a subset
of the sample. Correcting for cosmic ray background we find the ratio of ke to unlike-sign

dimuons to be

ik
" unlike

= 0.51 % 0.06(stat) & 0.02(sys), (3)

where the systematic error reflects the uncertainties associated with our estimated fraction
of cosmic rays.
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5.8  Monte Carlo Analysis

Table 2: Relative fraction of contributing processes

L Process Fraction
Direct bb(P1) 0.66 + 0.15
Secondary bb(opp. side) (P2) 0.15 £+ 0.08
Tertiary bb(P3) 0.09 + 0.04
¢, J /¢, secondary bb{same side) (P4-P6) | 0.02 + 0.62
Background {P7) 0.08 + 0.04 |

To determine the relative fraction of the processes listed in Table 1, a sample of 10000
dimuon events from bb and ¢Z were generated using the ISAJET Monte Carlo. The events
were then passed through the fast D@ simulator which employs parameterizations of the D@
detector response to hadrons and leptons and the Level I and Level 2 trigger efficiencies.
The offline cuts described above were then applied and the relative fractions of contributing
processes resulting are shown in Table 2.

The accuracy of the fast simulation model has been checked by processing 5000
dimuon ISAJET events through full GEANT detector simulation, complete trigger and re-
construction packages, and offline cuts. Similar fractions are observed within statistical
errors.

5.4 Resulls

Assuming the relative fractions of contributing processes given in Table 2 and using
the measured value of R from equation (3) we find for the combined time averaged mixing
parameter x

x = 0.14 £ 0.03{stat) £+ 0.06{sya), (4}

where the systematic error is dominated by uncertainties in our estimation of the fractions
of contributing processes from our procedure. This value of y is in agreement with results
from CDF and LEPM~®, Work in reducing the systematic error by increasing Monte Carlo
statistics and improving the technique for estimating the fractions of contributing processes
is in progress, along with determining a lower limit on z,.

6. RUN IB

The resulis presented in the previous sections are largely preliminary. Because of
the higher priority of top search, W/Z, and QCD physics programs, all of the single muon
data were taken with special, low luminosity runs. This, naturally, severely limits the data
sample, and low luminosity runs will become increasingly rare in the next run. Our plan for
run Ib is to implement single muon triggers to run in the regular trigger set. This will require
@ a high enough rejection rate from the Level 1, 1.5 and 2.0 triggers to get to an oversll rate
that is some acceptable fraction of the 4 Hz bandwith Limit to tape, with a minimum of
prescaling,

The biggest contribution to this reduction will come from the Level 1.5 hardware muon
trigger. The Level 1.5 trigger defines much narrower roads than the Level 1 hardware trigger.
The determination of muon hits consistent with thesc roads allows a rough determination



Table 3: Single Muon Rates with Level 1.5 Rejection, luminosity =~ 10%

[ 7 Region | Level 1 (ub) | Level 1.5 (ub) | Level 2 (hz) |
< 10 50.0 80 1.6
nl < 1.7 65.0 20.0 20.0
ai<23| 1150 30.0 30.0
7l <33 625.0 50.0 35.0

Table 4: Singie Muon Rates plus Jets with Level 1.5 Rejection

7 Region | Level 1 (ub) | Level 1.5 {ub) | Level 2 (hz) |
Il < 1.0 2.0 0.8 0.6
Al <1 3.0 1.2 1.0
ol <22 4.0 16 15
7 <33 0.0 3.0 10

of muon momentum, and pr culs can be applied at this level. For the last run this Level
1.5 rejection was only applied to high pr W, Z and top triggers in the central region during
regular data taking. The Level 1.5 is now in place for the entire muon coverage. The very
high rates at jy| > 1.0 will force an additional requirement an the single muon triggers. If
a jet is also required in the Level 1.0 trigger, the single muon irigger should be able to run
unprescaled for all but the highest n region.

The dimuon data sample was taken during normal data runs, but prescaled signif-
jcantly. A Level 1.5 requirement on one or both muons would eliminate the need for any
prescaling of the dimuon triggers. Dedicated runs were taken near the end of run la to test
the Level 1.5 hardware on single muon, single muon plus jet and dimuon triggers, Figures
7(a-c) show the results for each trigger in increasing regions of 5. Further rejection rate is
expected for both Single muon and Dimuon triggers as the Level 1.5 is betier understood
and the tables refined, and from improved code in the Level 2 (software) trigger.

7. RUN II AND BEYOND

7.1 D@ Detector Ungrade

The upgrade in the Tevatron luminosity has made it necessary for an extensive up-
grade of the D@ detector for higher luminosity operation. To keep a visble physics program
at D@ running through the decade, a detailed detector upgrade plan has been proposed for

Table 5: Dimuon Rates with Level 1.5 Rejection on one Muon

7 Region | Level 1 (pb) | Level 1.5 (ub) | Level 2 (hz) ]
<10 7.5 T3 0.3
<17 35 18 0.5
<22 15 2.0 0.6
<33 ] 2150 130 )
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implementation begin- ing with collider run II. These plans have been described extensively
in several documents!'®='3, The basic scheme calls for the replacement of the entire current
central tracking system. The vertex tracking (VTX), transiton radiation detector (TRD)
and the central and forward drift chembers {CDC and FDC) will be replaced by a combi-
nation of silicon microstrip barrel and disk detectors, and a full scintillating fiber tracker.
Another major addition will be a superconducting solenoid magnet, surrounding the new
tracking system, with a preshower detector located just outside the magnet.

The current scintillating fiber design consists of four “super-layers” at radii of 20.0,
33.0, 44.0, and 55.0 cm inside 2 2.0 Tesla superconducting magnet. In each super-layer the
fiber layers are arranged in four doublets with hall-fiher width offsets. Two of the fiber
doublets {axial) are oriented parallel to the beam axis, and the other two are oriented with
offset angles to the axial doublets of one to three degrees { i.e a constant pitch of 0.001
rad/cm along z). There is a total of 90,000 fibers in this system which are individually
read out. The silicon disks and barrele are located inside the fiber barrels and close to the
beam. The full D@ upgrade tracker is shown in Figure 8.

A full simulation of the proposed upgrade is available and is used in extensive stud-
ies of event reconstruction, track resolutions and efficiencies. In particular, b5 events with
selected & — u decays and J/ events have been generated to study tracking performance

of the upgrade central tracker.

7.2 & Physics at the Upgraded D@ Detector

The copious production of hadrons containing the b quark at the Tevatron will permit
a broad range of studies. Results from CDF and the very preliminary D@ sample show that
it wil] be possible to obtain high-statistics, clean samples of B states and J/¢'s. This, and
the results from D® upgrade simulation studies!!, give an optimistic outlook for detecting
CP violation in the B-sector at the upgraded DD . In addition, several more crucizl measure-
ments are possible with the upgraded D@ detector, many of them inaccessible to experiments
in an ete” collider. Among these unique studies ate 1} B, mixing and determination of V,,;
2) Study of the B, meson (with its unique spectroscopy of two heavy dissimilar quarks); 3)
Exploration of the b-baryon spectroscopy; 4) Rare decays involving flavour changing neutral
currents. :

As in the original design, a major thrust of the D@ upgrade has been toward high
mass, high pr physics. However, as with the current muon system, the acceptances and
resolutions for tracks are adequate to make a significant contribution to b-physics. The
phase space of the B-meson decay products fully populates the geometric acceptance of the
tracking down to |9| = 3 and beyond, and also down to very low pr. In particular, for &
quark physics at the upgrade, there must be a high reconstruction efficiency for tracks which
traverse all components of the tracking system: scintilling fibers, silicon barrels and silicon
disks. Thus &-physics tracking necessitates a deeper level of tracking system integration than
does the high pr top and W tracking.

Studies have been made with generated b0 events and selected b — p decays into
2 distinct 5 regions: |p| & 2.0 and |g| = 2.5. In the first case the muon traverses four
silicon disks, two silicon barrels and two fiber barrels; in the second case it traverses seven
silicon disks and one silicon barrel. In either case, the track finding efficiency is 100%,
with no distortion of the resolutions compared with those found earlier for isolated muon
tracks. Figure B shows the geometry of the n divisions in the upgrade central tracking - the
arrangement of the silicon and fiber elements are such that for any 5 a track goes through a



minimum of 7 tracking devices.
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Figure 8. Upgraded D& detector. The existing central detector is to be
replaced by silicon barrels and disks and scintillating fibers, with a
solenoid just inside the calorimeter cryostats (lop}. Details of the Upgrade
central tracking shown w.r.t.  {bottom).

A bb sample has also been generated where one of the B-mesons decay to a J/y and
subsequently to a muon pair. The b quark pr was between 10.0 and 20.0 GeV and that of the
muons greater than 2.0 GeV with || < 4.0. Several reconstruction studies have heen done
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on these events. The J/ymass resolution for 2 different 7 regions: 1) both muons accepted
in the scintillating fiber barrels and 2) both not accepted. These are shown in Figure 8. The
resolution obtained in the masses is compatible with that used in previous simulation studies
of CP violation. The study here uses full pattern recognition in both disks and barrels.

The results show a favourable outlook for the tracking design to support a strong b
physics program. Integrated with the current muon chambers, the upgraded tracking system
combines the resolution, vertex reconstruction and the current system’s low background
from punchthroughs and direct decays needed for CP viclation search. The inclusion of
the solenoid for the inner tracking effectively doubles the b event sample by identifying the
electron B decay channels analogous to those of the muon. With the new central tracking,
and the planned electronics upgrades on the existing detector elements, the upgraded D@
detector will be able to satisfy all requirements for a sustained, competitive b physics program
for the next decade.
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8. SUMMARY

The D@ experiment has completed its first collider run with notable success. De-
spite the priority given to top, W/Z and QCD programs, the b physics group managed to
solve most major outstanding problems in triggering and reconstruction of b-quark produced
muons, and demonstrated that the D@ detector has impressive reach to low pr high 7
regions where the high cross section for b-quark production can be exploited. DO produced
preliminary results on the inclusive muon cross section out to jn| < 3.3, and for J/y out to
[n| < 0.8. Also produced was a preliminary measurement of the time-averaged mixing proba-
bility x. Prospects for reducing hoth systemalic and statistical errors in these measurements
using the full run Ia (1992-1993) data sample are excellent. Since the entire muon trigger
was in place by the end of run Ia, the collaboration anticipates all & physics measurements to
be made out to the design coverage of 5| < 3.4 during run Ib. Work on the determination of
the bb cross sections using the inclusive muon and J/4 cross sections is in progress. Searches
for additional particles such as 4’s and K25 associated with J/4’s are ongoing. The data
sample is expected increase by more than an order of magnitude during run Ib. The pro-
posed D@ upgrade will greatly improve the D@ detector’s continued § physics programs,
in particular, enhancing its prospects for CP violation search in the B system and providing
a strong b physics program at Fermilab into the next century.
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Extracting CKM parameters from B decays
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Abstract

This note extracts CKM (Cabibbo-Kobayashi-Maskawa) parameters from currently
triggerable B-decay modes. The classic By — J/¥ /s asymmetry measuses the angle
3, one of the angles of the CKM unitarity triangle. The other angles of that triangle
are more difficult to extract. A tagged, time-dependent study of B, — J/¢ extracts
the angle v. Such a study of By — J/4p® independently determines 7, where By -
J{¥K"® needs to be studied for normalization purposes. A tagged study of the classic
By — m*n~ extracts o if the penguin amplitude is negligible. The penguin may
be sizeable, however. An involved isospin analysis is then required. It measures o
by disentangling the penguin from the tree amplitude. At hadron accelerators, this
isospin analysis would require a tagged, time-dependent study of By — x%x® which
is currently impossible. This note presents alternatives for measuring a. The angle
could be obtained from studies of exclusive modes that are governed by & — d £+¢-,
such as 8 — pe*¢~. The branching ratio for such an exclusive mode is tiny, at
the few 1078 level. Another method for measuring this angle requires the study of
both By — n¥x~ and B, — K*K~. Many more modes could be used to extract
CKM parameters, if triggering on secondary vertices becomes feasible. The methods
discussed here require high precision. They require tremendous effort experimentally
and theoretically. Experiment will guide us toward the feasible modes and theory must
accurately estimate ratios of related strong matrix elements.



1. Introduction

Not all the three angles «, 4, and ¥ of the CKM (Cabibbo-Kobayashi-Maskawa) [1] unitarity
triangle [2} can be straightforwardly extracted; see Figure 1. The angle 3 is the easiest to
extract and can be obtained from the By — J/¢ K5 asymmetry with negligible hadronic un-
certainty {3]. The uncertainty of strong matrix-elements cancels in a ratio which determines
the By — J/¢ K asymmetry.

The determination of a and 7 is more difficult on two fronts. First, the straightforward
asymmetries, such as for By — nr~n* and B, — p°Ks, may not suffice to determine the
angles of the CKM triangle, because of penguin diagrams. Elaborate methods have been
proposed to overcome this problem (4] - {11]. Second, all existing methods employ modes
that cannot currently be triggered on at hadron accelerators.

This note shows how triggerable modes, those with di-leptons in the final state, can
extract all the angles of the unitarity triangle: o, 8 and y. Further, all the angles can be
obtained from triggerable B; modes alone. Additional triggerable B, modes are available
for the extraction, if the resolution is good enough to ohserve time-dependent effects of the
B,. Time-integrated rate-asymrmetries are not as useful, because they are badly diluted by
the large mixing parameter x,,

Pat[tB,) = N-T (B~ J)] tms
et - N+r(B.(t) =) =

Before turning to the triggerable modes, we briefly review the existing methods. The

angle o can be determined from the By — atmr—, p*r¥ af

(1)

for large =z, .

#¥ asymmetries [4], when pen-
guin contributions are negligible. For sizeable penguins, elaborate isospin analyses extract
a by disentangling the penguin from the tree [5]. Since the m# isospin analysis requires
time-dependent studies of By — 7%7% decays at hadron machines, it will not work in the
foreseeable future [6]. A combined Dalitz plot and isospin analysis of B — pm may be able
to determine « {7]. The angle o can also be extracted from six decay modes related to
By — D°K (8], or variants thereof [9].

Most methods extract v from tagged, time-dependent studies of specific B,-decays. Ex-
perimentalists will have to learn how to observe the rapid B,-oscillations for very large B,
mixing,

x, 2 20. (2)
The By, — p°Ks asymmetry would measure v, if penguins could be neglected. But penguins
may not be negligible, and -y cannot be cleanly extracted from the asymmetry, Anyway, the
branching ratio of this color-suppressed mode is expected to be tiny, at the 10-7 level [10].
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The angle 4 can be extracted from tagged, time-dependent studies of [10) B, — DX K¥F
or B, -+ D°¢ (B]. Penguins cannot contribute and the branching ratio for the color-favored
B, — DEK7T mode is expected to be large,

B(B, —» D*K¥)~2 x 1071 . (3)

Modes of beautiful hadrons with neutral I»’s can be used to extract 4. Neither tagging
nor time-dependence is required for this extraction. The angle + is obtained by measuring
the rates of six processes, B — D°K,D°K,DZpi and their CP-conjugated partners (8],
(11]. Here D2, denotes that the neutral D is seen in modes with definite CP parity.

We designate by /" those resonances of K© which can appreciably be seen both in modes
that determine their kaon flavor and in modes where the kaon flavor is lost. The K55 denotes
CP-eigenmodes of the A" resonance, which are modes with undetermined kaon flavor. Two
such resonances are K% and K'(1270). The K*is seen in its K *r~ mode two-thirds of the
time and in its Kgn® mode one-sixth of the time. Because the 7% may be difficult to detect
in a hadronic environment, we consider the &,{1270}. It is not too broad, I' ~ 90 MeV, and

is seen appreciably in the KJ*(1430)nr~ and K*tn~ modes that tag the original kaon-flavor.
A mode where the original kaon-flavor is lost is

B(K\(1270) — Ksp%) =007 . (4)

A Dalitz plot analysis distinguishes among the various modes of I(;{1270).

Time-dependent studies are reviewed in Section 2. Section 3 shows that a tagged, time-
dependent study of B, -+ J/i¥¢ measures 7 or alternatively a. It notes, in passing, that
a similar study of color-allowed modes, B, — D D;, Dt Dy, DY D, DY D7, extracts
the same CIKM angle. Section 4 mentions that the & — d 4 ¢ transition involves non-
spectator amplitudes at the few percent level compared to the dominant spectator one, The
interference between the non-spectator with the spectator amplitude could result in direct
CP violation {12]. Section 5 exploits this interference to measure + from a tagged, time-
dependent study of any of the following processes of By — Jfy p° J/yw, /7% B, —
JI Kg, By = J{p K*°, B, — J/¢¥ K. The measurement of v can be performed regardless
of whether direct CP violation occurs. Section 6 sketches the extraction of the angle « from
CKM suppressed exclusive rare decays governed by b — d+.8¥¢~ suchas B — p£¥¢-, 5 —
7 €Y, B — w £+¢~. If we could succeed in triggering on secondary vertices, many more
modes could be used to measure CKM parameters. Although some of those modes are
briefly discussed in Sections 3 and 5, Sections 7 and 8 are devoted entirely to them. Section
7 determines o from the By — w*r~ mode when the penguin graph contributes sizeably,
without recourse to an isospin analysis. The determination of CKM parameters from many



additional modes, governed by b -~ d + charmless, is covered in Section 8. The short hand
b ~ d + charmless denotes any of the b — dufi,b — ddd and b — ds3 quark transitions.
Sections 5 - 8 extract the CKM angles up to discrete ambiguities, We chose not to discuss
them because the treatment would become more cumbersome. The time to analyze all the
possible ambiguities is when data has been accumulated. Unfortunately this lies many years
into the future, Conclusions can be found in Section 9.

The CKM angles can be extracted only when ratios of related strong matrix elements
are accurately known, except in the method described in Section 3. Those ratios will have
to be analyzed carefully.

We have organized this report in terms of measuring the CKM angles a, 4, and =, because
this has become the popular description of the CKM model. However, on a more fundamental
level, the CKM matrix can be parametrized by a single CP-violating parameter and three
magnitudes. Within that context, the report extracts various CKM combinations. The

extractions allow the overdetermination of the CIKM model.

2. Time-Dependence

This section reviews time-dependent amplitudes for the decay of a neutral B to a final
state f [13, 14, 4]. This intriguing phenomenon occurs because of B° — B° mixing. The
time-evolutions of initially unmixed B® and B® are

|Bo(t)) = elt) B +1 g () 18% , (5)

|B(E)) = eft) |B% +i § s(1)18%) , (6)
where

e(t)=e" BB Bt os A;nt , A (N

s(y=e"" T A;nt . (8)

The parameters ¢ and p are the coefficients which relate the B® and A? to the mass-
eigenstates. The CKM model predicts

ta/pl 2 1, (9)

BS

to an accuracy of 1072 for the By system, and to 107 for the B, system. The ratio ¢fp is
essentially a phase given by

Vi Vi

g
1o 10
p VotV (10)
where & = d or s for the By or B, system. Define the CP-conjugated final-state as
17y =CPlf). (11}
Consider the four time-dependent rates of an initially unmixed neutral B to f and [.
F(B) = /) = {0 SIBN cos? S0 | 1B sin? B
~ [ S1B%)[*m Asin Amt} (12)
(B = ) = e™{ KB cos* 2 4 | f1BF sin? 27
+ |{ fIB)*Im Asin Amt} (13)
(B —~ ) = e (K NBY cos? 2 41 71BO)sin? 2T
+ [{ FIBOIm X sin Amt} | (14)
(B~ f) = e ™{i FIBO) cos 2L 4 ¢ LB sin® —“A;n :
= 1(F1B%)*tm X' sin Amt} (15)
where (115%
rea(B'— =12 , 16
== o)
_ f13°) :
YA o p= 148 17
= D= iy (o

The distinction between an initial unmixed B° and BY is called tagging. Whenever we
speak about a tagged, time-dependent study of B° — f, we mean the study of all four



time-dependent rates, Eqs. (12)-(15), For final states which are CP eigenstates, only two
distinct time-dependent rates exist.

A tagged, time-dependent study measures the magnitudes of the unmixed amplitudes,

{ABN, 1CABN, ICABY, [ FIB%) (18)

and

Im A(B® — f), Im A(B® — f). (19)

Strictly speaking the four time-dependent rates of Eqs. (12)-(15) were derived under the

assumption that there is no lifetime difference (AT} between the heavy and light B9 While
Al may be observable in the B, system [15, 16],

AT/T ~ 10%, {20)

it is negligible for the By system. Tagged, time-dependent fits with non-zero Al extract, in
addition to the above observables, Eqs. (18)-(19), the quantities [13]

Re A(B” — f) and Re A(8° - f). (1)

The A’s will be known without any ambiguity.

3. v (or «) from B, = J/¢¢

The angle v can be extracted from tagged, time-dependent measnrements of B, — J/9 ¢

[13, 17]. The unmixed B, — J/¢ ¢ amplitude is dominated by the CKM combination Vs V.2,

and B(B, - Jf¥ ¢) = 1072 can be inferred from the measured B(H; — J/$K*%) [18]. The

amplitude with the different CIKKM combination Vs V.5, is negligible, because it is suppressed

by three orders of magnitude {12]. A tagged, time-dependent study of B, — J/¢ ¢ measures
Vale Vols

- 4 2 R 22
Vo Vi ViV (22)

The final state has both CP-even and CP-odd components, diluting the CP asymmetry.
An angular analysis can disentangle the CP-odd from the CP-even conttibutions {19, 20].
It extracts A without loss in statistical accuracy when one CP-parity dominates. But even
when no CP-parity dominates, the full angular distribution measures ImA with a statistical
accuracy that at worst would require no more than four times the statistics compared to
a definite CP eigenstate [20]. CLEO and ARGUS results indicate that the helicity-zero
By — J/¢ K°° amplitude is dominant [21]. This result suggests that the final state of
By, — J/4 ¢ is mainly CP-even.
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The tagged, time-dependent distribution {(for the CP-even part) is

{-)
r (Bf 6y = Jfy ¢) ~e““{1(:) I A sin Amt}, (23)
where ' denotes the B® lifetime, Am the positive 8° -+ B° mass difference, and

tma = 2Vl |52 siny (140 (¢7)) (24)

Ve
= 2l |7} sin s (1 + 0 (#7)) (25)

Vg

Via Vi | .

=2 _T/?b_ 1na(1+0(92)) (26)

The sine of the Cabibbo angle is denoted by # = sin 8, = 0.22.

Measuring Im\ requires the tagged, time-dependent study of B, — J/ ¢. Once Im
is measured, we can either choose to determine sin+y by using Eq. (24) with the by then
accurate measurement of |V,;/V]. Or sina can be extracted from Eq. (26) with the by
then well known quantities |V.gVus /V ).

The CKM model predicts large values for -,

035 siny < 1. {27)

Equation {27) and present measurements of |V4/V,y| guarantee that the interference term

never vanishes,

0.01 £ Im < 0.05. (28)

Thus the CKM model predicis nonvanishing CP violation at the 82 level. Measuring ImA =
0.05 (to 30) requires the observation of 3600 tagged B, — J/i ¢ decays, assuming perfect
tagging and time-resolution.

The same CP violating interference term occurs for the modes governed by b — ¢és, such
as B, — DYD; Dyt D=, DY Dy~ , Dt ;. Those modes are dominantly CP-even [16]. To
increase the data sample, they could be added and measure ImA up to a correction that
depends upon the dilution coming from the CP-odd parity.



4. Direct CP Violation with b — d(c¢)

The branching ratio for the color and CIKM suppressed exclusive decay mode H, — HyJ /4
s,

B(Hy, — HyJj) ~ 5 x 1075 . (29)

Here H, (Hy) denctes a bottom (down}-quark flavored hadron. Rate asymmetries at the few
percent level are possible [12]. They require neither tagging nor time-dependences, except
for modes of neutral B mesons where Hy decays into a CP eigenstate.

The comparison between the Hy — HyJ/1 process with its CP-transformed partner may
exhibit CP violation not only in a rate comparison, but in other decay parameters as well,
For instance, compare

B™ — J{pr™ versus BY — Jiypn*t,

B~ « Jihay versus BY — J/yaf,
B — Jfp™ versus BY — Jfypt,
B, — J/HI™ versus B, — J/pK°,
B, - JIpK*n~ versus B, — J{YpK~n*,
Sy = JPA versus I — JfpA,
O — JIYE" versus f — J/p=t.
The amplitude for the process is

A= A(H, — Had ) = Ecag + Euan {(30)
while that for the CP-conjugated process is
As A(Hy — Hyd ) = Eaq + Ea,. (31)
Here
£ = VoV,
are CKM combinations, and a; and a, strong matrix elements which probably differ in

their final-state phases. Unitarity of the CKM matrix eliminated the £, contribution to the
amplitude. One CP violating observable is the rate asymmetry,

"[2“,'3:35.

(32)

_ AP—-1AP
Avm = fapap
. ay Vuél/ud
~ —2sinvy Im(;;-) Vv, (33)

37

The CKM model predicts siny to be large, Eq. (27). A recent report has shown that [12]

loufaz| = 0.05 , (34)

where a, is estimated from the one-loop electroweak contributions. The conventional non-
leptonic penguin amplitude requires at least three gluons to create the J /1. The final-state
phase difference is currently being investigated [22].

There is no need to limit ourselves to the &, — J/YHy modes. CP asymmetries at the
1% level occur for the truly semi-inclusive b — ¢zd mode. For instance, the asymmetry would
show up when all the B~ modes governed by b — dez are summed over, such as B~ -+ D~ 9,
D*=D° DD, D*D*°, Jfpn=,J/pp~, J/a;, etc. Neither tagging nor time-dependences
are required to observe this CP violating effect. The inclusive & — deé asymmetry can be
more reliably calculated than the exclusive ones. It is trivial to obtain the asymmetry from
the existing literature which considered b — d + charmless. Some choice exclusive modes
have been studied {23, 24). The CPT theorem requires that (25)

F(bodet)-T (E — Jcc':) = - (l" (b — d + charmless) - [ (5 —d+ charmless))(35)
Thus the inclusive b — dc¢ asymmetry can be estimated from the published calculations
of b — d + charmless [26). But let us review what is involved in calculating the inclusive
b« dcC asymmetry. First, the ¢* dependence of the virtual gluon of the penguin graph is
tightly ‘constrained, 4m? < q* < m?. The gluon is hard and can be treated perturbatively,
Furthet, the absorptive part relevant for CP violation emerging from the u-quark loop is
not kinematically suppressed. Asymmetries at the percent level result. This perturbative
treatment is more justifiable for the inclusive b — dcZ process than for the exclusive modes,
such as B~ — D°D~, D°D*~, D**D~, D*°D*~, because of rescattering among them. It is
possible that some of the exclusive modes will show larger CP-violating effects, which will
be compensated by smaller effects with other modes.

In conclusion, the CI{M-suppressed mades governed by the b — d ¢ transition may show
direct CP violating effects at best at the few percent level. Although sinvy is proportional
to the rate asymmetry, we cannot extract it, due to our lack of understanding about final-
state interactions. The effects of final state interactions largely cancel in ratios of related
processes. Such ratios may then allow the extraction of CIKM parameters, which will be the
topic of the next sections.



5. v from By — J/¢p°

Section 4 focussed on exclusive modes governed by b —+ dcé. Those modes invoive two inter-
fering amplitudes with the relative CKM angle v. If the strong matrix elements could
be calculated from first principles, the CKM parameters could be extracted from CP-
violating effects and other observables. However, our ability to estimate strong matrix
elements is raeager. Although we are currently not able to estimate strong matrix ele-
ments, we may be able to estimate their ratios more reliably. This note extracts CKM
parameters by using such ratios. The extraction of ¥ will be illustrated with the By —
J/¥p® mode, where By — J/¢K*® serves as normalization. However, each of the modes,
By — J/yr® Jfgw, DY D, DY D= Dt D*- D't D*", ete., extracts v, with the normal-
ization coming from By — J/$Ks, J{Pp K=, D} D, D3t D, D} D*~, D:t D*~, etc., respec-
tively.

For the exclusive modes governed by & — dcc, factorization applied to the eflective
Hamiltonian predicts a penguin to tree amplitude-ratio of a few percent (12, 22], |a./ag]| ~
0.05. This section demonstrates that ¥ can be extracted regardless of whether or not the
final-state phase difference—-that is, the phase of a,/a;—vanishes.

Consider then the By — J/¢p° mode and use By — J{$K*° as normalization. The
amplitude of the unmixed By — J/a" is

A= { J/$p°|Ba) = b.a + Euay = Eeaafl + 2¢77) = £oazb {36)
while that for the unmixed By - J/p° is
A= (/901 B)) = Eanll + 267 = Earh (37)
The normalization comes from the CKM favored mode By — J/¢ K,
{(JIHK™®|Bg) = — V2 (v7az + vjau) = — VZ vlaa[l + O(107%)] (38)
where v, = Vi, V5. Since the final state consists of two s.pin one particles, three heliciiy

amplitudes contribute. A full angular analysis disentangles them, as shown in Appendix
A. The helicity zero amplitude probahly dominates the decay, as in By - J/yp K™ [21].
We assume that to be the case so as to illustrate the point most simply. Otherwise a
full angular analysis will obtain the CKM-parameter; see Appendix A. A tagged, time-

dependent By — J/¢p° study determines
|AP, 1A, and ImM By — J/9p%) . (39)

The last observable combined with the abservation of CP-violation in By — J/$Ks yields
arg(b/b), because
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b
b :
In fact, the isospin related processes, B¥ — J/yp¥, measure |A| and |A| without tagging and
without time-dependence. Then the determination of ImA(B; — Jf¥p®) might not require
time-dependence. It does require tagging, however. By normalizing with By — JIPK™, we
measure {b|2, |b]?, since

MBy— J/$°) = —M(Bs — J/$Ks) (40)

(Jfve®|Ba) P _ 1 Va? +iat _
(KeiByl T oalvl T =
1 (Vi 2 1
Here r is the ratio of the strong matrix elements a; and will come from theory [27],
_ | oa(Ba = Ibe®) * )
"~ laa By — JfK0)|

It must be accurately calculated and need not be close to 1. Eq. (41) determines |5, since
|Vea/ V| = 8, r will be given from theory, and the left-hand side of Eq. (41) is a ratio of
rates. Fig, 2 shows the two amplitude triangles,

b=142e",b=1+ ze. (43)

The points B and B are equidistant from O, and the angle between 08 and 08 is 2. Let
us extract y from the observables, which are jb}, {5 and arg(5/b).

We measure the lengths of 4 and b and the angle between them. Let us draw them. The
point O is not yet fixed. It is equidistant from points B and B, that is-point O is somewhere
on line d, see Fig. 2. However, normalization demands that EO is of unit length. The
location of point O is thus determined, and the angle v can be obtained.

Studies of By — J/pp® and By — J/¢K*® extract the angle v. The extraction is ac-
complished by observing the interference between the spectator and non-spectator diagrams.
The angle ¥ can be extracted whether or not direct CP violation occurs—that is, whether 2z
has a phase or is real—as long as |z| does not vanish. The extraction requires the knowledge
of the ratio of matrix elements, r.

The specific mode H; — J/¢p° suffers from drawbacks, The small phase of b/b must be
disentangled from the large CP violating interference terms, A(By — J/PKs) and M By —
J/#0°), see Eq. (40). The final-state interactions may differ for the JI$K*® and Jfypp°
modes, and thus r may not be able to be calculated accurately. Furthermore, even within



the SL/{3) limit, the ratio r is not exactly 1, because the W-exchange diagram contributes
to By — J/¥p” but does not to By — J/PYK*". This is an academic problem, because the
W-exchange diagram is expected to be highly suppressed compared to the spectator one.

Those drawbacks can be overcome by tagged, time-dependent studies of specific B, modes

as shown in Appendix B.

What makes this method difficult is that the interfering amplitudes, which are governed
by different CKM combinations, are so unequal, |2| < 1. Tagged, time-dependent studies
of B, — D¥*K¥ and B, — J{y¢ are most likely superior in extracting 4. Our motivation
to present the By — J/Pp® method is two-fold. [t may not be possible to study time-
dependences of B, accurately, if z, is large. Secondly, we wanted to point out that, in
principle, triggerable B%-modes allow the extraction of CKM parameters in addition to .

An analogous method extracts o from exclusive modes governed by the b — deté-
transition. This is the topic of the next section. The interfering amplitudes are of similar
strength, and the interference term yields the phase between the two unmixed amplitudes
without any disentangling. Those are Ywo important advantages over the modes discussed
in this section. The branching ratio is miniscule, however.

6. o« from B — pété-

The angle o can be extracted from the once CKM-suppressed exciusive rare processes, gov-
erned by b — dé*€~, The branching ratio is tiny, at the few x 1072 level.

B(B - pY¢7)~ 1077 — 1078, (44)

The modes of interest are three body decays, such as B — pfté- nfté- a8t B, —
K+¢*£, etc. The amplitude varies around the Dalitz plot. The variation [28] and the short-
and long-distance {29} contributions have been theoretically analyzed for the CKM-favered
b — sf+¢~ modes. The analyses can be modified to apply to the modes of interest here
b — d€*¢~ [30]. Our aim is only to sketch several ways to extract o. We thus simplify and
treat the ampiitude as a complex number. We are currently investigating how to optimize
the extraction of a. The unmixed amplitudes are

(P07 By)
{ A€ 7By

Enll4ze™ = £ 4K,

Gafl + z ) = &2, F, (45)

where z is a strong matrix element, and z depends on ratios of strong matrix elements and
an the magnitude of the CKM combination {V,,V,4|/|VisVig|. This parameter z differs from
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the one in Section 5 and varies around the Dslitz plot. An honest determination of & must

take the variation into account, which however is ignored here aa stated above.

Large direct CP violation occurs with exclustve rare modes governed by b — d£*¢~ [30].
The parameter z is of order unity with a large final state phase difference [30]. A few optiona
exist to determine o. The By — K*%#*f~ mode can be used as normalization,

Ko |By) = ~ V2 urz [l + O(107%)] . 46
1
Then we get o )
(p2€H 47| Ba) 2 1|V —iagz _ L[ Vd[* 2
(RemeTagl ~z v e =g ]y 1T n

where we omit an SU/(3) breaking ratio of order unity, for simplicity. Clearly, by the time
experiments capable of measuring this ratio will be feasible, the CKM ratio |Vi4/V,] will be
well-known. A tagged, time-dependent study of By -+ p®8*{~ yields

|E], |E| and (48)

ImA(By — p%¢F ") = Img .

(49)
The moduli of the unmixed amplitudes can also be obtained from the isospin related charged
B decays, B* - p* £+¢~. Neither tagging nor time-dependence is required. Note that the
interference term informs us directly about the relative phase between E and E, without
having to involve another CP-violating measurement, in contrast to Eq. (40). The angle
e is extracted “in analogy™ to the extraction of v from By — p®J /4 {31). If time-dependent
B,-measurements are feasible, a could also be determined from B, modes; see Appendix B.

A second variant could be to measure only the moduli of the two “unmixed” amplitudes
and use the calculated z. This suffices to extract a. The moduli could be obtained from
the charged B-decays, B* — n*¢+¢= af*¢-, etc. The mode B — K¢+~ would provide
the normalization. The two moduli could alternatively come from B, — K¢t g and
B, — K*°¢t¢~, which are self-tagging since K*° is seen in its K*n~ mode. Theoretical
uncertainties are probably reduced since the By-mode with identical particle content By —
I*°f% ¢ could be used for normalization. Neither tagging nor time-dependence would ever
be necessary. A third variant eliminates normalization. The twe moduli of the unmixed
amplitudes, the interference term arg{ E/E), and the calculated z suffice to determine a.

The amplitude ratio z is of order unity for the exclusive b — d £¥£~ processes, in contrast
to the exclusive b — dJ/1) modes where it is tiny at the few percent level. Thus, the angle
o may be more readily extracted than the angle v by the method discussed here.

The extraction of o is also possible from modes with a photon, by using variant 2. The
angle a cannot be extracted from methods that involve an interference term A, for modes



with a photon. The interference term vanishes because only one helicity occurs from the
B°-decay and the other from the B%decay {32]. Variant 2 measures the moduli of the two
amplitudes of B = afy and B~ — a7y, or B* — p*+. It normalizes from B — KR*y. The
two moduli of B, = K%y and B, — K*®y also extract o, where the normalization comes
from Hy — K"« or alternatively from B, — ¢+. The parameter z here is different from that
of By — p™*&" or B — p°J/¢, and is in principle calculable. A first step was taken by
Soares, who calculated [32]

2% (0.09 4 0.13)|Viy /Via] - (50)

More theoretical work is required in calculating this z reliably. Because the final state is

simpler than non-leptonic modes, there is more hope that theory will estimate z reliably,

In summary, exclusive modes governed by the & — d transition extract the angle a.
In addition to the information coming from the relevant modes, the extraction requires
experimental and theoretical input. Experiments must inform us about {V,4/ V.|, and theory
about » and about ratios of strong matrix elements.

7. «afrom By — n*sx~ and B, - KK~

The tagged B: — n*n~ mode extracts a, for negligible penguin amplitudes. It may occur,
however, that penguin contributions are significant compared to the tree one. An elaborate
isospin analysis could determine & by disentangling the tree from the penguin [5]. At hadron
accelerators. it requires a tagged, time-dependent study of the By — 7%7° mode, which at
present cannot be achieved [6).

This section presents alternative measurements of a in the case of large penguins. We as-
sume that flavor SU(3) for B-decays [33] and its breaking terms will be well understood. One
way could be to have a tagged, time-dependent By -+ n*r~ study with the normalization
coming from By — A*x~. This method is analogous to the extraction of v from the tagged,
time-dependent By ~+ J/¥p® study, where the normalization comes from By — JIPK", see
Section 5.

The accuracy on a depends on how dominant the penguin is over the tree amplitz'ide in
By — K*n~. The more dominant the penguin compared to the tree. the more accurately
a could, in principle, be extracted. Information as to the strength of the penguin amplitudes
could be obtained by comparing the branching ratio of the 7*#~ mode to the Ktr~ ane
and to those of pure penguin modes, such as B~ — K¢, Kgr~, By — ¢K's.

Another alternative uses tagged, time-dependent studies of the charged two-body modes,
By —+ #t=~ and B, — K+t K~. This method will be the focus of the section. The unmixed
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By-amplitudes are

(#*77|By) = G + buau = Ea (1 + 2 €°) = Eaa (51)

(r*77|Ba) = §a) +2e7°) = £laa. (52)
The interference term is given by
a 1 + ze*
M= e (53)

Here ¢, are the relevant CKM combinations, a,,a, are the two strong matrix elements, and
 depends on their ratio and on the ratio |, /(. Nate that a,,a., and z denote different
quantities from the ones of previous sections. The two unmixed B,-amplitudes and the
interference term are

(R*H71B) = vo + vaay = viadl + rze™™| = wa,b .
(KTR7I8,} = zjal +rze] = vlah .
b I+ rze™
b= g (54)

} + rzem

The b, & and r differ from the ones defined in Section 5. For simplicity, SU/{3) flavor
symmetry is assumed. although much effort will have to he directed toward estimaling
cotrections to it. The parameter r is a ratio of CIKM elements and will be well known:

Vs Vig
T Vi, 1 (59)
and so will the relative normalization of the unmixed B,- and B,-amplitudes,
14:] _ | Ve
Uy h Vr.u ' (56)

The tagged, time-dependent study of By — #*#~ informs about lal,|&|, and arg (d/a), while
that of B, — K+ X'~ measures ||, }b|, and arg (b/b). Figure 3 shows the two By-amplitude
triangles,

ea=1+ze " 3 + zeti®

(57)
and the two B, ones.

b=14rzet™ bh=1]4prse . (58)
The angle LACA is 2a. while (BCB is 2.

We wish now to demonstrate the extraction of the CI(M parameters a and 7. The
tagged, time-dependent By — a*r~ study obtains the phase. arg(a/e). and the moduli of



the unmixed amplitudes, |a| and |&]. The two moduli are determined up to an overall constant
that can be chosen arbitrarily. The choice of the overall constant fixes the magnitudes of |b|
and bf. The two magnitudes, |b| and 8], as well as arg(8/b) are obtained from the tagged,
time-dependent B,-study. Draw the triangle AOA. The lengths of its two sides and its angle
£AOA are known. Point C lies on the straight line d that bisects AA. The shape of the
BOB triangle is known. Its orientation relative to AOA is fixed because points B and B
must be equidistant from d. Point C is found since the ratio of lengths is known,

CB/CA=r, (59)

thus determining the angles « and +. is sizeable, b and
will be indistinguishable and v will not be determined, because CB < CA. For a negligible
penguit of By -+ m*m~—that is, z 3 1—the interference term Ay determines a, and v could

be obtained from the method outlined here.

If the penguin of By —+ atzn~

Instead of extracting the CKM angles o and v when [Via/ Vil is used as input, the
procedure could be inverted by supplying a CKM angle and determining [V;a/Vi,| and the
other CKM angle. The key point is that a simultaneous study of By — ntnr~ and B, —
K+ K~ can be used to extract CKM parameters.

8. «from b - d + charmless

‘The method used in the previous section can be extended to many additional modes, where
the B, and B, modes are related by flavor SU/(3). There may be doubts as to the validity of
flaver SU/(3) for the final state. For instance, the symmetry is badly broken for D° modes
(18],

M ~9 . (60)

PD® — wtn-)
Perhaps the invariant mass of 5° still lies within the resonance region, and the breakdown is
due to different resonance structures. If so, Ravor SU/(3) would be a rather good symmetry
for B-decays, because the B-mass is much above the resonance region. We do not really
understand the symmetry breakdown for the final states of D° that are related by flavor
SU(3). We could, however, considet final states that are identical in particle content and
differ only in their invariant mass, one coming from decays of the heavy hadron and the
other coming from the SU/(3)-related heavy hadron. For the B-mass region, the final state
interactions are expected to be similar for the modes with identical particle content coming
from decays of the By and B,. Only the SU(3) relation between the initial states (Bqy and
B,) and between the transition currents must be investigated. Table 1 lists examples of such
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modes. In analogy to the last section, the angles o (and perhaps ¥ too) can be extracted.
For classes -2, the phase between the two unmixed amplitudes can be disentangled; for a
similar discussion, see Section 5. For modes that involve a single A® resonance, KT, f.he
moduli of the two unmixed amplitudes can be obtained from untagged and time-integrated
data samples. Determining the interference term requires a tagged, time-dependent study
with K7.p, however. Theory and experiment will guide us to those modes that have small

theoretical uncertainties and that are experimentally feasible,

Many neutral B modes may be used in the future to extract CIKM parameters. The
extraction is done by disentangling the CKM parameters from strong matrix elements. The
disentangling is accomplished by simultaneously studying related modes, where most the-
oretical uncertainties cancel. We could either study SU(3) related modes, or By and B,
modes with identical particle content.

Table 1: B, and By modes with identical particle content.

Class | B, transition | By transition Examples _|
1 b= duu b— 5un P Ks wh's, Nl s, gk p° K7 Wwh"
2 b— dass b sss dhg, "
3 b+ 5 dd b dss AORO, KR KOR AT RO

9. Conclusion

Triggerable B4 modes can extract each of the three angles of the unitarity triangle. It is well
known that a tagged study of By — J/¢Ks measures B. 1t is, however, not as well known
that a tagged, time-dependent study of B, — J/yé, D} D7 determines v [13, 17]. The
determination requires the value of |V,4/Vy| as input. The angle v can still be measured,
even if accurate time-dependent B,-studies are not feasible, perhaps because x, is too large.



The measurement could come from a tagged, time-dependent study of By — J/3p®, where
By — J/¢¥ K% would serve as normalization. Although it could be done, it is a challenge
in both experimental and theoretical aspects. The small phase between the two unmixed
amplitudes must be disentangled {rom two large interference tecms; see Eq. (40). Further,
the magnitudes of those two unmixed amplitudes must be measured very well. On the
theoretical front, much effort must be expended to accurately calculate a ratio of strong
matrix elements, az(By — J/¥p°} az{Bs — J/YR"®). The exclusive modes governed by
b — dété extract the angle a. Here the phase between the two unmixed amplitudes is
generally large. It is measured {rom an interference term without any disentangling. The
rate is tiny, however.

If triggering on secondary vertices becomes feasible, many more modes could be used to
measure CKM parameters. For instance, a combined 8y — w*#x~ and B, — KV K~ analysis
can measure CKM parameters. Extractions with other such modes are discussed throughout

the note.

In conclusion, precision measurements with beautiful hadrons allow the extraction of
various CKM parameters. The CKM model will thus be tested by overconstraining it. The
extractions require copious amounts of beautiful hadrons and additional theoretical input
as to ratios of strong matrix elements. The first requirement can be fulfilled at hadron
accelerators. The second one requires much additional study. We look forward to stimulating
interactions between experimentalists and theorists as to what modes are feasible and as to

what methods have the least theoretical uncertainties.
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Appendix A: Helicity Amplitudes and the Extraction of CKM Angles

The extraction of the relevant CKM angle is possible even when several helicity ain-
plitudes exist. We prefer to explain the main idea by an example instead of keeping the
discussion abstract. The generalization to other cases is straightforward. Although Sec-
tion 5 focuses on By — J/9p°, this appendix discusses the B, — J/YK"® mode, because
additional subtleties accur, Consider the mode

B, —-Jiy K

.

(61)
Three helicity amplitudes contribute,
A= (JW(A) KP(N)|B,), A ==1,0. (62)
The CP-conjugated partner,
B, = Jj K
ot
l—‘ [\ m , (63)
involves
Ay = {Jfp(A) KO%(N)[B,), A=+, 0. (64)
We find it useful to define
Hy= A, + A, (65)
H.o= Ay — AL, (66)
Hg = 2Aog . (ﬁ?)
A full angular analysis can determine the following observables [34, 20],
|H+}2‘ ]H—lii {Hﬁlzv (68)
Re H, Hy , (69)
ImHy HX, Im H_ H; . (70)



The magnitudes and relative phases of {1, {{_, [l, are observables [35].

The CP-conjugated process involves

[[+E.‘/il+++(;1__- (7])
0= Agy — A, (72)
!}u = ')/ioo . (73)
CP invariance requires
[Hyl = ||, (o] = [, [Tl = | Hy| {74)
Re ff, I} =Re i, 11}, {75)
Im Ay @2 = ~lm H, {*, ln A_ Hy=-1m l_ H} . (76)

In terms of strong matrix elements (denated by pe, py, 10, My, 2, 2,) and CIKM combinations

o

f{+ =€:pc+6u Pus (77)
Ho =& m + €, my, (78)
!{D = Ec e+ {u Zu - (?9)

The CP-conjugated process involves

Hy = 9l€pe + €opa) (30)
Ho = —p(&m + £mu) (81}
Ho = n(&lz. +€52) - (82)

93

_ {~)
The phase 7 is arbitrary when the K'*% is seen in its A~ 7+ mode. It is +1{—1) when K is
seen in its Ksn®({,7°) mode. Were the By — J/¥p® mode considered, i would be +1.

{-) _ —
The Ksn°® mode of the £ allows the B, — J/y K*° and B, — J/ K*° amplitudes to

interfere. The time-dependences of the helicity amplitudes are

He(t) = Hile () + i s(t) /Ay, (83)
H(t) = Hele(t) +1 he s (1)), (84)
where
=9 M
M=o (85)
for k = +,—,0.

As discussed after Eq. (70), the observables are the magnitudes and relative phases of
the three Hi(t). Obviously that is true also for the three He(1). A tagged time-dependent
study of B, -+ JIP( K sm®) . determines the relevant interference terms. By disentangling

them, we measure

arg (Ho/Hy) for k= 4,-.0. (86)

The much more copious self-tagged data sample of B, — JIPp(K* 7~ )k obtains

IHi| and [}, k=+,-,0. (87)

In the my = m, limit, a full angular analysis of the process

Bd hand J/!J‘) [\'.0

L» Nta~ )

(88)
provides the magnitudes and relative phases of
Pes e, 2. (89}
For instance,
Hy(Bo— Jjw k) = 2 e (%0)



and similarly for Hy and H_. Statistics are doubled when the CP-conjugated mode 5; —
Jjp K™ is considered as well. The angle y can now be extracted in several independent
ways, Alternatively the magnitudes and relative phases of p., m,, z. could be obtained from
an untagged, time-integrated study of 8, — J/ié.

Appendix B: CKM Extraction With 8, Modes

The angles v and &« can be extracted from time-dependent B,-studies. Specific B,-
modes probably reduce theoretical uncertainties, because the By-mode with identical particle
content could be used as normalization. The uncalculable final state interactions mostly
catcel in ratios of amplitudes. The latter part of Section 5 discussed drawbacks of the
extraction of y from the By — J/¢p® mode, Those drawbacks can be overcome by studies of
specific B, modes governed by b — d4+J /4, suchas B, = J/¢Ksor B, = J/PKT. A tagged,
time-dependent study of such B,-modes extracts v. The normalization could come from the
untagged, time-integrated, CIKM-favored made of the other neutral H-species, By ~ J/$ K3
or By -+ J/9 K", respectively [36]. The final states have identical particle content and differ
only in their invariant mass by about 100 MeV [37]. The uncalculable final-state interactions
cancel to a large extent in the ratio of strong matrix elements,
, _ |aslB, = J[YKs)P
" T ax{Bd = JKs) |
Perhaps this ratio will be estimated more accurately than r; see Eq. (42). The phase
between the two unmixed amplitudes of B, — J/¢pK,(Jf¢ ") and B, — JjpK.(JpRT)
is determined by disentangling it from two interference terms,

MB, = J/YR{JfOREp)) = —A(B, — Jl{dlop=y W/ (92)

The & and b describe the unmixed amplitudes of B, — J/$R,(J/$R™) and B, » JJv K,
(J/¥ KT, in analogy to band b of Eq. (43). And A(B, — J/¥¢lcp-,) denotes the right-hand
side of Eq. (22}, and is obtained from a CP study of B. — J/y¢; see Section 3.

Whereas the imaginary parts of the two ir;terference terms of Eq. (92) are small at order
#?, the ones of M By — J/¢p%) and M By — J{¢K,) are much larger. It thus may be easier
to disentangle the phase between the two unmixed amplitudes for B, — J/pK,(J/PK")
than for By — J/¥p° Finally, there are no W-exchange diagrams for By and B, decay
modes to J/WR,(J/LKT).

What is the merit of extracting v from B, - J/¥ K" compared to B, — J/¥Rs? A
tagged, time-dependent study of 8, —+ J/4 s has to determine simultaneously three observ-
ables, the moduli of the two unmixed amplitudes and the interference term A B, — J/¢ K,).

o1
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In conttast, a tagged, time-dependent study of B, — J/y K} p needs to measure only the in-
terference term M B, — J/¥ ). The moduli of the iwo unmixed amplitudes B, — Jj$bK*
and B, — J{$K" are provided from the much larger untagged and time-integrated data
sample. On the other hand, the J{$ A" mode involves several helicity amplitudes. Angu-
lar correlations need to disentangle them, unless J/yA™ is dominated by a single helicity
amplitude. In contrast, the J/¥ &, mode involves only one helicity amplitude.

The modes B, — Ksftf~ (A ¢+¢") extract a. A tagged time-dependent study of B, —
Ksé* e (RT€*£7) determines the moduli of the two unmixed amplitudes and the interference

term. The moduli of the two unmixed amplitudes with a }\_! can be determined without
tagging and without time-dependence, as explained above. The normalization could use
the same final state from By, By — [\'gf"f“([i"’i’*f‘). The phase between the unmixed
amplitudes requires some disentangling, however,

(B, = Kst* e (KEpltE)) = =MB, — Jfdlepay )N (B — J$Ks)EIE . (93)

(~} _

E denotes the relevant unmixed amplitude of B, — WY~ (K7¢+¢7), in analogy to Eq.
(45). The observables are the two magnitudes of the unmixed amplitudes and their relative
phase. They allow the determination of « .
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Figure 1:  The CKM unitarity triangle.

The two amplitude triangles b and b, see Eq. {43). The angle between OB and
OB is 24.

Figure 2:

!
!
!
I
Figure 3:  The four amplitude triangles a,a,b and b. The angle between AC and AC is
2a, and the one between BC and BC is 2v.



97

8 MESON SEMILEPTONIC DECAYS
FROM 7T(4S) RESONANCE DATA

MARINA ARTUSO
Department of Physics, Syracuse University
Syracuse, NY 13244, USA

1. ' INTRODUCTION

B meson semileptonic decays are an exceptional laboratory to study a very impor-
tant sector of the Standard Model, namely the quark mixing parametrized by the Cabibbo-
Kobayashi-Maskawe (CKM) matrix. Two CKM elements are directly measured in semilep-
tonic decays, (] Vi | and | V3 {). Figere 1 shows the Feynman diagrams associated with
these decays. In principle, another CKM element, (| Vi1 |), can be extracted from measure-
ments of B°B® mixing. A precise determination of quark mixing parameters is a crucial test
of the Standard Model. Eventually, the determination of the complex phase in this mixing
matrix, through measurement of P asymmetries in B decays is likely to provide the most
sensitive probe of possible physics beyond the Standard Model. However the measurement
of the absolute values of these CKM elements already provide very interesting constraints
and are important inputs in the prediciion of the expected magnitude of these asymmetries.

Wolfenstein'! proposed an approximate representation of the CKM matrix which pro-
vides a natural parametrization of the hierarchy of the quark couplings :

1- X2 A AXYp — in)
V= -A 1—A%/2 ANt + O(A),
A¥(1-p—ig) —AN 1

where A = sin 8, = 0.22 is the sine of the Cabibbo angle.

The most attractive feature of semileptonic decays is that the virtual W decays into
8 lepton-& pair and therefore this verlex is governed by a purely electroweak interaction,
which is amenable to precise theoretical calculations. On the other hand, the evaluation
of the matrix element relating the hadronic system in the final state and the initial meson
must take into account the strong interaction between quarks in the initial and final state.
This is the realm of non—perturbative QCD, which is so far elusive to precise theoretical
determination. In principle, hadronic B decays can also be used to study quark mixing, but
in this case the effects of the strong interactions are even more difficult to evaluate because
the particles produced in the W decay are quarks too. The exceptional increase in statistical
accuracy which we are expecting to achieve in the near future with the CESR ete collider
at Cornell University and with the b-factories, will enable us to probe this sector of the
Standard Model with high sensitivity, if a parellel progress in the theoretical evaluations of



the hadronic matrix elements governing these processes is achieved.

A precision study of the phenomenology of BBV is quite crucial in several respects.
In fact the most promising avenue to measure C'P violation in B decays appears to be the
study of decays where the interference producing observable €' P asymmelry is between direct
decay of a nevtral B® meson to a C'P cigenstaie and decay occurring after flavour oscillation.
In addition, when the top quark mass is measured accurately, a reliable value of the B meson
decay constant is available and QCD effects are better understood, it can provide a precise
determination of | Vs |.The high statistics samples presently available and the even higher
ones which will be accumulated in the near future will allow to reduce significantly both
statistical and systematical error in AM/T.

2. THEORETICAL EVALUATIONS OF STRONG INTERACTION
EFFECTS

Lattice gauge calculations are supposed to provide us, in due time, with values of
the hadronic matrix element based on the ‘exact theory’ of the strong interaction according
to the Standard Model. The progress made in recent years is guite impressive?, but il is
crucial to have a better understanding of the ertors introduced by the approximations made
in doing the calculation® (most notably the quenched approximation).

In absence of lattice final results, phenomenological models and approaches based on
limits of QCD in specific kinematical regimes have been employed to study these decays.
Most of them focus on semilepionic decays for the reasons discussed above. It is worth
summarizing their most salient features in order to understand their success and shortcoming
with respect to experimental information.

One approach is based on pure parton phenomenology. The electroweak interaction
is calculated treating the decaying quark as a free parton. Strong interactions effects are
introduced in some cases. For instance, in the model developed by Altarelli and collaborators
{ACCMM)," bound state effects are accounted for by introducing an effective mass for the
decaying b quark and smearing the lepton momentum spectrum in the B meson center of
mass sysiem by the motion of the initial b parton inside the decaying meson. Alternatively,in
an ultrarelativistic treatment,’ the decay rate is calculated in the infinite momentum frame
and partons are related to hadrons through structure functions. These models are expected
to be more suitable to the study of decays which involve many channels in the final state,
because the quark-hadron duality is expecied to be valid on the average if a continuum
of states are involved. It is more difficult to see how this treatment can appily to decays
dominated by a few resonances in the final state. Nonetheless, as it will be discussed below,
the ACCMM model seems to be as good as any other model to describe the lepton spectrum
from the b — ¢ decay, which is dominated by two resonances (B — D and B — D* ) which
constitute at least 60% of the total rate.

“Exclusive” quark models calculate the hadronic current < X | J, | B > between the
decaying B meson and specific meson final state. Generally only the low lying resonances
of the | @7 > state are considered, (¢ indicates the quatk produced in the weak decay
and § indicates the spectator quark in the B meson). This approach is more useful for
decays involving only a few resonances in the final state. It has been relatively successful
in describing b — ¢ semileptonic decays. Also in this case, the non-relativistic approachS-7
and the infinite momentum frame approach®-® have been applied. The hadronic current is
expressed in terms of form factors using a covariant expansion. For instance, for the 8 — D
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transition we have:

< D(p1) |V | B(m) >= FY(@}m + pa)u + F¥q (1)
where py and p; are respectively the B and D momenta and ¢ = p; — p; is the momentum
transfer to the lepton—5 system or, equivalently, the 4-momentum of the virtual W. Each
model assumes a g° dependence of the form factors, as a more or less educated conjecture
and calculates their normelization by relating quarks and hadrons at some ¢? scale, which
typically is ¢2,,, for non-relativistic models and g° = 0 for ultrarelativistic calculations.

A different approach to the calculation of the form factors is proposed by the QCD sum
rule technique, originally proposed to study non-perturbative aspects of QCD by Shifman,
Vainshiein and Zakharov.!” This method evaluates the form factors in terms of the three
point current correlator with the suitable Lorentz structure.!'''? For instance, in the case of
the B — D iransition the relevant three point correlator is:

Wu(pu,para) = i [ dodyel®le=9) < 0| P{glahe(z), I} (0, Bu)ea@)} 10> (2)

where

L =as ©
is the vector component of the curf@;nt involved in the weak decay between a b and 2 ¢ quark
and T identifies a time ordered product in the integral. The current correlator is in turn
decomposed inio a“cr‘(;iqa;?fant expansion. In the case of the B — D transition, we have:
.
(P, p2,9) 31}1+(pr?§’92)(?: + pa)u + M- (2}, P2, 4" )gu (4)
[

The amplitudes appearing in this expansion can be evaluated evaluated in two different ways.
The first expression is obtained by expanding each amplitude in terms of operator product
expansion and the other is obtained by saturating the correlator with the low lying resonances
and a continuum of states above a certain threshold, generally modeled by perturbative QCD.
By matching the two expressions, one gets a value for the form factors at ¢* = 0.

Finally, in the last few years much interest has been stirred by the “Heavy Quark
Effective Theory” (HQET)'® which studies several aspects of B meson decay phenomenalogy
by exploiling an effective Hamiltonian which is the correct limit of QCD for large quark
masses. This theory can be considered the analogy of the chiral limit of QCD), which holds for
infinitely small quark masses, in the opposite kinematical regime. The interest is motivated
by the hope to overcome the model dependence which plagues purely phenomenological
approaches, especially in cases where the b and ¢ quark masses can legitimately be considered
close to infinity. Radiative corrections induced by gluons attached to the heavy and light
quark lines have been studied extensively. In addition, the effective theory is the first order
term in an expansion in terms of 1/mg, where my is the heavy quark mass, Effects of higher
order terms in this expansion need to be evaluated for each specific process. The hope is
that this approach will lead to a less model dependent evaluation of the CKM parameters.
The present prospects for | Vi | and | V. | will be discussed below.

v

3. EXPERIMENTAL HANDLES

3.1 Study of Inclusive Semileplonic Decays



A first observable which is amenable to experimental study and is interesting in
several respects is the lepton spectrum from B decays. Figure 2 shows the fepton spectra
from B decays recently measured by CLEO. These spectra can be fitted with two dominant
components, produced respectively in ‘cascade decays’, where the B meson decays to a
charmed meson which subsequently undergoes a semileptonic decay, and in direct B meson
semileplonic decays to & charmed final state. There is an additional component which affects
the shape of the end point of this spectrum and corresponds to B meson semileptonic decays
to charmless hadrons in the final stale. This tiny portion of the spectrum plays crucial
importance on our ability to determine the CKM parameter | V,, | and will be discussed in
great detail below.

The main physical information coming from the study of the inclusive lepton spec-
trum is the rate for 5 — clv. In order to determine it precisely, it is necessary to eliminate
the contribution from cascade decays as accurately as possible. The CLEO collaboration
performs this subtraction by convoluting the measured spectrum for D — X!lv from the
DELCQ collaboration'® and convoluting it to the measured J° and P* momentum dis-
tributions from CLEQ data. There is some uncertainty in this procedure associated with
the lack of knowledge of the effective smearing induced by detector resolution effects in
the DELCO measurements. The fit is performed with three different models: the model
by Altarelli and collaborators,’ the madel by Isgur, Scora, Grinstein and Wise” (ISGW)
and a modified version of ISGW (referred as ISGW*), where the [raction of D** mesons
in B — X_lv is taken as one of the parameters of the fit. This last model was motivated
by the evidence shown in the previous CLEQ data sample (CLEO 1.5) for a substantial
fraction of semileptonic decays not accounted for by the channels Div and D*lv (totaling
only 62412% of the X.Iv).’5 The ARGUS collaboration measured a consistent fraction of
B — D**lv (roughly 26%)."® It should be pointed out that the ARGUS analysis claims to
idenlify a contribution from P-wave charmed mesons, and that the new CLEQ results with
the ISGW* fit indicate a smaller D** {raction {21.2 1 1.6 + 8%),'7 with a systematic error
which is still large and in part reflects our poor knowledge of the composition of the D**
states and the corresponding form factors. The fit resulis are summarized in Table 1.

Table 1. CLEO I b — zlv branching fractions from inclusive lepton spectrum analysis.

b — zlv
ACCMM | 10.65 + 0.05 + 0.33
1ISGW 10.42 4 0.05 4 0.33
ISGW* 10.98 1 0.10 £+ 0.33

These results are consistent with previous CLEQ'® and ARGUS'® measurcments summarized
in Table 2 for the ACCMM model.

Table 2. Previous b — z{v branching fractions cbtained with ACCMM model.

b— zlp
CLEC 1.5 [ 105+ 0.2+ 0.4
ARGUS 102405402

These measurements give < b >, defined aa:

< b >= fobu + f_b_ (5)

where by, b_ ate the charged and neutral B semileptonic branching fractions and f, and f_
are the branching fractions for T(45) decay to B® and B~ respectively. Here and throughout
the paper charge conjugate reactions are also used. It is of great interest to measure the
individual semileptonic branching fractions for charged and neutral B separately and this
can be accomplished with samples of tagged B's. The most relevant quantity which can be
extracted from these measurements is the ratio between lifetimes r~ /7%, which gives a direct
measurement of non spectator effects in B decays and, assuming equal semileptonic widths
for B~ and BY, is given by: )
- (€
CLEQ takes advantage of the high statistic sample of tagged B’s2 to oblain &, and
by. There are four subset in the tagged sample used:

4

1- 492431 fully reconstructed B™s and 919 1 42 fully reconstructed B,

2- 3784 30 semileptonic decays B® — D**lp and 231 + 30 B~ — D*°lis, where the v is
the only missing parlicle.

3- 7160+ 182 semileptonic decays B® — D**I5, where only the slow = from D* decay is
explicitly reconstructed.

4- 754+ 51 partially reconstructed B® — D**x~, where only the slow r from D* decay is
explicitly reconstructed,

This analysis gives:
1. B(B- - X% 5} =120+ 1.7+ 18%
2. B(B® » Xt 5) =114+ 0.7+ 1.3%
3. r /" =B(B~ - X% p)/B(B° = X*I"5) = 1.05 £ 0.16 £ 0.15
A quantity related to 77 /7° can be extracted from the yields of exclusive semileptonic
decays B —» D**ip and B~ — D*°I-&. Assuming isospin invariance, we have:
B(B- — D""h?) _T R
B(B® — D*+lp) 19
CLEO?® recently presented a measurement of a related quantity Ag:

B(B- — D™l5) f.

Bo = g SDovm) 7o

=1.20 £ 0.20 + 0.19; (8)
the method involves full reconstruction of the D** and D*® mesons, both in the Dr° channel.
The second error quoted is systematic and is dominated by the uncertainty in the ratio
B(D* — K~x*x*)/B(D° — K~#*). These results are consistent with values of r- /+°
recently reported by LEP experiments.?

3.2 Study of Erclusive Semileptonic Decays

Exclusive semileptonic decays to the dominant charmed final states (DI5 and D+lw)
have been studied by the CLEO and ARGUS collaborations quite extensively. Unfortunately,



the published results'*~'%23-? have been normalized to different absolute branching fractions
of the D® and D* decay modes chosen to reconstruct the specific decay channel investigated.
In addition, some results have been obtained by performing a constrained fit tho the M M?
distributions from D* X! and D°XIi simultaneously, imposing typically that the vector to
pseudoscalar ratio is the same in the charged and neutral B semileptonic decays. Although
this assumption is a good one, it makee it difficult to unfold the results when the D® or Dt
branching fractions Therefore this information will be neglected in the summary shown in
Table 3. The published branching ratios are rescaled to the D absolute branching ratios
B(D® —» K~wt) = (3.91 £ 0.08 + 0.17)%, recently measured by CLEQ?" and B(D* —
K-n*a*) = (9.1 £ 1.3 + 0.4)%,%) and to the most recent values of the D* branching
fractions.” In uddition, all the measurements assume f_ = f, = 0.5.

Table 3. CLEO and ARGUS average semileplonic exclusive branching fractions

CLEO L5 CLEO II ARGUS Average
B(B" -» D*l5) 1.9+06+04{191+07
B(B°— D'*ip) | 41505407 | 4.5+044 4044 | 4740606 ]|45+04

These branching fractions can be related to the CKM parameter | V,, | through hadronic
matrix elements evaluated through some of the approaches discussed in the previous section.
In order to reduce the mode] dependence of the result obtained, it is important to provide
more siringent constraints on the various models. In particular, several variables for the
decay & — D*lb can be studied to extract information about the form factors discussed
above. The differential decay width for this decay is generally parametrized in terms of the
helicity amplitudes:®

dr(B - Dly)  3Gh
dg*d cos 8d cos #*dy B(4m)s
4| Hy |? sin® @ cos® 6* — 2Re[H, H*]sin® #sin® §* cos 2x
—Ref(H, + H_)/H}|sin 26 sin 20" cos x
+2né{ Rel(H, + H_.)/H}|sin 85in 28" cos x
H( Hy [P = | Ho [*)cos 6sin? 84}), ©)

Kq? .
| Vs * 2-(( Ha 1 + | H- )1+ cos? 8)sin® 6* +
I

where g7 is the virtual W invariant mass,  is the lepton palar angle in the !5 rest frame, 6*
is the polar angle of the D in the D* rest frame, mg is the B mass, G is the Fermi coupling
constant, K is the D* momentum in the B rest frame, g=+1 describe the handedness of the
I current and £ = +1 describe the V — A behaviour of the leptonic current.

The helicity amplitudes are related to the form factors appearing in the hadronic
currents by the relationships®:

2mbI(

" Vig") (10)

Hi(g") = (ma+mp)Ai(d®)F

2 1 2 ? 2 2 4m§iK2 2
Ho(¢") = T (my — mp. — ¢*Ymn + mp.)A(¢*) - m!‘b(q )| (11)

The form factor A,(g) can be factored out Equations 10 and 11 and the differential decay
rate can be expressed as a function of the ratios As{q®}/4,(¢%) and V(g*)/A:(¢%). The
absolute scale of this decay width is determined by the product | V3 [* Alrg. If an estimate

of | Vi | and the lifetime of the B meson are taken, the normalization of the decay ratc gives
Ai(g).

The procedure chosen by CLEQ™ to extract the form factors is to build a x? with nine
different measurements of observables related to the differential decay width in Equation 9.
They are:

1. The forward backward asymmetry defined as:

dr'(8) — dl’(x ~ 4) =
= 9Ny —dr(x—6) 3 =957 (12)
where the notation implies that the differential decay width has been integrated over
all the remaining observables. This observables is sensitive to the chirality of the b — ¢
transition® and has been measured by CLEO to be 0.14 £ 0.06 + 0.03 for a lepton
momentum p; > 1 GeV. The background subiracted Ay is shown in Figure 3, which
shows also the results of the fits of these data with the ISGW model assuming pure
V — A and V + A currents for the b — ¢ transition. It can be seen that a V — A current
is clearly favoured. This test is valid under the assumption that the lepton current is
V — A. Gronau and Wakaizumi®*® have shown that it is possible to construct some non
Standard Model in which this test is not sufficient to determine the chirality of the b - ¢
transition.

2. The shape of the distribution dI'/dg® from & weighted average of the CLEOL5 and
ARGUS data.*

3. The value of I';,/I'r from measurements of the D* polarization.?®?3

The fit parameters are only the form factor ratios at ¢* = g2,z using two different assump-
tions for the g* dependence, a) an exponential dependence a la ISGW and b) the fitting
function used by Neubert.* These two fits should give a rough idea of the sensitivily of the
results to the g* dependence assumed. The results are shown in Table 4 together with the
predictions by different models. It can be seen that the results are in qualitative agreement
with all the models, but the experimental errors need to be reduced in order to be able to
enhance the discriminatory power of the measurement.

Table 4. Form factor ratios at ¢* = g1, .

A A, 7
Fit a 1.02 £ 0.24 | 1.07 £0.57
Fitb  |0.79+0.28 | 1.32 £ 0.62
ISGW 114 1.27
KS 1.39 1.54
WSB 1.06 1.14
HQETY 1.26 1.26
HQET®® 1.14 1.74

4. DETERMINATION OF |V,,|

A precise determination of | V4 | is & very important goal as it determines the param-
cter A in the Wolfenstein representation of the CKM quark mixing matrix. In turn, this has
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crucial importance, as pointed our recently by Marciano,™ to constraint some Supersym-
metzic Grand Unified Theories (SUSY GU'TS) , which predict some natural relationships
between quark and lepton masses and couplings. In particular a relatively high value of
| Vo | is predicted (= 0.047): a firm evidence that it ie be much smaller than this value
would cast serious doubts on the validity of this minimal SUSY GUT. Several approaches
can be adopted to extract from the data discussed so far a value of | ¥ |. Some methods
have a better statistical accuracy but are plagued by a higher sensitivity to the theoretical
model used in extracting | Vs | from the data, some others appear promising but more data
are necessary to improve the statistical error.

{.1 V| from Ezclusive Semileptonic Decays

In principle hoth the B - Dl and B — D*l can be used to extract | Vi |. The
present discussion will focus on B — D*l¥ because the difficulties in combining different
experimental values of this branching fractien discussed above make the present errors too
big to be a useful determination. In order to extract | V4 | it is necessary to transform the
semileptonic branching fraction into a decay width. The value of 74 chosen in the present
analysis and in all the subsequent determinations of | V,y | is 1.514:0.1,% which is the present
world average of 75. The error in this lifetime is bigger than the one associated with the
commonly used < n, >, but this choice eliminates the additional systematic error in | ¥, |
associated with the effects of the lifetimes of the Bs and b baryons in the latter quantity.

In this average value of B{B — D*l&) = 4.45+0.44 is used; | V., | is obtained through

the relationship:
i Vis |= v Tse/Tru, (13)

where I's;, is given by B(B — D*li/rp and Try is the mode! dependent theoretical hadronic
matrix element. Table 5 summarizes the predicted values of I'rjy and the corresponding
values of | Vi |.

Table 5. | V, from B(B — D*ii).

Model I‘TH(pE—l) l V(,ﬁ |

ISGW 25.2 0.034 4+ 0.004
KS 25.7 0.034 £ 0.004
WBS 21.9 0.037 £ 0.004

It can be seen that the models considered in this case are in a reasonable good agree-
ment: if we take the somewhat dubious approach of averaging over models and associating
an additional error with the spread in predictions, we get <| Vi, |>= 0.035 + 0.004 £ 0.002
and the relatively low value of <| V¥, |> with respect to previously published numbers® is
due to the increased value of T5.

{.2  |V| from Inclusive Lepton Spectrum

The same procedure followed in extracting | Vi3 | from the exclusive decay B — D*lo
can be adopted to extract | ¥ | from the inclusive b — z{i# spectra discussed before. In
this case the theoretical width I'yy is taken either from an inclusive model, like ACCMM,
which does not consider explicit hadronic final states or from the sum of the %, for each
final state ¢ included in the calculation. It was originally thought that exclusive models were
the best to describe semileptonic B decays, dominated by the b — ¢ transition, as the D
and D* hadronic final states appeared to saturate the rate. There was even some theoretical
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justification for this®! because of the relatively high mass of the quarks involved in the decay.
Now it appears that other final siates compose between 20 to 30 % of the semileptonic rate.
Parton models are justified by quark-hadron duality which applies when a continuum of
hadronic final stales are involved. This hardly seems the case here. On the other hand ,
the relatively sizable component which is presently labeled “D** 5" indicates that exclusive
models may need some refinement to he able to give reliable predictions for the inclusive
PT.H-

With these caveats, the values of | V; | extracied with the ACCMM and the ISGW*
models in the CLEO II analysis are shown in Table 6.

Table 6. | V3 | from B(B — Xiz).

Model Try(ps~!) | Va |
ISGW? 42 0.042 % 0.005
ACCMM 40 0.041 + 0.005

4.2 V.| from ¢* Dependence of the Decay Width for F — D=l

HQET has stirred a new interest in a precision study of the ¢* distribution for the
exclusive decay B -+ D*li: Luke’s theorem®? guarantees that the 1/m, corrections to the
infinite mass limit form factors vanish near the point ¢° = g2,,., which, in the formalism of
HQET corresponds to the imit y = v-v' = 1, where v and v' correspond to the 4-velocity
of the B and D* meson respectively. The differential decay rate is given by3%:

1 dr i
N. 1)@ = ﬁfﬁ'm?"(ma - mb)“’iécn | Vi I () f(w) {14}

where £(y) is the Isgur — Wise function, giving the shape of the form factors in the decays
B — D(D*)Ip, ngcp represents the strong interaction radiative correction, r = m¥/mg and
the function f(y) is given by:

1—2yr 4 r?
fly)=4dy(y + 1)“‘13"—2 (15)
for D* with transverse polarization and:
fy)=(y+1) (16)

for D* with longitudinal polarization.

The theoretical claim is that, up to 1/m? corrections, dT'/dy (y = 1) is given exactly by
the HQET prediction. The only theoretical uncertainty the error in 11gcn which is presently
quoted as gcp = 0.99+0.04.%%, which corresponds to an 8% uncertainty in the absolute scale
of dT'/dy. In addition, there has been some discussion on the effects of different assumptions
for the unknown function {(y) in extracting | Viy | from present measurements of dT'/dy.1428

Figure 4 shows the CLEO II data . Their fit results ere summarized in Table 7. An
estimate of | Vs | with this method was performed previously by Neubert®, which used
the compilation of CLEO 1.5 and ARGUS data performed by Bortoletto and Stone®. Note
that the value of | V4 | reported by Neubert (0.045 + 0.007) was obtained with a different
assumed value of 75 = 1.18 ps and ngcp=0.95. If we use Tp = 1.51 ps and ngcp=0.99, his
result becomes | V5 [= 0.037 £ 0.006 in full agreement with the CLEQ Il data.



Table 7. | Vi | from dI'/dy for B(B — D*l5).

£(y) Model i [ Vet | i
wryexp(—(2 - 1)) | BSW [ 1.2:£0.6+ 0.3 | 0.038 £ 0.006 + 0.004
g POLE | 1.1+40.5+0.2 | 0.038 4 0.005 + 0.004
exp(—#(y — 1)) ISGW | 1.0+£0.440.2 | 0.037 £ 0.005 + 0.004
1 - p*(y—1)+e{y ~ 1)* | Burdman | 1.2 + 0.5+ 0.3 | 0.038 £ 0.010 + 0.004

where the parameter 4 By combining the Neubert's and CLEQ results, we gel as our best
estimate of | Vi | with this method 0.038 + 0.004 + 0.004 + 0.004. The last error reflects the
theoretical uncertainty on the value of 1QCD-

i4

Summary

Figure § summarizes the | V; | values extracted with the different methods discussed
before. If we use the value extracted from dT'/dy to get the value of the parameter A in the
Wolfenstein parametrization of the CKM matrix, we get A = 0.79 £ 0.14. A smaller error
is necessary in order to make a stringent test of the validity of the minimal SUSY GUTS
theoretical expectations.

5. DETERMINATION OF (V]

The only positive evidence for b — u transitions is the study of the end-poini of the
lepton spectrum. The discovery of an excess of leptons beyond the kinematical end-point for
b — c transitions was performed by CLEO*® and was soon confirmed by ARGUS.' Figure 6
shows the end-point lepton spectra from the new CLEO data sample,'? which shows a robust
signal, which however implies a value of | ¥4 | smaller that in the previous measurements.

In this case, the theoretical uncertainties are much bigger than in the extraction of
| Vo |. This is due to the fact that the quark in the final state is light. Therefore the
phase space available in the ¢* — E; plane is much larger than in the b — ¢ case and the
model sensitivity is more pronounced. In particular, there is 4 significant difference between
“inclusive” models (e.5. ACCMM) and exclusive models which sum up contributions from
discrete resonances (7, p,w...). There is general consensus that the “exclusive” models cannot
account for the whole lepton spectrum from & — u transitions, but it was argued that they
could describe the end-point quite adequately.” On the ofher hand, even when leptons have
energy close to the kinematical end-point, the ¢? of the lepton-& spans the whole range
between ¢° = 0 and gJ,,,. H ¢* is close to g%, the hadronic final state is likely to be
composed by a single low mass resonance. On the other hand, if ¢® is close to g° =0,
a continuum of final states is more likely, and inclusive models appear rore appropriate.*®
Artuso®® has shown that the ¢? distribution predicted by an inclusive model is quite different
from the one predicted by exclusive models, as shown in Figure 7. In addition, exclusive
models give quite different predictions because they assume different g7 dependence of the
form factors. Therefore a study of the ¢* distribution in b — u semileptonic decay may be
a very sensitive test to the validity of different theoretical approaches and may reduce the
model dependence of the results .

Table 8 summarized the CLEO IT | V,, | estimates, which represent the most precise
knowledge so far of this parameter. It can be seen that the dominant uncertainty is associated
with the spread of model predictions, whick needs to be reduced until significant progress is
made in determining | ¥,y |.
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Table 8. | V, | from B(B — X,Ip) for 2.3 < py < 2.6 GeV.

Model 10°ABu{p) (107 Vi /Vo P [ Vo [ /[ Vi |
ISGW 121 £ 17 £ 15 1.02 £ 0.20 0.101 £ 0.010
KS§ 115+ 16 + 15 0.31 +0.06 04.056 + 0.006
WBS 122 + 17 + 16 0.53 £ 0.11 0.073 £+ 0.007
ACCMM | 154 + 22 4+ 20 0.57 £ 0.11 0.075 + 0.008

Exclusive decays, like B — pl©, could provide some discrimination between exclusive
models, especially if enough statistics were available to.measure the form factors. We are
still a long way from this goal: so far only upper limits are available for these decays. In
particular, CLEO measures an upper Limit for B(B~ — V°I5} < (1.6 — 2.7) x 10~ at 90%
C.L,* where V® is a neutral vector meson {p° or w )} and the range covers the different
theotetical predictions.

BB MIXING

The discovery of B°B° mixing, petformed by ARGUS® in 1987 and soon confirmed
by CLEO,*® had several important ramifications. It implied a much higher top quark mass
than previously expected and opened up new prospects for measuring CP violations in B
decays. In these measurements the flavour of the B meson is tagged by the charge of the
lepton from B® semileptonic decays.

‘The first measurements were given in terms of the parameter  defined as:

_ T(B° - BY)
"= B S B

a.

(17)

A related parameter which is used in recent CLEQ measurements > and in measurements
performed at higher energies is y

_ F(B° = B9

T I(B° - B%) + I'(B° — B9)

Xd 3 (18)

The experimental value of x, is obtained from the measured ratic of like-sign to
opposite-sign dileptons via :

1 N{EIN(I*)
T 1- A [N{IF) F N(iEE))

Xd (19)
where A = f 6% /(1 b} + fub}) is the fraction of leptons coming from charged B's semileptonic
decays. Presently the uncertainty in A represents the largest source of systematic uncertainty
in xg4. This is the reason why both CLEQ and ARGUS tried to perform this measurement
on an enriched sample of neutral B mesons using several different tagging techniques.

CLEO® uses the decay B° —+ D**! 5 to tag 5° events. In order to increase the
statistical accuracy, D** are partially reconstructed, that is only the slow r from the D* is
explicitly detected and the low @ value in the decay D** -+ D%+ js used to select these
events without explicitly reconstructing the D", It measures:

x4 = 0.149 £ 0.023 + 0,019 + 0.010 (20)



where the third error corresponds to a ::15% variation in A. This has to be compared with

x4 == 0.157 + 0.016 + 0.01812.028 (21)

which is obtained from the same data sample from the untagged analysis. The two results .

are in good agreement and confirm previous results and the recent ARGUS * evaluation
xa = 0,173 £+ 0.038 £ 0.04430531. with smaller errors.
The parameter x4 is related to the parameter AM/T, which is relevant to the mea-
surement of C'P violalion occurring via mixing, through the relationship:
AM

Ty = 0 =

r
The tagged measurement from CLEQ corresponds to #4 = 0.652 + 0.074.

2x4/(2 — xa) (22)

7. SUMMARY ON EXPERIMENTAL CONSTRAINTS ON
CKM PARAMETERS

The experimental information from semileptonic B decays discussed in the previous
section can be combined with the data on the parameter ¢k, describing O P violation in the
K°— K° system. It is usual to display these constraints as bands in the g and 7 plane, where
p and 7 are the CKM parameters in the Wolfenstein representation. Figure 8 shows the
region allowed by the present experimental information for three values of the top quark
mass mi,.

The measured value of | V,4/V | defines a region comprised between two circles
having redius | Vis/Vie | /A, The boundaries cortespond to | Vu/Vy | /A = 0.34 + 0.13,
where the central value corresponds to the value obtained by CLEQ II with the ACCMM
model and the error reflects mostly the theoretical uncertainty in the extraction of | V,y |
from experimental data. The measurement of the mixing parameter z4 defines an allowed
region between two circles centered at (p = 1,7 = 0). In this case the major uncertainty, for a
given my, comes from the uncertainty in the B meson decay constant fg: the two boundaries
corresponding to the allowed region correspond to fz = 160 MeV (leftmost boundary} and
fa = 240 MeV (rightmost boundary). Finally the measured value of ¢x defines the region
between the two almost horizontal lines.

The shaded areas in the three plots correspond to the region consistent with all these
constraints. In the middle figure, the triangle describing C P violation is shown. The angle
with the vertex at (p = 1,9 = 0) is the one which is related to the C'P asymmetry in the
decay B® — ¥ K. It can be seen that the constraints from the Standard model seem to
indicate that a rather large asymmetry should be measured in this channel. An increased
value of fy with respect to present lattice gauge calculation expectations would increase this
angle towards its maximum allowed value of 45°.%%
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Figure 1. Spectator diagram for semileptonic b quark decay.
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Figure 2. Lepton specira from B decays (CLEQ). The fit with ACCMM model is superim-
posed.
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LIGHT-QUARK, HEAVY-QUARK SYSTEMS: AN UPDATE

BENJAMIN GRINSTEIN
SSC Laboratery, 2550 Beckleymeade Ave., MS5-2007
Dellas, Tezas 75248 USA

We review many of the recently developed applications of Heavy Quark Effective
Theory techniques. After a brief update on Luke’s theorem, we describe striking
relations between heavy baryon form factors, and how to use them to estimate the
accuracy of the extraction of |V,;|. We discuss factorization and compare with ex-
periment. An elementary presentation, with sample applications, of reparametriza-
tion invariance comes next. The final and most extensive chapter in Lhis review
deals with phenomenological lagrangians that incorporate heavy-quark spin-flavor
as well as light quark chiral symmetries. We compile many interesting results and
discuss the validity of the calculations.

1. INTRODUCTION

It seems hardly appropriate to devote any time to reviewing the fundamentals of
Heavy Quark Effective Theory (HQET), both because this is a meeting of experts and
because several good reviews of the subject are now available.!? Instead of wasting any
space introducing conventions, [ simply choose to use Lhe notation of Ref. 2. Thus, I will be
able to devote more energy towards a deseription of recent developments in this feld.

1 view this paper as updating and expanding on Ref. 2. There the HQET was pre-
sented and a few applications discussed at length. QOther applications where briefly discussed,
Much has chatiged since Ref. 2 was written, and it seems the time is ripe for an extension
of that work. Because of time and space limitations this is not intended as an extensive
overview of progress In the field since Ref. 2 was written. Rather, 1 shall pick and choose
according to my taste, familiarity with the subjects, and what 1 perceived as relevant to the
participants of the workshop.

2, AN UPDATE ON LUKE’S THEOREM

Presumably the best known consequence of heavy quark symmetries is that the form
factors for semileptonic B — I and B — D* decays are determined at the point of zero
recoil {equal B and [ velocities). Luke’s theorem states that this normalization of the meson
form factors has no 1/Mg corrections,? It is not widely appreciated that Luke’s original



prool did nat exclude possible short distance corrections of order {a,(m.}/m.). It turns out
it is easy to extend Luke’s proof to exclude corrections of this sort to any order in the strong
coupling.?

Similarly, the normalization of form factors for A, -+ A, semileptonic decay is com-
puiable up to corrections of order 1/M3.4*

3. HEAVY BARYON FORM FACTOR RELATIONS

3.f  Relations to First Order in 1{Mg

Six form factors encode the semileptonic decay amplitude Ay — A.e¥. The transition
tends itself particutarly well to HQET analysis because it is tightly constrained by the heavy
quark spin symmetry.® Like their mesonic counterparts, the six form factors that parame-
terize Vhis baryonic process are predicied al leading order in the 1/Mg expansion in terms
of a single Isgur-Wise function. In contrast with their mesonic counterparts, one can prove
that this is still the case at order 1/Mg.® In other words, five relations among these six
form factors remain after Q(1/m.) and O(1/m,) corrections are included.

Remarkably, that such relations can be written is not precluded by short distance
effects to any order in the strong coupling constant.! However the relations themselves get
cotrected order by arder in perturbation theary. To see how this warks, define the form
factors through

{Ac(v', 8NV * A, 5))
(A, s WA"|Au(v, 5))

a(v’, s )| Fi(vv' )y + Fa{eo' W + Fa(vv')o™]u(v, s) (1)
(o', NG (v )" + Ga(vo " + Galvo W™y ulv,s) (2)

where v and s refer to the velocity and spin of Lthe state Ay and of the Dirac spinor w. Then,
the relations between form factors are!

Fy A das(me}  dag{me) A 2L+ 7 —vo'r)

L= 1+[—~+i\-]——3-— 2 r (3)
G 2m,  2myl (v’ 1) 3 0w 3 © 2m. (v’ +1)
B G K2 delmd  daymd B 2lkrowen)
Gy Gh m (v’ +1) 3 = 3 & 2m, (vv'+1)
by G _ A2 (5)
Gy eh 2my (vv' + 1)

where

. log(vo' 4+ /(ve)? — 1) . (6)
\/(_v_,ur)‘z —1

and A is an undetermined constant with unit mass dimensions, expected to be of order of the
hadronic scale, A ~ 500 MeV. 1f in Eqs. 3 - 5 one sets a,(m,) = 0 and A = 0, one recovers
the zeroth order results of Ref. 6, while the results of Ref. 5 are obtained by allowing A # 0

but with a,(m.) = 0. Clearly there are also corrections of order a,{m,;) and of higher order

in I/MQ.
Heavy quark symmetries give the value of the form factors at zero recoil. In the
leading-log approximation
a{mp)\"
= [ 27 7
(1 = (24m)) g

There are no corrections of order 1 /Mg to this relation.® * The counterpart of this prediction
for mesons is used in the measurement of the mixing angle [V,,].

The form factor relations 3 ~ 5 provide a valuable means for assessing the uncertainty
in future measurements of the mixing angle |V.s). It is reasonable to expect the prediction
in Eq. 7 to hold to the same accuracy with which the form factors satisfy the predicted
relations, at least for small or moderate v’ — 1.

3.2 Relations To All Orders In 1/m,

The relations above were obtained by expanding both in 1/m_ and 1/m;. Because the
charm quark is only a few times heavier than typical hadronic scales, the corrections to the
relations 3 - 5 may be large. Remarkably, Mannel and Roberts obtain four relations among
the six form factors without assumptions on the size of m..” Expanding in 1/m;, i.e., using
the HQET for the b quark, the spin symmetry acting on the b quark alone is enough to limit
to two the number of independent form factors in Ay — A, where g = u, &

{Aq(s, sV aTAI | Au(v, 9)) = T(p!, )i (v0') + PLa(vp)|Tu(v, 5) (8)

1t is straightforward to write the six form factors in Eqs. 1 - 2 in terms of the two form
factors in Eq. 8. Explicit relations between the form factors follow from eliminating Sz
from Eq. 8:

o= Gi-Gs {9
R =G (10)
F =0 (11}
Gy = 0 (12)

These remarkably simple expressions receive corrections in order 1/my and a,(ms)/x, but
are valid for arbitrary m, {provided m, < my). Moreover, the perturbative corrections
~ a{rm)/x are computable; the leading correction is obtained by replacing®

0o r = 2 g (13)

in Eq. 8.
By taking the limit my — oo, one readily checks that Eqs. 8 - 5 are consistent with
Eqgs. 9 - 12.

4. FACTORIZATION

4.1 Summary of Theory

Consider purely hadronic B-meson decays into singly charmed final states. I have in
mind the class of processes that includes B ~» D, B — D*n, B — Dp, etc. The interaction
Hamiltonian density medizting these decays is

G = .
H= TZVqu.glclbL'TchﬁLTde + cobr, T oep g y" Tdi] (14)

where ¢,3 are calculable short distance QCD corrections, T are color octet matrices, and

~ qu stands for a left handed quark. The second term in # arises from short distance QCD
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effects. Factorization in a particular decay, say B — Dr is the statement that the following
equation is true:

Gr
V2
If factorization halds, the rate for the hadronic decay {the left hand side in eq. {9)) is given in
terms of a meson decay constant ({w{g)itr.y"d1,|0) = if,q") and the form factors for B — D
at a fixed momentum transfer {that is (Dlbyy,cr|B)} at g% = M3).

Whether a particular matrix element factorizes is a dynamical issue that involves
non-perturbative strong interactions, and is therefore hard to settle from first principles, We
do know, nevertheless, that factorization does not hold for a large class of two body decays.
In the case of K decays, the AT = 1/2 rule is a stark reminder that simple factorization
does not hold. More recently, a wealth of evidence agafnst factorization in J-meson decays
(as in D — Kn) has been amassed.”

To my knowledge there are two known theoretical approaches to demonstrating fac-
torization. 1t holds in leading order in the 1/N, expansion, where N, is the number of colors
in QCD.'® And it holds in the leading order in the 1 /Mg expansion.!!

Now, these approaches are rather different. The large N, limit is fairly democratic:
effectively, it predicts factorization in any meson decay into two meson final states, regardless
of which flavors are involved in the transition. 1L does not predict, as far as I can tell, factor-

ization in baryon decays (because the number of non-spectalor diagrams, each suppressed
by 1/, scales like N.).

(Dr|H|B) = =V Ve {Dlbyvuec| B) (r|ayydy|0) (15)

The large Mg limit is fairly restrictive as to which transitions may exhibit factoriza-

tion. It must be a transition of the form M - M‘X where M and M’ are heavy hadrons, with
their masses in a fixed ratio, both scaling with the large parameter Mg, and X is a hadronic
state with small invariant mass, that is, it's mass does not grow with Mg. To the extent that
the b and ¢ quarks can be considered heavy, this approach can be used for B — Dr, and
even for baryons as in Ay — A.m. But in the case of D decays this approach says nothing,
since the final state does not involve any heavy quarks.

1 will have nothing to say about phenomenological approaches to factorization.
My interest here is on what can be obtained from first principles, even if only in some
approximation. Clearly we have a better chance of learning about dynamics if we concentrate
on results that fallow directly from QCD than on phenomenological approaches. 1t is for this
reason also that we have nothing to say about decays such as B — 4K which may very well
factorize, but we don't know of any first principles justificaiion for that to be the case. (In
fact, one expects factorization in the inclusive resonant rate B — 3 X,, where by resonant we
mean that the ¢ is directly produced. P-wave charmonium production in B-meson decays is
known not to factorize.’® Consequently nonresonant inclusive ¥ production won’t either).

12

{.2  Comparison With Frperiment

The large N, approach is far too democratic: experimentally it is found that factor-
ization does not hold in decays of heavy mesons to light mesons, or in light-to-light decays.
In this section [ intend to investigate Lhe predictions of the large mass limit as far as faclor-
izalion is concerned.

We start by considering qualitative statements implied by the arguments of Ref. 11,
Feynman diagrams that don’t factorize on account of the light quark in the initial heavy
meson ending up in the light hadron in the final state are suppressed by 1/Mgy. Now, the

111

only diagrams that contribute to B® — D°1° are of this kind (and therefore B9 — D%x®
does not itself factorize). Hence if factorization is to hold to some accuracy ¢, the rate for
A% — D%1% gught to he suppressed relative ta the rate for 8% — D¥r~ or B~ — D%~ by
roughly €%

A quick glance at the particle data book shows that B° decays into Dtr~, D¥p-,
Da, (1260), D*(2010)*x~, D*(2010)* p~ and D*(2010)*¢;(1260)~ have been observed and
have branching fractions in the 0.3% to 1.8% range. Non of the corresponding decays into D®
or D*(2010)° plus a neutral light meson have been observed. An upper bound exists on the
branching fraction for B® — D%s° of 6 x 10~*. This is all as expected from the factorization
argument in the paragraph above.

Quantitative, model independent,'* tests of factorization are readily available. We
will consider three kinds of such tests. The first two compare different two body decays
which are related by a combined use of factorization and either isospin or heavy quark spin
symmetries. In the third we compare some two body decays to eorresponding semileptonic
rates. The third is the most direct test, but is nol available for as many processes. Also,
it is-interesting to see how well the other symmetries, and in particular heavy quark spin
symmetry, work.

Using isospin symmetry on the factorized amplitudes, one obiains that the partial
widths for the charged and the neutral meson decays into charmed two body decays should be
equal. That is, one expects T{B® — Dtx~) = I'{B~ — D®x~) and similar relations for the
other modes. These results are not predicted by isospin symmetry alone. The hamiltonian
in Eq. 14 has AT = 0,1, while the B and D mesous are both I = 1/2 states, so the final Dr
state is a combination of I = 1/2 and I = 3/2. There are three independent amplitudes,
but they are not independent if factorization holds.

This can be tested assuming the total widths of the charged and neutral B-mesons
are equal. It is seen that these relations hold to the present experimental accuracy. For
example, the particle data book gives

Br(B~ — D7) = (3.8 + 1.1} x 1072 (16)

while
Br(B® — D*x7) = (3.2£0.7) x 107 (17

and similar results for the other three modes mentioned above.
Sinece the faclorized amplitude is given in terms of the semileptonic form factors, one
can use heavy quark spin symmelry to relate the rates into D and D* final states:

(B~ DX)=T(B - D'X). (18)
This seems to work well, too. For example, from the particle data book
Br(B® -» D*(2010)*2~) = (3.2 £0.7) x 102 (19)

to be compared with Br(B8° — D*7~) in Eq. 17 above. It is remarkable that both factor-
ization and heavy quark spin symmetry can be tested simultaneously and that both seem to
work rather well.

Table 1 shows CLEO Il measured branching fractions.'® The two columns are related
by spin symmetry (if factorization holds}. We group lines into pairs for the neutral and
charged B decays. Thus the combined result of factorization, isospin symmetry, heavy



quark spin symmetry and the assumption of equal 8% and B* lifetimes, is that all entries
in each 2 x 2 block are equal. Il can be seen that, within experimental errors this is the
case. It is intriguing that the central values of all of the B® decays are about 70% of the
corresponding B~. If this is a real effect it could be evidence against factorization. It could
also be interpreted as evidence for different B® and B* lfetimes, r(B%)/7(B*) ~ 0.7. But
this is hard to reconcile with direct results from the DELPHI'® and ALEPHYY experiments,
which tend to favar T(H%)/r(8%) > L.

Table 1. Some CLEQ II Branching Fractions

5. REPARAMETRIZATION INVARIANCE

There is an ambiguily in assigning a four-velocity, v, and residual mmomentum, k,
to a particle in the HQET. Recall that only the momentum p = Mwv + k has physical
significance. One may shift both the velocity and residual momenium to obtain the same
physical momentum:

v —+ v+g/M
k — k—q

(24)

(25)

The only constraint on the vector q is that the new four-velocity be properly normalized:
(v4g/M)? =1 (26)

The eifective field theory must be invariant under these reparametrizations.®  The
reparametrizations mix different orders in 1/M. Hence, one can use reparametrization in-
variance to pul constraints on the form of the 1/M corrections.'?

Decay Branching Decay Branching
Fraction Fraction
B~ — D%z 1040+0.03 1009 f| B- = D*(2010)%7~ 1 035 £ 0.05£0.12
B®— D¥r- | 026 £0.03 £0.06 || B — D°(2010)* 7~ | 0.27 £ 0.04 £ 0.06
B~ — D% [1.02+£0.114£020 | 5 = D°(2010)°~ | 1.14 = 0.16 + 0.37
B Dtp~ 071 +£0.1040.21 || 8% — D=(2010)*p~ | 0.73 £ 0.10 £ 0.16

If factorization holds, the degree of polarization in the decay 8% — D*(2010)* o~ can

be predicted in terins of the degree of polarization in the semileptonic decay:!®
_ ] .
%(B" — DT(2010YpT) = %i{'i(Bo — D (2010)% v
[/

Itere the differential rates on the right hand side are with respect to the invariant lepton
pair mass, m%,. The CLEO collaboration finds

2 {20)

1 _
M, =m

%{B" — D*(2010)* p™) = 0.90 £ 0.07 £ 0.05 (21)

while the expected value from the semileptonic decay is 85% - 88%.
Finally, the most direct test of factorization is obtained by comparing directly both
sides of Fq. 15, or equivalently by testing whether Bjorken's ratio

I(B° - D(2010)*x")

= _ 22
B = TB = D~ (3010) 631 dm, [, ar (22)

agrees with the expectation from factorization:
R, = 6rf3c (23)

Similar expressions can be written with the pion replaced by some other final state. Ex-
perimentally, the ratios R, and R, for the neutral meson decay have been studied. The
results of CLEQ 11 measurements and the expectations from factorization are summarized
in Table 2.1°

Table 2. CLEO II Results on Bjorken's Ratios

Experiment | Faclorization
R, (1.3+£02+03 1.2+0.2
R, (32104407 33106

As an example of an application consider the matrix element of the vector current
between two pseudoscalar mesons. When using the HQET to arder 1/M it is important o
include in the description of the states both the velocity label v and the residual momentum
k:

{v, k’lvﬂlv’k> = fiv, + fz(k,. + k:.) + falk, - k:,) : (27)

Here V), stands for the heavy quark current including 1/M corrections. Now, in the “full

theory”, that is, the theory without any large mass expansion, there are only two independent

form factors, usually denoted by f, and f_. It shouldn't be necessary to introduce three

form factors in the effective theory. This is implicd by reparametrization invariance, which
gives the relation

1

=— 28

fo= 5 h (28)

Of more practical importance is the use of reparametrization invariance to constrain
the form of the heavy quark current in the effective theory. The heavy quark vector current
has a 1/M expansion®

] .
- AN e )
Mo ED {vv")O,

H

1O 4 ot
);c‘ oo OI™ + 2y Z: DUi(w Ol + (29)
where 0‘(0) and O}-” stand for vector operators of dimension three and four respectively with

@:.Qu quantum numbers, and their coefficients €, D and D’ are perturbatively calculable.
For example, at tree level the current is

- 1 . 1 (I o
Q1@ + M@"fﬂmv - m@w'%u@v {30)

where we have used the equations of motion, vDg, = 0. Now, the vector current in Eq. 29
will be reparametrization invariant if and only il it depends on the velocities v and v' in the

combinations
v+ kMg and v, + k. /Mo (31)
or in operator language
va+iD, /Mg and v, —iD, /Mg (32)
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Consider, for example, the following leading term in Eq, 29

A e T e (53)

It must appear in the following combination to be invariant un

tions of v and v’

Q.,.(IH 'WMQ') [l)((u'—iﬁ/Mq,)-(v+l‘D/MQ))%‘( +¢+=D/MQ)QV

A\ - Z
= C(l)(vv ) [Q e t "Y.u P, ~ Q '!%nQU]
+ I lM Qorav DGy M ('G'u'v 'Yu['JvJ +- (34)

In a similar manner the coefficients of other dimension four operators can be constrained
by applying the same method to the other two dimension three operators, QL.UMQ,, and
Q:'U:.Qu-

The calculation leading to the 1/m, corrections in Ay — A.er required the coeflicients
of the vector and axial currents to order 1/m,.. It is easy to check that the coeflicients
used? lo obtain the relations in Eqs. 3 - 5 satisfy the constraints from reparametrization
invariance. The calculation there would have been simplified vastly had reparametnzation
invariance been used to obtain the result. (Alternatively, reparametrization invariance gives
an independent test of the calculation}.

6. CHIRAL SYMMETRY TOO

6.1 (eneralities

Chiral symmetry and soft pion theoremns have been used in particle physics for several
decades now with greatl success. The most efficient way of extracting information from chiral
symmetry is by writing a phenomenoclogical lagrangian for pions that incorporates both
the explicitly realized vector symmetry and the non-linearly realized spontaneously broken
axial symmetry.®™ Theorems that simultaneously use heavy quark symmetries and chiral
syminetries are mosl expediently written by means of a phenomenological lagrangian for
pions and heavy mesons that incorporates these symmetries.® .

In the limit my — oo, the B and the B™ mesons are degenerate, and to implement
the heavy quark symmelries it is convenient to assemble them into a “superfield” H,(v}):

Ho(v) = 32 (B, - B (39)
Here v" is the fixed four-velocity of the heavy meson, and a is a flavor S¥/(3) index cor-
responding to the light antiquark. Because we have absorbed mass factors +/2myg into the
fields, they have dimension 3/2; to recover Lhe correct relativistic normalization, we will
multiply amplitudes by /Zmg for each external B or B meson.

The chiral lagrangian contains both heavy meson superfields and pseudogoldstone
bosons, coupled together in an SU(3);, x SU(3)g invariant way. The matrix of psendogold-
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stone bosons appears in the usual exponentiated form £ = exp(iM/ ), where
715 4+ 716 7 t K+
M= T —mmotgm K° || (36)
K- R ~En
and f is the pion (or kaon) decay constant. The bosons couple to the heavy fields through
the covariant derivative and axial vector field,

2l AP L VP = 5.9 1L L(etgee 4 paeet) fan
av & L] \‘Q i N ) lﬂb EH \wey
3
5= g9 -et") = ~ 50 Ma+ OMO). (38)
Lower case roman indices correspond to flavor SU{D). Under chi i) /{3
pond o havoer SU{3). Under {3)L x SU(3)R, ihe

o hiral SU{3
pseudogoldstone bosons and heavy meson fields transform as £ — LEUY = DeRt, A% -
UA*UY, H — HUY and (D*H) — (D* HYU!, where the matrix U, is 2 nonlinear function
of the pseudogoldstone boson matrix M.
The chiral | laglansluu is an c;\.puﬁsiﬁi‘l in derivatives and pi‘ 1 fi , as well as in

n s
inverse powers of the heavy quark mass. The kinetic energy terms take the form

1 - .
Crin = 3 #Tar 8,5], — Tt [Ha(v)iv- DraHy(v)] | (39)
whete & = ¢ Here the trace is in the space of 4 x 4 Dirac matrices that define the
“superfields” H,(v) in Eq. 35. The leading interaction term is of dimension four,

Cin = g Tt [Halw) Hilv) Auer’] (40)

where g is an unknown parameter, of order one in the constituent quark model. The analo-
gous term in the charm system is responsible for the decay D* — Dr. Expanding the term
in the lagrangian in 40 to linear order in the Goldstone Boson fields, A4, we find the explicit

forms for the D* DAL and D*D* A4 couplings

-2 2g:
(Z22) D8, Dt +he] + (22) quaDar apve. (1)
L\ 5 7 1 NS
Using this one can compute the partial width
T(ﬂ'+ — UOTT+) - 92 ii ia /42\
N GrfriT 114
N 2

r{p*+ +.0)  _ g = 13

( - D L ) 12‘7I'f2 Ip‘l'l (43)

The ACCMOR. collaboration has reported an upper limit of 131 KeV on the D* width.?®
The branching fractions for D*+ — D%+ and D*t — D*x” are (68.1 £ 1.0 £ 1.3)% and
(30.8 £ 0.4 + 0.8)%, respectively, as measured by the CLEQ collaboration.” Using f =
130 MeV, one obtains the limit g* < 0.5, Even if the D* decay width is too small to
measure, radiative D" decays provide an indirect means for determining the coupling ¢, and

provide a lower bound g* 20.1%



Since charmed and beauty baryons are long lived, one can write down phenomenolog-
ical lagrangians for their interactions with pions. These are as well justified and should be
as good an approximalion as the lagrangian for heavy mesons discussed above. The treat-
ment s rather similar, and due to space limitalions, we refer the interested reader to the
literature.®

6.2 B -+ Dev and B - D rev

As a first example of an application consider a soft pion theorem that relates the
amplitudes for B — D*ev and B — D*mer.”* The heavy quark current is represented in
the phenomenological lagrangian approach by

2 = Byt - w ) (oo T (@)1~ 1) O (w) + -+ (44)

where the ellipsis denote terms with derivatives, factors of light quark masses mg, or factors
of 1/Mg, and £{(v+’) is the Isgur-Wise function. The leading term in Eq. 44 is independent
of the pion field. Therefore, it is pole diagrams that dominate the amplitude for semileptonic
B — Dx and B — D*r transitions; see Fig. 1. These pole diagrams are calculable in this
approach, and are determined by the Isgur-Wise function and the coupling g.

» T :e
I R .y
I S
[
I c' ."
= S— > B =
B B* D
.-e v T
l. LV 1
S I
:’ -.. I
l‘ _" '
et i
— = 1 =
B p* D

Figure 1. Feynman diagrams for B — Dev
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A straightforward calculation gives
iu(B)‘%r“u(D)JMBMD%é(m;')

|
h#%mfww+¢@+ﬂ%—U+WWu

(D" ()2 B(w))

X

1 N U I ra
= el 4 g (0 4V~ (Lo )q,.} (15)

where u{M) stands for the isospin wavefunction of meson M. A similar but lengthier ex-
pression is found for B — D*wer.?? If the coupling g is close to its upper limit, this process
could be an important correction to the inclusive semileptonicrate. It may, perhaps, account
for some of the anomalously large “D**" contributions observed by CLEQ.?

6.3  Vielations To Chirel Symmetry

Phenomenological lagrangians are particularly well suited to explore deviations from
symmetry predictions, In the context of heavy mesons, several quantities of considerable
interest have been studied. Moreover, the self-consistency of the approach has been explored.
It would be impossible to cover all of this in this talk. I will briefly comment on a few of
those resulls, and invite you to consult the references for further details.

In order to study violations of chiral symmetry, one must introduce symmetry break-
ing terms into the phenomenological lagrangian. The light quark mass matrix m, =
diag(m,,, mq,m,} parametrizes the violations to flavor SU(3)v. To linear order in m, and
lowest order in the derivaiive expansion, the correction to the phenomenological lagrangian
is

AL = d mE4 met]ua
+ MTHOH® [emet + ehmgt!]
+ XN TeH®eH@ [m,B + qut]ba {46)

The coefficients Ag, A; and A} are determined by non-perturbative strong interaction effects,
but may be determined phenomenoclogically. We postpone consideration of mass relations
obtained from this lagrangian until we have introduced heavy quark spin symmetry breaking
terms into the lagrangian too.
The decay constants for the D and D, mesons, defined by
(OIJTu7SCID+(p)) =tfppu (47)
and

{015y, 75¢l Du(p)) = ifp,pu (48)

determine the rate for the purely leptonic decays Dt -+ u*w, and D, — ptv,. These are
likely to be measured in the future.?® In the chiral limit, where the up, down and strange
quark masses go to zero, flavor SU(3)v is an exact symmetry and so fp,/fp = 1. However
m, # 0, so this ratio will deviate from unity. Caleulating this involves, at one loop, the
Feynman diagrams in Fig. 2, where a dashed line stands for a light pseudoscalar propagator.



Neglecting the up and down quark masses in comparison with the strange quark mass, this
deviation has been calculated to be?™ *°

Jodfp =1~ g (1+34%) In (MZ/1?) + Mp)ME + . (49)
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where the ellipsis denote terms with more powers of the strange quark mass (recall M} ~
m,). The deperdence of A on the subtraction point g cancels that of the logarithm. If p
is of order the chiral symmetry breaking scale then A has no large logarithms and for very
small m, the explicit logarithm dominates the deviation of fp./fp from unity. In Eq. 49
the contribution from n loops has been written in terms of My using the Gell-Mann-Okubo
formula M? = 4M% /3, and the contribution from pion loops, proportional to M? ln M2, has
been nf‘glected Numerically, using g = 1 GeV, the result is that

fo./fp =1 +0.064 (1+ 3g%), (50)

or fu,/fp = 1.16 for ¢* = 0.5.

A | |
D D,D* D DpD* D* D

Figure 2. Feynman Diagrams in the calculation of fp,/fp.

The same formula also holds for fg,/fs. In fact, to leading order in 1/Mg the tatio
is independent of the the flavor of the heavy quark. Consequently,

fo./fo _
o,/ fp

to leading order in 1/My and al! orders in the light quark masses. Now, Eq. 51 also holds as
a result of chiral symmetry, for any m, and my. That is fu,/fs and fp,/fp are separately
unity in the limit in which the light quark masses are equal. This means that deviations
from unity in Eq. 51 must be small, O(m,} x O(1/m, — 1/m).** This rabio of ratios is
abserved to be very close to unity in a variety of calculations.™ This may be very useful,
since i suggests obtaining the ratio fp,/fp of interest in the analysis of B — B mixing (see
below) from the ratio fp,/fp, measurable from leptonic D and D, decays.
The hadronic matrix elements needed for the analysis of B — B mixing are

(51)

(B(u)lby*(1 — 15)d by*(1 ~ 5)dB(v})
(By(w)lby*(1 = s)s By*(1 — 5)s]Bu(v))

8
3/bs . (52)

8
gfgr,BB, ) (53)

where the right hand side of these equations define the parameters Bg, and Bg. In the
SU(3)v symmetry limit Bg,/Bp = 1. ‘For non-zero strange quark mass, the ratio is no

longer unity. The chiral correction is*®
Bg, 2 N Mk
B—B—lﬂ-a(l—ay)lﬁ zfg (foﬂ). (54)

Again, M} = 4M} /3 has been used. Using ;e = 1 GeV, f = fx, and ¢* = 0.5, the correction
is BB /BB 0.95.

Violations to chiral symmetry in 8 — D semileptonic decays have also been studled.
One obtains that a different Isgur-Wise function must be used for each flavor of light spectator
quark3®

& {ve') M

5 ‘ '
Eogovy = L 39 e n (MR /') + X v )M (55)
where
24z z+ 1+t -1 T r— 2t 1
= -] l
fUz) +2\/:r3—1 n(z-{-l—\/r’—l) 4z -1 ln(.t-}-\/ ) (56)

or, expanding about z =1,

z) = ——l-:c—l)+2( 1)’—:—5(1—1)3+--- (57)

Using g% = 0.5 and y1 = 1 GeV, and neglecting the counterterm one obtains

§ofov')

ooy = 1 O2R) 4 -

or a 5% correction at vv' = 2.

6.4 Violetions to Heavy Quark Symmeiry

In a similar spirit one can consider the corrections in chiral perturbation theory to
predictions that follow from heavy quark spin and Aavor symmetries. These are effects that
enter at order 1 /My, so the first step towards this end is to supplement the phenomenological
lagrangian with such terms. In particular, the only SU(3)v preserving term of order 1/Mg
that violates spin symmetry in the lagrangian is?®

ALy = E’;LTrﬁ(‘”"a”"HjQ’a,m . (59)
Q

In addition there are contributions to the lagrangian in order 1/Mq that violate flavor but
not spin symmetries. These can be characterized as introducing Mg dependence in the
couplings g, A, and X} of Eqs. 40 and 46. At the same order as these corrections, there is a
term that violates both spin and SU({3)v synunetries

A
ALy, = —3-Tr [IIIQ}EG"W]I(Q)U,W] mg’, (60}



Spin symmetry violation is responsible for “hyperfine” splittings in spin multiplets.
To leading order these mass splittings are computed in terms of the spin symmetry violating
coupling of Eq. 59
8X;

Ag=Mg. —Mg=-— {61)
my
That the mass splittings scale like 1/M seems to be well verified in nature:
Mp. - Mp Mg
Mo Mg~ My (62)

Table 3. Measured Mass Splittings

X-Y My — My
(MeV)
D, - D% 99.5 + 0.6%
bt — p* 4.80 £ 0.10 & 0.06
Dt — o 3.32 + 0.08 + 0.05™
Do . pt 142.12 4 0.05 £ 0.05™
Dt - pt 140.64 & 0.08 + 0.06%
D: - D, 141.5 + 1.9%
B -B 825 £ 2.5 or 121 £ 6&
B* — Bt 0.01 + 0.08%
B*-B 46.2 £ 0.3 £ 0.8% or 454 + 1.0%
B: — B, 47.0 £ 2.6%
(D-D _ DO)
—(D*t — D) 1.48 + 0.09 + 0.05%

Armed with the machinery of chiral lagrangians that include both spin and chi-
ral symmetry violating terms, one can compare hyperfine splitting for different flavored
mesons. There is a wealth of experimental information to draw from; see Table 3. Break-
ing of flavor SU(3)y and heavy quark flavor symmetries hy electromagnetic effects is not
negligible. It is readily incorporated into the lagrangian in terms of the charge matrices
Qg = diag(2/3,—1/3) and @, = diag(2/3,-1/3,—1/3),> which must come in bilinearly.
For example, terms involving Q: correspond to replacing my — ), in Eqs. 46 and 60. The
electromagnetic effects of the light quarks can be neglecied if one considers only mesons with
d and s light quarks. The electromagnetic shifts in the hyperfine splittings Ax, and Ay,

{X = DB, ¢ = d,5) differ on account of different & and ¢ charges, but they cancel in the -

difference of splittings
= Ax, = {(Mx; — My,) — (Mx; — Myx,) (63)

The only term in the phenomenological lagrangian that enters this difference is Eq. 60. This
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immediately leads to

&,(m.)
a,(my)

We have included here the short distance QCD effect that is usually neglected.®®

The accuracy with which Eq. 64 holds is to be much better than the separate relations
for each hyperfine splitting in Eq. 61. Recall that SU(3)yv breaking by light quark masses
and electromagnetic interactions have heen accounted for in leading order. Moreover, the
result is trivially generalized by replacing the quark mass matrix in Eqs. 46 and 60, by an
arbitrary function of the light quark mass matrix. It is seen from Table 3 that this relation
works well. The left side is 1.2 & 2.7 MeV while the right side is 3.0 £ 6.3 MeV.

Since both sides of Eq. 64 are consistent with zero and both are proportional to
the interaction term in Eq. 60, it must be that the coupling A3 is very small.?” From the
difference of hyperfine splittings in the charm sector

8A3

8728
(Mo~ Mn.)~ (Mg M) = (mefrn) (57 (bt — M) = (o — M) (64

—mg) =094 1.9 MeV

(65}

while
12A3

leading Lo |A3/ ;| less than ~ 20 MeV. This is smaller than expected by about an order of
magnitude. With such a small coefficient it is clear that the next-to-leading terms and the
loop corrections may play an important role. In particular they may invalidate the simple
1/Myg scaling of Eq. 64.3 There is no obvious breakdown of chiral perturbation theory, even
though the leading coupling (A3} is anomalously small,©

At one loop, the expressions for the mass shifts involve large O(m, In m,) and O(m?3/?)
{non-analytic) terms. 3 % The coupling As is not anomalously small at one loop. Instead,
the smaliness of the difference of hyperfine splittings in Eq. 64 is the result of a precise
cancellalion between one loop and tree level graphs. Explicilly,‘o

) lﬁw, In (M /*)

With g% = 0.5 and x = 1 GeV, the chiral log is 30 MeV, so the Ay counterterm must cancel
this to a precision of better than 10%.

The 1/Mg corrections to the masses My and Mx. drop out of the combination
Mx + 3Mx.. The combination (Mx, + 3Mx;) — (Mx, + 3Mx;) is a measure of SU/(3)v
breaking by a non-vanishing m, (or m, — mg if the d quark mass is not neglected). It can
be computed in the phenomenological lagrangian. To one loop*®

Mp, — Mp, = 4M(m, — my) — (m, — my) =995 1+ 0.6 MeV (66)

5

(i

3

8z

- (67)

3
- —m,

(Mx, - Mx:) - (de = M“'i) = My

(Mx. +3My;) - = (Mx, +3Mx;) = dhm, ~ ( + 3\3/_;) Ef‘%
—4Mm, (?g + g ’) 1;:;}.‘ ln (MK/;‘ ) (68)

The pseudoscalar splittings (Mp, — Mp,) and (Mp, —
Also, -(Mx, + 3Mxv) - -(Mx‘ + 3de) = g[(.:M,\'-

Mg,) have been measured; see Table 3.
My,) = (Mx; — Mx )} + (Mx, — Mx,),



and the term in square brackets is less than a few MeV, as we saw above. The combination
(Myx, +3Mx:) — (Mx,+3My:) in Eq. 68 is first order in m, but has no corrections at order
1/Mgq. Thus, one expects a similar numerical result for B and D systems. Experimentally,
(Mg, — Mg} {Mp, — Mp,) is consistent with unity; see Table 3. The formula in Eq. 68 has’

a significant contribution from the M} term which is independent of the splitting parameter .

X1. The M2 term gives a negative contribution to the splitting of ~ —250 MeV for ¢* = 0.5.
The chiral logarithmic correction effectively corrects the tree level value of the parameter Ay;
for it = 1 GeV and ¢* = 0.5, the term 4\, m, gels a correction = 0.9 times its tree level value.
Thus, the one-loop value of 44, m, can be significantly greater than the value determined at
tree-level of approximately 100 MeV.

Chiral perturbation theory can be used to predict the leading corrections to the
form factors for semileptonic B — D or D" decays which are generated at low momentum,
below the chiral symmetry breaking scale. Of particular interest are corrections to the
predicted normalization of form factors at zero recoil, v’ = 1. According to Luke’s theorem
(see section 2), long distance corrections enter first at order 1/M3. Deviations from the
predicted normalization of form factors that arise from terms of order 1/M§ in either the
lagrangian or the current are dictated by non-perturbative physics. But there are computable
cotrections that arise from the terms of order 1/Mg in the lagrangian. These must enter at
one-loop, since Luke's theorem prevents them at tree level, and result from the spin and flavor
symmetry breaking in the hyperfine splittings Ap and Ap. Retaining only the dependence
on the targer Ap, the correction to the matrix elements at zero recoil are?!

2 2
(DENIB()) 2%(v5%(£§)[ﬂawMﬁ+mvaM+mWMmg

(69)
l'2 2
(D (v, )NJI2|Bv)) = 2, (14%(:3”—‘}) [F(—AD/M,)Hn(Hz/M:)]+cr(,,)/m§)
(70)

where ' and €' stand for tree level counter-terms and
4

oo z 1 1
F(zx) -E]U dz(2'2+ 172 ([(32+ )77 4 2)? Tty 1) (71)

As before, no large logarithms will appear in the functions € and C' if one takes p =~
4w f ~ 1 GeV. With this choice, formally, their contributions are dwarfed by the term that
is enhanced by a lagarithm of the pion mass. Numerically, with g = 0.5 ihe logarithmically
enhanced term is —2.1% and ~0.7% for D and D*, respectively.

The function F accounts for effects of order (1/m.)**",n = 1,2,... It is enhanced by
powers of 1 /M, over terms that have been neglected. Consequently it is expecled to be a good
estimate of higher order 1/m, corrections. With Ap/M, = 1, one needs F(1) = 14/3 — 2x
and F(—1) = 14/3 + 2n for a numerical estimate; with x and g* as above, this term is 0.9%
and —2.0% for 12 and D*, respectively.

6.5 Trouble on the Horizon?

I would like to point out a peculiar aspect of this result. The function F(zx) can be

expanded in 1 starting at order z, as expected.!! But it can also be expanded in 1/z, and |
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the leading term is a logarithmic singularity ~ —~2Inz. Physically this limit corresponds
to M, — 0 (rather than the absurd alternative Ap — oo}, and the logarithmic singularity
is canceled by the In{i?/M?) in Eqs. 69 and 70, Thus, the expansions in powers of z
and 1/z correspond, in terms of physical limits, to expansions in powers of 1/m, and M,,
respectively. These are alternative, but not equivalent, expansions. This troubles me some.
[t seems to indicate that the order of the limits 1/m, — 0 and M, — 0 matters. But the
phenomenological lagrangian for pions and heavy mesons implicitly assumes that one can
systematically expand about the origin in 1/m, - M, space.

Frequently the non-analytic corrections to relations that follow from the symmetries
are uncomfortably targe. A case of much interest is the relation between the form factors fy
and h for B — K transitions, relevant to the short distance process b — sete,

{(K(pk)|57"6| B(pa))
(K(px)|30**6| B(pa))

Fv(pa +pe)" + J- (pB — px)", (72)
ik [(pe + px)"(pB — px)" — (pB + PK)"(PB ~ PK)"], (T3)

and the form factors for B — =ev,
(7(ps) (77"6| Blpa)) = fi (pe + 2o} + f- (25 — p: )" (74)
In the combined large mass and chiral limits only one of these form factors is independent:
myh = fr = —f- = fp = —]_ (75)

In this limit, the ratio of rates for B — Ke¥e™ and B — mev is simply given, in the standard
model of electroweak interactions, by |Vis/Vis[®, times a perturbatively computable function
of the top quark mass. If the relation 75 held to good accuracy one could thus measure a
ratio of fundamental standard model parameters.”

The non-analytic, one-loop corrections to the relations in Eq. 75 have been com-
puted.*? The results are too lengthy to display here. Numerically, the violation to SU(3)y
symmetry is found to be at the 40% level.!

The phenomenological lagrangian that we have been considering extensively neglects
the effects of states with heavy-light quantum numbers other than the pseudoscalar - vector-
meson multiplet. The splitting between multiplets is of the order of 400 MeV and is hardly
negligible when one considers SU(3}v relations involving both # and X mesons. For example,
consider the effect of the scalar - pseudovector-meson multiplet. One can incorporate its
effects into the phenomenological lagrangian. To this end, assemble its components into a
“superfield”, akin to that in Eq. 35 for the pseudoscalar — vector multiplet:¥

1+ ‘ .
Sa{v) = 5 ¢ [B,‘;')r,,'y"’ - BOG] . (76)
The phenomenclogical lagrangian has to be supplemented with a kinetic energy and mass

for S,
Tr [Su(v)(iv - Dia — Aba)Si(v)] (77)

* Another application of this relation was discussed by [. Dunietz in this workshop. Assuming factorization
in B — ¥X, ratios of CKM elements can be extracted from these two body hadronic decays. For more details,
consult the talk by Dunietz, these proceedings.

1The large violation of SU/(3)y symmetry affects as well the results of Dunietz (see previous footnote}.



where A iis the mass splitting lor the excited 8 from the ground state I, and with coupling
terms

o e [._‘?,.(?r).cf(.(v) 4{,,,’)‘5] + (b [Tl—a(v)f)'b(ﬂ) /];,,,'y'r'] + h.c.).

In terms of these one can now compute additional correclions to quantities such as fp,/ fp
-in Eq. 49. Numerically the corrections are not small,™ fn /fp = 1 + 0.134% for Mp.
2300 MeV (or fu,/fo = | +0.084% for Mp; = 2400 McV), assuming the strange mesons ta
be 100 MeV heavier. Similarly, corrections to the Isgur-Wise function can be computed, and
arc not negligible.

(78)

7. CONCLUSIONS

Applicationts of heavy quark symmetries and of heavy quark effective theory methods
abound. Many specific predictions have been made and can be tested. H the predictions work
well we may feel confident in using these methods for a more lolty goal, that of interpreting
experiments, be it for the measurement of fundamental parameters (as in |V3|) or in probing
new physics at very short distances (as in B — Keté).

Theorists are starting to understand the precision and limitations of the method.
The warning flags of the previous section are a sign of the maturity research in this field has
attained.

This is not Lo say the work is done. Many open questions remain. A salient issue
is that of computation of form faclors for semileptonic b — u decays. Even the inclusive
rate cannot be computed at large clectron energies,! where it is measured with an aim at
determining |[V4|. Some remaining issues require improved input from experiment. For
example, a beiter measurement of the entries in Table 1 and of the lifetimes of B* and B°®
would settle the issue of faclorization discussed above.

Regardless of the nature of the machine that conducts the next generation beauty
and charm experiments, Heavy Quark Effective Theory metheds will play a salient role in
the interpretation of the results.
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B PHYSICS AT LEP

ROBERT V. KOWALEWSKI
CERN
1211 Geneva 23, Switzerland

1. INTRODUCTION

Each LEP experiment has accumulated approximately 250 000 Z°—bb events through
1992. The analysis of these data has produced results on b production and decay properties.

-This talk will discuss LEP resuits on b hadron lifetimes, B meson mixing, and b hadron

masses. Measurements of the forward-backward asymmetry in Z°—bb decays aud of the
partial width of the Z° into bb are being actively pursued at LEP, but will not be discussed
here,

LEP has certain advantages for studying b physics. The event rate, while small
in comparison to hadron machines, is far above the levels seen at PEP and PETRA and
approaches those of DORIS-II and CESR. The LEP luminosity has improved each year, and
has recently exceeded the design figure of 1.5 10% fcm/s in 8 x 8 bunch running. Further
improvements to the Jumirosity are planned.

The triggering and selection of q final states is done with high efficiency and negligible
background, and bb final states account for roughly 22% of all hadronic Z° decays. The b
hadrons are boosted and typically travel a few millimeters before decaying, and their decay
products are collimated into easily ideatifiable jets. The cleanliness of the final states allows
inclusive studies of b hadron decays. The B, and b baryon states have been observed and
can be studied at LEP, in contrast to the experiments at the T{4S).

2. EXPERIMENTS AT LEP
The experiments at LEP as of 1992 are

OPAL Good charged particle tracking in the rg plane, 2 layers of silicon in r¢, good
lepton identification, excellent dE/dx.

L3 Small tracking volume, excellent electromagnetic energy resolution, good lepton iden-
tification.

DELPHI Good charged particle tracking from silicon (3 layers in r¢), good muon iden-
tification, RICH detectors for particle identification.



ALEPH Good charged particle tracking including silicon in 3-d, excellent invariant mass
resolution, good lepton identification, finely segmented electromagnetic calorimeter,

good dE/dx.

Some characteristics relevant to studying b hadron decays are listed for each detector. L3
and OPAL have silicon vertex detectors with r¢ and rz readout installed {or the 1993 run.
Several experiments are proposing further improvements in silicon vertex detectors.

Lepton identification and charged track impact parameter measurements are two
important toole used in the study of b hadrons at LEP. The semileptonic decay of b hadrons
is responsible for about B0% of the identified leptons in hadronic events with p greater than
3GeV/c and p,, the momentum transverse to the jet with which the lepton candidate is
associated, greater than 1 GeV/c. These leptons are used to discriminate b from nou-b final
states and to determine the charge of the decaying b guark.

The tracking resolutions achieved with silicon vertex detectors in OPAL, DELPH]I,
and ALEPH on the impact parameter (30-100 gm depending on p} and vertex decay length
(200-400 )} are small compared to the average impact parameter of tracks from b hadrens
{~ 400 zrn) and the average b hadron decay length (>~ 3mm). Vertex information is used to
tag the presence of long-lived b hadron decays, to measure b hadron lifetimes, and to reduce
combinatorial background in b hadron reconstruction. The most precise measurements of
the partial width of the Z° into bb now come from comparing single and double lifetime tags.

The number of Z8—bh events collected per experiment per year is roughly

+ 1990: 30000,

o 1991: 70000,

e 1992: 150000.

Not all of the analyses presented here include the data collected in 1992. The year(s) in
which the data set for a particular measurement was collected is indicated in each table in
the sections which follow.

3. LIFETIMES OF b HADRONS

2.1 Averuge b Hadron Lifetime

The average lifetime of the b hadrons produced at LEP has been measured by all 4
experiments. The standard technique is to perform a maximum likelihood it to the impact
parameter distribution of high p, high p; leptons. The lepton candidate sample is typically 70-
80% b—£fu X and B-12%% h—c—fw X, the remainder coming from primary charm decay, non-
prompt lepton backgrounds, and misidentified hadrons. The fitting function is a convolution
of the distributions expected in a detector with perfect impact parameter resolution with
the observed resolution of the experiment. This resolution is determined from the impact
parameter distribution of those tracks which satisfy the same kinematic criteria as the lepton
candidate tracks, but which appear to have originated from the hemisphere opposite to which
their momentum points. These tracks come predominantly from the primary vertex, and
thus provide a measure of the true resolution of the detector. The lifetime results, in ps, are
given in table 1. In this and all the following tables, the first error quoted is statistical and
the second systematic.
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Table 1. Measurements of the average b hadron lifetime.

ALEPH! 1.49  0.03 £0.06 91 £
(DELPHI preliminary | 1.36 £0.04 £0.05 91 ;)
(DELPHI preliminary | 141 £0.03 +£0.05 9] hadrons)
(DELPHI preliminary | 1.57 003 £0.05 91 vertices)
DELPHI preliminary 148 x0.03 005 91 average
L3 preliminary 1.36  £0.04 +0.05 91 ¢

OPAL ? 1.52 £0.03 0.04 90.91 {
LEP 1.474 +0.035 E=11/3

The lifetime measured is an average weighted by the production fractions and semileptonic
branching ratios of the b hadrons in Z° decays. Systematic errors come mostly from uncer-
tainties in the detector resolution and in the modelling of fragmentation and weak decays.
A common systematic error of 0.02 ps was assumed in forming the LEP average.

The LEP results on {rn) from B—J/¢ X decays, given in table 2. are statistically
weaker.

Table 2. Lifetime measurements using J/u decays.

ALEPH 3 1.35 018 10.05] 90,91
ALEPH preliminary | 1.41 1013 £0.04 90-92
DELPHI preliminary { 1.10  *333  *936| 9091
DELPHI preliminary | 1.47 53 091 02
OPAL* 132 *¥31 4015) 90
LEP 1.38 Yoo ¥ =L11/4

The combined precision one might abtain from LEP using J/¢ decays when each experiment
updates their results with the 1992 data is = 6%, corresponding to roughly 600 decays.

3.2 BY/B° Lifetime Ratio

The B? and B* lifetimes at LEP have been measured indirectly using the following
modes:

e BD¢tpX,
o BoD #tyX, and
e BD-#tuX.

The D mesons are reconstructed primarily in all charged modes of the type K~ n#, but modes
with a missing 7° are also used for the D*~ decays. The apparent lifetimes of these samples
are determined from the reconstructed decay lengths and estimated energies of the B decays.
As mentioned above, the decay length resolution is typically 200-400 gm. The uncertainty
in the estimate of the B energy varies considerably as a function of the invariant mass of the
D¢ pair, but is typically 15-20%.

The different samples do not provide perfect separation between B* and B, since
“X" can be charged. Estimales of the sample composition are based partly on measurements
of B=D""#v and partly en assumptions, e.g. isospin symmetry. The uncertainties in these



estimates are the major source of systematic error on the lifetime ratio. Table 3 gives the
resilts.

Table 3. Measurements of the Bt /B? liletime ratio.

ALEPH® Joo6 5 I0TT91 Df
DELPHI® | 111 '35 +0.11 |91 D¢
DELPHI? | 1.09 522 40.11 | 9] vertex
OPAL® | 1.00 *33% +0.08|91 D¢
LEP 102 I x° = 0.2/3

DELPHI have also used the charge of reconstructed vertices to separate Bt from neutral b
hadrons’. The charge of reconstructed secondary vertices is estimated Lo be correct 7T1% of
the time, allowing a partial separation between charged and neutral b hadrens.

The average of the B* and B? lifetime measurements is

(r(B*),7(B%) = 1.49 £ 0.10 ps,

in good agreement with measurements of the average b hadroa lifetime.

3.3  The B, Lifetime

Semi-exclusive decays of the type

e BoD X
with

¢ DS —gr~ or

o D K"K~
have been used to measure the B, lifetime. The decay time estimate is determined from the
measured [),£ vertex and the estimated relativistic boost. The analysis is the similar to the
B+ /B case, but is simpler in that the sample is not significantly contaminated by decays of
a different b hadron. DELPHI have also used ¢€ correlations and inclusive D, decays to tag
the presence of B, and measure its lifetime. These channels yield less pure samples of B,,

and a correction must be made for the charm flight path in the inclusive D, case. Table 4
summarizes the B, lifetime measurements.

Table 4. Measurements of the B, lifetime.

ALEPH preliminary | 2.26  ‘o%  40.12 | 91,02
DELPHI preliminary | 1.00 £0.30 91
OPAL?® 113 £32%  4+0.00 | 90-92
LEP 1.5 ¥ x?=6.3/2

The background from improper reconstruction of B? and B* decays is small. The uncertainty
in the size and lifetime content of the combinatorial background in the KK= invariant mass
distribution is the major source of systematic error. This error will decrease as statistics
improve.
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3.4  The & Baryon Lifelime
The b baryon signatures used for lifetime measurements so far are
o (Ay)oAEX,
¢ (Ay)—oALX, with Ac—pK-xt.

The symbol {Ap) represents all b baryons; the mixture of b baryons at LEP is not well
known, although the b flavor changing decays are expected to he dominated by Ay and 3.
A method similar to that used in the B meson lifetime analyses is used by ALEPH on a
sample of (An)— AL~ X candidates. OPAL fit a decay length to (Ay)— A~ X candidales,
while ALEPT use only the lepton impact parameter in their (Ay)—A#~X candidates, using
an analysis similar to the one used in measuring the average b hadron lifetime. DELPHI
reconstruct a vertex arouni the lepton candidate in the {Ay)— A~ X sample using additional
tracks to obtain a more precise decay time estimator. The results are given in table 3.

Table 5. Measurements of the average b baryon lifetime.

ALEPH 18 112 I3 016 [ 90,81 7.
ALEPH preliminary | .16 332 4007 | 91,92 A#
DELPHIV 1.04 108 £0.00 | 90,91 Aé4vertex
OPAL " 1.05 Y2 1008 | 90-92 Af
LEP 1.07 Bn xI=032/3

The systemalic errors come principally from uncertainties in the background and biases
in the fit (especially for (AL)—A€™ X candicdates). The effect of uncertainties in b baryon
polarization is small (2-3% conservatively). The measurement of separate Ay, and =, lifetimes
awaits higher statistics.

The measurement of the lifetimes of specific b hadrons has just begun at LEP, and all
measurements to date are statistics limited. The LEP average values for each of the scalar B
mesons is consistent with the measured average b hadron lifetime, and the b baryon lifetime
is about 2o below the average.

4. MEASUREMENTS OF B MESON MIXING

4.1 Time Integraled Measurements

LEP experiments are sensitive to the mixing of B, and By mesons. Measurements
of the time-integrated mixing parameter y = N(b—b—¢*)/N(b— %) have been made using
like and unlike-sign dileptons, and using a combination of leptons and jet charge,

_Lilpicer|* o a
Qu = S— =
Tiipi - ex

where p; and ¢; are, respectively, momentum and charge, ey is the direction of the summed
moementum vector of the jet, and the sum runs over all particles in the jet. These two
methods have slightly different sensitivity to B, and B, mixing. Leptons from the cascade
decay b—e—{* are an intrinsic source of incorrect Havor tagging, and are an important
source of systematic error in the dilepton measurement. The largest systematic error in



the jet charge analysis comes from uncertainties in fragmentation. Table 6 summarizes the
measurements of {x}.

Table 6. Measurements of {y) at LEP.

ALEPH ©® 113 £.018 £.027 [ 90 £-jet charge
ALEPH preliminary | .113 £.014 +£.008 | 90,91 grand ¢ fit
DELPHI preliminary [ .131 311 %012 | 91,92 dilepton
DELPHI preliminary | .144 £.014  *9131 91,92 ¢#-jet charge
L3 M 121 &.017  +.006 | 90,91

OPAL 143 0 +.007 | 90-91 grand ¢ fit
LEP 129 X010 X =23/

Interpretation of {x) is complicated by production rates and branching fractions. CLEQ'
and ARGUS! have determined x4 = 0.167 £ 0.037. Using this value and assuming 40%
of the b quarks result in By mesons at LEP, one expects {x} = 0.067 in the absence of B,
mixing.

4.2

Time Dependent Measurements

Recently, ALEPH'® have made a first observation of the time dependence of By
mixing. A D"t decay is fully reconstructed in one jet and a lepton with large p and p,
is tagged in a second, well separated jet. The lepton tag is used to enrich the sample in bb
events and to infer the flavor of the b which produced the charged D*, The reconstructed D**
vertex forms the basis for the decay time measurement, and the D** charge tags the b flavor
at the time of decay. An oscillation is observed in the plot of the D**-¢ charge correlation
versus reconstructed decay length. After correcting for the additional decay length of the
D9, they find

Am = (3440t
AT"' = 0750150

compatible with mixing measurements from CLEO and ARGUS. DELPHI see a time de-
pendence for By mixing in the ratio of like to unlike sign dileptons versus the lepton impact
parameter, and find Am/T = 0.5433%% + 0.10. The resolution on the decay time is approx-
imately 0.7¢, precluding any search for B, mixing. ALEPI have studied dilepton events,
where they achieve a decay time resolution of 0.3 ps @ 0.2¢ by reconstructing vertices around
the tagged leptons. They observe an oscillation corresponding to By mixing, but do not yet
extract a value for Am. The dilepton technique allows one to search for both By and B,
mixing, and has a sensitivity to Bs mixing if Am/T < 8, given sufficient statistics.

5. EXCLUSIVE RECONSTRUCTION OF b HADRONS

5.1 Reconstruction of B, and By

ALEPH, DELPHI, and OPAL have reported a few dozen B, and By reconstructed in
the following modes:

JK, I K,
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¥'K,

D**nr,

¥ K-,

Dtar, D%nr.

The statistics are modest, but observation of these events shows that exclusive b hadron
reconstruction can be done at LEP.

5.2  Reconstiruction of B,

ALEPH, DELPHI and OPAL have searched for exclusive B, decays in the modes

Iy ¢ T/ KK
ve  WKUK-
Dynr.

The J/4 are reconstructed in their £+€~ decay, the ¥’ into either £4¢~ or J/y 7, and the
D, into ¢7 or K”K. Based on two ‘unambiguous’ exclusive events, ALEPH quote'®

m(H,) = 5.3686 & 0.0056 + 0.0015 GeV/cg
The event which dominates the mass measurement is
B.—y'9—optu KYK™ |

for which the uncertainty in the measured mass is 5.6 MeV /c?. DELPHI report a preliminary
measurement of

m{B,) - m{By)
m(B,)

78+ 9 4 11 MeV/c?
5.357 4 0.009 £ 0.011 GeV /c?

based on 11 B, candidates in 6 decay modes (0-3 events/mode). An OPAL candidate®™ in
the J/4 ¢ channel gave a mass of 5.36 £ 0.07GeV /c?. Combining these numbers,

m(B,) = 5.3069 £ 0.005 GeV/c?

6. OTHER TOPICS

6.1 QObservation of B*— B Transitions

L3 have seen evidence for B* production in their inclusive plioton energy spectrum.
They take all photon candidates passing quality criteria and boost them back to the presumed
B rest frame. The resulting rest frame energy specirum has a large excess near 50 MeV
which 1s attributed to photons from the B*—B transition. From the number observed and
a calculation of the efficiency they determine the vector to pseudo-scalar B production ratio
to be 0.82 1 0.08 £ 0.12, consistent wilh the spin-connting expectation of 0.75.

6.2  Breuching Fraction B—rv X

ALEPH have measured B(B—r¢X) Lo be?' 4.08 £ 0.76 £ 0.62%. This value is
consistent with theoretical expectations. The measuremnent is performed by looking for the
missing energy carried away by the v, and ¥,.



6.8  Searches for B, Penguin Decays
ALEPH have set a 9% c.l. upper limit on the decay B,— ¢y of

B(B,—dy) <4.1-1071
This is near the theoretical upper litnit on the branching fraction for b-ssy penguin decays.

7. CONCLUSION

The experiments at LEP now dominate the world average b hadron lifetime, and
have measured individual lifetimes for the pseudo-scalar B mesons and for b baryons with
precisions of 15-20%. Measurements of the average mixing parameter (x) at LEP suggest
substantial B, mixing. Flavor oscillations have been observed directly for the By, and searches
for B, oscillations are underway. Some exclusive B decays have been reconstructed, and
the mass of the B, has been measured. Most analyses are statistics limited, so further
improvements can be expected as the data sample increases,
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B-PHYSICS IN HADRON COLLIDERS
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1. INTRODUCTION

1.1 Generalities

The b-quark offers a window on the standard model that is open to experimental-
ists at hadron colliders, where the largest yields of b—quarks occur. With existing facilities,
such as CDF, it should be possible to achieve ~ 10° observable B-decays within the next
few years. This entails evolution of the high resolution vertex detectors, e.g., CDF’s SVX,
including full r-8-z information, and especially generalized triggers, such as single lepton dis-
placed vertices for semileptonic weak decay studies.!2 With a modest yet dedicated program,
perhaps involving a new detector, > 10'® ohserved B’s should be achievable at Tevatron to

© Main Injector luminosities within this decade. Such a program is essential to break the

ground for future hadron-based B-physics programs at LHC and $SC. An ultimate hadron
collider based program at Fermilab, LHC and SSC can look forward to recording the decays
of > 10" produced B's.

The present discussion is intended to be primarily a prospectus for such a program,
We will, however, indulge in some speculations about tagging of flavors and the all-important
kinematic reconstruction needed to do semileptonic weak studies. This reflects recent interest
that has arisen in the possibility of “daughter pion” tagging, i.e., using the pions from the
decays of parent resonances to tag the flavor.?

The major advantages of the hadron based B-physics environment are the relatively
large cross-section for b-quark production and the the “broad-band” nature of the beam.
b-quark pairs are produced by {predominantly} gluon fusion® and arbitrarily massive states
are available. Thus, all of the spectroscopy, including B, ~ bc and the resonances, B**
etc., are produced in hadronic collisions. This sharply contrasts with the situation in e*e~
machines that make use of the T(45) and Y(55) resonances in which only the low-lying
E(u,d) combinations can be produced, Moreover, in ete~ machines that operate in the
continuum or on the Z-peak the cross-section for b production is many orders of magnitude
below that in the hadronic environment.

On the other hand these advantages imply major challenges as well.'? The copious
production at hadron machines implies that a substantial parsing of data must occur quickly
on-line, i.e., a trigger that can keep interesting candidate events must be provided. To date
in hadronic colliders the semileptonic decay modes have been largely discarded in favor of
the much easier y modes. A trigger capable of recovering the semileptonic decays is possible,
and demonstrating its feasibility is of high priority for a number of reasons {e.g., conventional
flavor tagging requires it).

Another issue is the extent to which decays involving missing mass, such as the
semileptonic decays involving neutrinos, can be fully reconstructed. In e*e— machines that
make use of the YT({45) the B-mesons are produced with a known energy, the beam energy.



In combination with the visible decay momentum, this completely determines the decay
kinematics, e.g., the Q2 of the lepton pair is determined even though the neutrino is never
seen. In a hadronic mode we observe a B-meson flight direction and the visible momentum
of the decay products, but this yields a two-fold ambiguity in the & energy. Thus, to make
maximal use of a semileptonic decay sample it is imperative that efficient techniques evolve
for resolving this ambiguity!

One technique would “bludgeon” the semileptonic processes with high statistics by
insisting on keeping only those special kinematic configurations for which the ambiguity
disappears®. While inefficient, this technique is guaranteed to work. However, we will
suggest another approach presently that is speculative, but may ultimately prove to be an
efficient way of fully reconstructing B processes with relatively high efficiency. It makes use
of the fact that B-mesons will often be produced as decay fragments of a resonance as in
B** —» B + a. The » meson here we will call a “daughter pion,” and it has previously
been suggested as a flavor tagging mechanism for neutral B-mesons.? The observation of
danghter 7-mesons from resonances is established by ARGUS, E-691 and CLEO, and E-687.¢
However, we suggest here that it can potentially be used to resolve the two-fold kinematic
ambiguity in the B-meson 4-momentum. We describe this approach in Section 2.4 below.
It may prove workable in some form as our understanding of B production evolves.

The physics goals of a > 10'® B-meson program are very rich and diverse. Heavy
quark physics allows us to map out the CKM matrix of the standard model through the
detailed studies of inclusive and exclusive decay modes. It will allow us to test the standard
mode] beyond the leading order in radiative corrections, and through rare decay modes and
mixing phenomena which are sensitive to my,, and Vi, etc. This will lead ultimately to
experimental tests of the CKM theory of C P-violation, which is expected to manifest itself
in many interesting new channels in the b-system. High statistics studies of the b-system
will furthermore enable searches fer exotic physics, signals of which might be expected to
emerge in heavy quark processes.

We begin first with a brief overview of the physics considerations that are relevant to
doing heavy quark physics in the hadronic collider environment.

1.2 Prima Facie Considerations of Hadronic B's

D-physics at hadron colliders is often casually dismissed out-of-hand, preference
given to ete™ production, because the hadronic environment is “too noisy.” It is important
to realize that the “noise,” i.e., the background of high multiplicity, mostly low pr pionsin a
hadronic collision, is largely spread out over a large range of rapidity. The low-mass particle
preduction follows an approximately constant distribution in the pseudo-rapidity:

7 = — Inftan(@/2)] = tanh " (p,/ E) (1)
Typically at Tevatron energies the number of pions per unit rapidity is given by:
dN,
p 22 3.0 charged, = 1.5 neutral (2)

Thus, in a rapidity range of |§| < 1 we expect of order i = 6 charged pions, and € nf
gamimna's emanating from the beam collision spot.
On the other hand, the finite and relatively large mass of the b—quark leads to a

longitudinal momentum distribution that is centered on 7 = 0, and is fairly broad depending
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upon the cm energy scale and the p; cut (see, e.g., Alan Sill in ref.[1]). In rapidity, the range
of significant b-quark production with high p, is for the Tevatron ~ %3; for the LHC ~ +4.5;
and for the SSC ~ +7. Moreover, the transverse momentum distribution, p,, of heavy quarks
is set by the mass scale of the quark (generally, it requires a parton subprocess of larger §
to make a heavier quark, hence larger values of p, become relatively more probable).

Moreover, b~hadrons have a fortuitously long life-time, and they therefore drift a
resolvable distance away from the primary vertex before they decay. With high resolution
vertex detectors it is easy to resolve the secondary vertex and isolate the heavy hadron decay.
The typical displacement of a #-hadron secondary decay vertex is ~ 400 microns, while a
resolution to better than ~ 15 microns is achieved with the SVX. With this secondary vertex
separation there is only a very small combinatorial background to these displaced vertices
coming from minimurs bias physics. There remains, however, a significant background from
charmed mesons which also have displaced secondary vertices. These can generally be con-
trolled by demanding partial reconstruction of the heavy hadron decay with mass cuts, i.e.,
demand that the visible decay products have masses exceeding those of charmed particles,
typically & 2.5 GeV.

Table I; Indicated yields of usable B-mesons running for a 3 year, 30% duty cycle,
period for: (a) Tevatron at present attainable £ = 10% cm™? sec™! (b) Main
Injector assuming £ = 10% cm~? sec™! (twice the design goal; multiply by 10 if
the rapidity range is |5| < 3 and p, > 5 GeV). {¢) ABF ~ Asymmetric B-factory
proposal at £ = 10 cm ™2 sec™! aperating on the T(48) (d) LEP at Z°-pole with
£ =2x 10% cm~? see™! (see M. Artuso in ref.[2}).

Mode | Tevatron™ | Main Injector’™ [ ABF [ LEP II? ||
By 6 x 10° 6 x 1070 Ix 0] 4x 108
B, 1.6 x 107 1.6 x 1070 none | 8 x10°
B, 107 10° none | 4 x 10°
Ap 107 1019 none 4 x 10°
At the luminosity of 10 ¢m~2 sec™! in a pp collider, for which we assume /s =18

GeV, B-meson pairs are produced in a rapidity range of || < 1 and p; > 10 GeV, with a
total cross-section of ~ 10 ub or 100 Hz (ref.[1]; M. Artuso in ref.[2]). With the main injector,
and the experience to date at the Tevatron, an ultimate luminosity of 10% cm=? sec™! is
thinkable {the present peak Tevatron luminosity is ~ 0.8 x 10*'). Running at 1032 (103}
for a total of 3 years, with a 33% duty factor yields ~ 3 x 10'® (3 x 10°) usadle B-mesons.
If we can triple the rapidity range to |5} € 3 and reduce the lower limit to p; > 5 GeV the
yields for useful B's approach ~ 3 x 10! {3 x 10'%). Of this, the yield of B, is ~ 18%, Ag
is ~ 10% and of B, is ~ 0.1%. The vield of b—quark containing baryons is expected to be of
order 10%, though these are crude estimates at present, and should actually be measured at
the end of run L.

This compares with the idealized luminosity of 10* ¢m~? sec™! in an e*e~ storage
ring, such as the proposed asymmetric B-factory (ABF) at SLAC or CESR (the present
peak luminosity at CESR. is 2.5 x 10?). The cross-section for BB production on the T(45)
is ~ 1 nb, which yields B pairs on the T(45) at a rate of ~ 10 Hz. The yield for the same
3 year 30% duty cycle period is ~ 3 x 10° B-mesons {note this is the proposed ultimate
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300 fb~!, lifetime f Ldf for the asymmetric B—factory). On the Z° pole the cross-section
is ~ 7.0 nb. Hence operating an ete™ collider at the LEP luminosity of 2 x 10%! on the Z°
pole for the same 3 year continuous duty cycle period yields ~ 3 x 10% b’s. For continuum
ete™ machines the cross-seetions are ~ 10~2 those on the Z pole and we will not consider
them for comparison. .

We see from Table I that varjous new states and decay modes are available in the
hadronic facility that are inaccessible, or of lower statistics in the ete™ environment. More-
over, it appears that a reasonable goal for a dedicated hadron collider based program in the
pre-SSC era is to produce a total of > 10'® usable b hadrons. In what follows we will take 100
B-mesons to be our standard reference normalization and give a preliminary consideration
of what might be achieved in such a program.

2, PHYSICAL STATES AND LEADING PROCESSES

2.1  Resonance Spectroscopy

The spectrum of resonances of the B-mesons imitates that of the charm system. We
see this by comparison in Fig.(1), where the known and predicted resonances of £ = 0 and
{ = 1 are indicated. The spectroscopy is actually reflecting a remarkable aspect of heavy
quark symmetry, i.e., the heavy quark spin symmetry.”

Put simply, heavy quark spin can be ignored in the dynamics, and acts effectively
like a flavor symmetry. As a result, states which differ only by flipping the heavy quark
spin will be degenerate (up to O(1/M)). It is convenient to describe this by classifying
mesons as (jy, jz}, where j| is the spin of the heavy quark subsystem and j, is the spin
of the remaining system. So, for a heavy-light meson j; = %, and the states of lowest
mass will have j, = } as well. Thus (4, 1) describes the ground state and this corresponds
to total J = 0 or J = 1. Therefore, the groundstate consists of a degenerate 0~ and 1~
multiplet. We see the D and D" are actually split by slightly more than a pion mass, while
the splitting between the B and B* decreases by m./m, in the B system. It is important to
note that jp is the quantum number of the “brown muck;” we cannot a priori separate the
light quark and gluon degrees of freedom under rotations in QCD, though potential models
do so (potential models refer to constituent quarks, and work remarkably well even in light
heavy-light systems).® A fancier way of staling this is to note that spin is the classification
of a state under the “little group;” the little group is the subgroup of the Lorentz group
which commutes with the momentum of the state (i.e., it is just O(3) = SU/(2) for a massive
particle, or Q(2) = U(1) for a massless particle). Remarkably, we see that the little group
of a heavy-light meson is enlarged to SU{2) x SU{2), since we can rotate the heavy quark
independently of the brown muck. The states for which |, — jo| is an integer are equivalent
to representations of O(4) = SU(2) x SU(2). Thus the ground state is equivalent to a 4-plet
under O{4), containing the 0~ and the 1™ mesons.

The masses and decay widths of heavy-light resonances have been estimated recently
by Eichten, Hill and Quigg (EHQ)®. The masses of these states seem to be well fit by using
a Buchmiiller-Tye potential for a static massive quark with a constituent light quark bound
statebound state. Their decay widths were obtained by rescaling the known strange and
charm widths with smearing. The spectra are presented here:
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Figure 1. The low-lying spectra of D and B states from EHQ® Solid lines are
established, dashed lines are predictions {we omit the broad (0%, 1*) p-waves®).

There will generally occur a (. 1) = 0% + 1% parity partner of the ground state (a p-
wave in the constituent quark model) which has a very large ~ Gel” width and will generally
be unobservable.* This state may be viewed as the “chiral partnet” of the ground state:? if
we imagine restoring the broken chiral symmetry the ground state would have to linearly
realize the chiral symmetry, thus becoming doubly degenerate (thus, the left-handed iso-
doublet is 0% — 07, while the right-handed iso-doublet is 0¥ + 0~ when the chiral symmetry
is restored).

2.2 Daughter Mesons

The resonances can be observed by studying the 7's and R’'s produced in association
with B-mesons. Some of the 7—-mesons will be decay relics from processes like:

p+P— N+(B" - B+ (a R)) (3

The first objective is to establish the existence and masses of the resonant states and the frac-
tion f = op../og by which a B-meson is produced through the decay of parent resonance.
f is likely to be sensitive to the decay and production kinematics.

Experience in ete~ (ARGUS and CLEQ) and charm photo-production experiments®
suggests f ~ 13% for the fraction of D* coming from the D**, and f ~ 7% for the fraction of
D coming from the D*". We note that photoproduction on a hadronic target {E-691, E-687
in ref.[6]) bears some formal resemblance to the gluon fusion process. and might be a good
analogue process for calibrating our understanding of detailed production in fip collisions. We
would expect (heavy quark symmetry) that apart from normalization the charm production
distributions can be taken over to B-physics directly. Thus, for tagging purposes an inclusive



rate of f ~ 20% of B's coming from the B* — B* — B and B*~ — B chains might be
expected. The experience in photoproduction suggests that the efficiency for finding the
daughter pion is ~ 50%. We will therefore assume an overall tagging efficiency of ~ 10% by
daughter mesons is possible,

The production tagging efficiency is probably sensitive to pr and to angular cuts (or
rapidity cuts). The heavy quark limit ensures that the 4-velocity of the produced B** is
approximately equal to the 4—velocity of the B, i.e., zero-recoil of the b-system is a good
approximation. In hadronic collisions it is probably reasonable to assume that the B
system at low pr is produced in an unpolarized initial state and, thus, the distribution of
decay pions in the process B™* — B + 7 is spherical in the B** rest frame. The {unit
normalized) polar distribution of pions relative to the B flight direction is then obtained by
boosting the spherical distribution:

‘d_‘]_\r_ N _.L +(1 - fr? {(ﬂ4 - Zﬂ'l}uﬂ + ﬁz) cos? )+ QAﬁwCOSG] (4)
a0 dn AvB2cos?d — 1)2
where:
A= (1~ B - AU — wcos? 9)'/2 (5)

and w = 1//1 ~m2/(AM)? = 1.04. In the massless pion limit, w = 1 and this reduces to
dN /dQ = 1/{47+*(1 — Bcos)?) valid to order JO(m2/{AM)?) ~ 4%. Note that 50% of the
pions will occur within a cone of opening angle fggs given by (for w = 1):

1 |
tan @ = == ————— (5)
0% ~3 1_2_")‘ —1

For 4 == 2 we see that fp ~ 30° and this defines a cone of small solid angle of 0.07 x 47
steradians. The aligned daughter pions, coming from the primary vertex, are also expected
be more energetic than typical minimum bias pions. Thus, the conical cut on pions with
f < 8509 should lead to a significant gain in signal to background for low-pr (at high pr the
B-meson is enveloped in a jet with higher 7 multiplicity within small conical angle). We do
not. consider the more general possibility of rapidity correlations here.?

2.2 Semileptonic Weak Decays involving V,,

High statistics measurements of exclusive semileptonic branching ratios such as B —
| + v + (D, D", D), etc., are possible at the level of ~ 10° decays. These are important
processes for establishing the overall normalization of weak transitions in hadron colliders
since the CLEQ and ARGUS experiments are significantly improving the statistics of these
processes. The key. physics goal here is to obtain the highest precision determination of Vi
possible. This requires exploiting the heavy quark symmetry result, together with QCD and
1/M corrections, which fixes at special kinematic point w = v - v' — 1 the normalization of

the Isgur-Wise function. The normalization of £{w — 1) is known to a precision approaching

3%.'% Therefore, the goal of experiment should be to approach a 3% determination of V.
Much effort to date has gone into the measurements of semileptonic weak inclusive
decays and exclusive decays of heavy mesons. [n e*e~ experiments such as CLEO or ARGUS,
and as proposed for the asymmetric B-factory, one tunes the beam energy to produce the
T(45) resonance, which decays to pairs of B¥* B~ or BB’ mesons that are nearly at rest in
their cm system. With tagging this can produce a clean sample of B's for the exclusive decay
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modes. The B-mesons can then decay to a final state lepton either directly, semiteptonically
as B — ({)X, or hadronically, cascading as B — X — () X",

Various models'! are used to fit the leptonic energy distribution to the various com-
ponent subprocesses (see discussion of S. Stone in ref.[2]). The error in these results is
dominated by the theoretical models used to fit the spectra, and is of order ~ 15%. Al
PEP, PETRA and the LEP experiments the semileptonic decays are studied at much higher
energies. These results are consistent with the T(45) results to order ~ 15%.% Alterna-
tively, one can study exclusive modes using a tagged B, and determine the missing M?
distribution from the mass of the visible decay fragments of the other B. The miss-
ing M? distribution will contain endpoint peaks from contributing subprocesses, such as
B — imy{D"*) = n*(D") — K~ n*. The subprocesses are then fit to the observed missing
M? distribution. These methods, using different theoretical models, have broadly consis-
tently yielded our first determinations of branching ratios and again yield results to order
~ 15%'2.11

However, ultimately we want to minimize the sensitivity to theoretical models in
extracting Ve, Vip. Here we can use heavy quark symmetry in a model independent way,!®
from the w distribution. The decay distribution in w for B — évD; is:

er.‘ Gi" 2,02 .2 2 2 _ 1
Tw = gl Vel mamp(l + w)vVw? - 1(Fp (r,w)) (7}

where r = mp,/mpg and Fp(r,w} is a form factor.!® In the mpp — co limit F is given
in terms of the Isgur-Wise function £{w) and the known ratio r. At the special “zero
recoil” point £(1) = 1 + ¢ where ¢ is composed of {a) QCD corrections computed to NLLA
order £1% and (b) 1/M effects that are dominant £3%. Hence, the strategy is to extract the
functional dependence of F(r, w}, or £(w) upon w and extrapolate to w = 1 where theoretical
corrections are under control. This implies that the experimental statistical uncertainties
must become significantly smaller than ~ 1% and the limiting attainable precision of V, is
expected to be ~ 3%, modulo improvements in the theoretical uncertainties.

Neubert'® has carried out this analysis with the existing CLEO and ARGUS data
on the g¢? distributions, based upon ~ (a few 100) events, to extract the model independent
result [Vs| = 0.042 + 0.007. This is indicative of the current statistical extrapolation errors
attained with ~ 300 events, and this should improve in the near future. It would appear that
with 10? fully reconstructed events the statistical error in this approach will scale downward
by a factor of 10. The key point here is that the theoretical modeling in the hadronic
environment is now relegated to the cortections, and not to the result itself, The highest
experimental statistics will drive the future determinations of V.

The challenge for this approach in the hadronic experiments is the requirement to
fully reconstruct the decaying B-meson, particularly with respect to kinematics. In ete-
experiments the the beam energy, together with the flight direction of the B, supplies suf-
ficient kinematic information to know the B energy unambiguously. In the broad-band
hadronic environment we are a priori limited to knowing only the flight 3-vector of the B,
and the visible 4-momenta; the uncbserved neutrino momentum leads to the ambiguity.

Let us consider the semileptonic decay B — D + #* 4+ X Of course, .Y’ contains the
neutrino but may also contain missing neutrals as well. The first question is, can we select
events in which w — 1 using this information alone? If we consider events for which we

hypothesize that the missing (mass)? is M%, then the energy of the B is determined up to a
a two—fold ambiguity,
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where (E,is, Pois) = Py = Ph + Pb is the visible 4-momentum (M2, = p%,) and A? =
Harg + M2, - MY).
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Figure 2: ‘The phase space for B — D+ f+v (M% = 0) in the variables 2 ~ Ep/Mag,
y ~ E¢/Mg. The phase space is bounded by the points (a) (£ and v back-to-
back), (b} ([ and € back-to-back), and (c) (D and v back-to-back). The point (a)

corresponds to w = vp - vg = 1.

Here 8 is the angle subtended by the flight vector of the B (primary to secondary vertex
vector) and Fis. Let us now further assume Mx = 0 {(no missing neutrals, ete.). To observe
w = vp - vg = | we must have in the B rest-frame, Mp = Mp + 2F,, i.e., the massless
leptons are back—to-back, whence ‘

MY, = (pp +pe)® = ML+ 2MpE¢ = MpMp (9)

vy

The condition M2, = MpMpg, using,

. 1
0=M} =(po+p—pp) implies z+y=;(l+Mp/Mp), (10)

which defines a line in the phase space of the decay Fig.(2) intersecting point {a). Unfor-
tunately this line cuts accross the physical region (interior to (abc)) and does not uniquely
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select w = 1, while M2, = M} and M%, = M}, do uniquely select points (b) and (c). Thus,
forw = 1: E M sl (M,

E=L"'(—B 1)imp”" (_‘1..) 11

2= \Mp, 5 \itp ! (1)

Therefore, we see that we cannot uniquely reconstruct the Isgur-Wise point w = 1 from

M2, alone. To uniquely reconstruct the kinematic point w = 1 using the information about

the B decay alone we must have (i} MY = 0 (ii) M2, = MpMsp, (iii) and |F,:s| = 0. Note

that for |5,i,| = 0 the B—energy is determined uniquely as Ep = A2/E,,,.

P. Sphicas® has examined by Monte Carlo the fraction of (hypothetical) events for
which the two-fold energy ambiguity of the B-meson is less than 10%. For ~ 10° decays he
finds (few)x 10 decays in which 6E5/Ep < 10%. The slope of the Isgur-Wise function near
v-v' = 1i8 & /€ ~ —0.4, thus a 10% precision in the B energy yields about an additional 4%
uncertainty in the normalization, or about ~ 6% overall. With 10'! B’s this would approach
the desired limiting resolution.

How well does this do in excluding missing neutrals? If we allow M} = m2, which
occurs for a fast pion collinear to the neutrino, then one finds that the point {a) shifts by
dx, ~ Sy, ~ O(mI/M3) (the points (b) and (c) shift by O{m,/Mg), which is easier to
resolve). This is much less than the experimental momentum resolution, and is therefore
problematic. However, the typical pion contribution is not collinear with the neutrino and
ML ~ m, Mg, whence §z, ~ 8y, ~ O{m,/Mp) ~ 3%, and is marginally resolvable,

2.4  Kinematic Tagging with Daughter Pions?

Let me indulge here in a speculative proposal. Clearly we can sacrifice the huge
statistics available at the hadron machine to achieve reasonable kinematic reconstruction for
a (few)x 10" events. However, we would prefer a method which is efficient, covers all of phase
space, not just F,i, = 0, and ideally which offers greater leverage in momentum resolution.

Perhaps we can exploit the fact that a fraction f ~ 20% of B-mesons will be produced
as the daughters of the B** resonance, together with the daughter pion. Thus, let us ask
if we can select the B-meson energy in a typical process B — D* + € + v, where the two
hypothetical 4-momenta of the B are p{!’, pi¥. We demand that we find a pion which
matches a hypothetical solution for the B-meson 4-momentum, pp, satis{ying either;

(pr + P2V = (Mp.. + 5Mp..)? (12)

where 6 M g.. is the width of the resonance parent. Then a difference between the hypothetical
4-momentum has a resolution given by the width:

(pr +9%) = M., or

7% - o) = Mp..6Mp.. = E, 6.Ep (1 — (1 + B — %) cos§) (13)

where 4, Fg is the minimum resolvable B-energy. Hence, apparently we can directly recon-

struct the B energy by this method to a limiting resolution of only:
6'r'E.B JMB--

M. " B, SO0

where we use E, ~ 1 GeV, dMg.. ~ 50 MeV, typically, and # »~ 90°, On the other hand,

we see in eq.(11) that, using §,,, the energy ambiguity is:

(14}

5Es = |fdl (%-2— -1). (15)



Note that [f.i,] can be quite large; as we approach the Isgur-Wise point (a) in Fig.(2) and,
taking for example the B rest-frame, we have |Jui,] ~ %(]\'!,q — Mp}. The value 6, E5 is then
sufficiently small to allow a selection between the two solutions, since:

rLEn A’i{j..&M}],. l\/.[y )..|
8B " Enlpons| (MD L) % (16)

uSIng |fisl ~ %(Mg ~ AMp). In other words, the energy ambiguity can be ~ 10 of the
minimum resolvable energy of the B-meson, using the daughter pion in combination.

Note that we are not then restricted to the special kinematic configurations |y, = 0;
indeed, this approach would be complimentary to |pu;,| = 0, and preferably requires that
|Burs) be large. It does rely on being able to “cut hard” to reduce the background pions that
fake a B"" daughter, and it is subject to background fakes that favor the wrong solution.
This probably favors low pp B's with less of an enveloping jet structure, and then & < 8505
cut. Again, this cannot resolve the missing collinear pien ambiguity, but it is potentially
able to resolve the typical missing neutral pion ambiguity. We have given here only a sketchy
analysis of this. It requires serious study by Monte Carlo simulation, or direct application to
the existing data of charm photoproduction experiments, and eventually in I3 decays where
the B-momentum is known (all decay products visible}. With f ~ 10% we may hope to be
able to select between kinematic options with cfficiencies of order 1%, allowing ~ 107 fully
reconstructed semileptonic weak decays.

2.5  Semileptonic Weak Decays involving Vi

High statistics measurements of exclusive semileptonic branching ratios such as & —
£+ v+ (T.(d 5)), ete., are possible at the level of a (few)x 10 decays. These are important
processes to establish the general normalization of weak transitions involving Vis. The
statistical limitations together with theory imply better than a 3% determination of the
quantity f,,\/E|V,,,,| may be possible. The quantity fuv'B is known poorly to about 20%
precision. implying an overall determination of V,, & 20%.

Table 1I. Branching ratios estimated by rescaling charm analogues, assuming
Wha/Vie] = 0.05. The yields assume 33% D*, 33% B°, 18% B,.

[ Mode I Br [yield/10" B's comment
B—plvip—ntn) 50x 107 1.5x 100 * lattice
B — Xoharmiessits 2.5 % 1071 1.7 x 108 inclusive models
B—wlv(w—natn) 1.0 x 10°® 3.3 x 108
B - olv(p— KTK") 27x 1077 83x107
B - 7wy 30x10°° 10° * chiral symmetry
Bonlv(np—ataete ) [1.0x 1077 107 chiral symmetry
B — D,(n,p,w) 104 108 Argus limit 5 1%
B, — Kiv Ix107° 6 x 107 * vields fg,/fa,. .
B, - K'lv 5x 1077 108 x fg,

The present determinations of |V,,/V.s| are based upon the endpoint of the lepton
spectrum for inclusive semileptonic decay rates (see the S. Stone review in ref.[2]). There
have been searches for the exclusive decay mode B — pfr. On the T(45) the measurement
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of Ey near the endpoint where the background from & — cfv and continuum e*e™ produc-
tion becomes small in principle yields a determination of {V,;/V4|, however it is subject to
limitations from the knowledge of m, and m,, and is highly model dependent. The extracted
Vus/ Ves values range from 0.075 + 0.008 for the ACM model to 0.101 £ 0.010 for the ISGW
maodel.? The statistical errors are large. The exclusive decay mode B — pfr has been stud-
ied, with greater model dependence, lower statistics < 100 events and a larger scatter of
0.1 < Ve /Va| < 0.3.

With a reasonable extrapolation to the SVX technology, and the copious yield of
B's we can imagine rather conservative cuts allowing the study of final states such X = p,
X =n, X =w, X = many 7's, etc. In the decay B~ — pf~v and the subsequent p — 7~
(P = 0.5) we demand that the pions reconstruct to the p mass, and connect to the lepton
at the decay vertex of the B. The estimated Br(B~ — pi~v) ~ (Br(B~ — D"l v) ~
4%) % |Viu/Vael* X 1/2 ~ 5.0 x 1078, thus with 10'¢ produced B's we will have ~ 1.5 x 10°
events. The problematic backgrounds are from B — D€ and D — 27 or I — pa®, with the
7¥ undetected, B — pD and D -+ fu. The p tends to be diluted by the pion background,
which may require cutting on events in which the other I is seen in a semileptonic mode
{~ 10%). The rejectior of v's and the mass reconstruction of the p, and a veto on more than
2 pions are important constraints to consider in fishing the p out of hadronic events.

Thus, a high statistics study of Cabibbo suppressed decay modes seems possible with
10'° B-mesons, but we are in a learning situation at present that must evolve considerably.
This yields of order 10° decays. A form factor analysis may be possible for the 7ér mode
if daughter pion kinematic tagging is possible, yielding ~ 10% fully reconstructed decays.
One can hope ta exploit the fact that chiral symmetry fixes the normalization of this matrix
element at w = 1. It should certainly be possible to achieve Vi, to better than £20% using
models, and perhaps better precision by use of chiral symmetry. The quantity fg./fe.d
would be probed to +£1% precision.

26 B, and B,

~ The B, = (bs) has been scen at ALEPH, OPAL and CDF.!?2 CDF has observed 14
fully reconstructed ¢ events, and reports a mass of Mg, = 5383 £ 7 MeV, With a yield of
1¢'? usable A’s there are expected to be produced 1.8 x 10° B, + B,. This will allow survey
of various decay modes, such as DK, D*K, D3 D;, Dyfe, etc. Also, of great interest will
be the study of higher resonances producing daughter /{-mesons in association with the B,,
e.g.,

pp o BI(27,37) — K + B, {17)

The prospects for the application of this to, e.g., flavor tagging for study of 8,5, mixing, is
discussed below.

Perhaps the most interesting new mesonic system will be the B, = (bc). This is
remarkable because we can say with certainty that non-relativistic potential models apply,
and the spectrum is completely determined by those methods. Indeed, this is the true
Hydrogen atom of QCD. Eichten and Quigg'? have estimated the spectrum and widths of
the B, system. They use the Buchmiiller-Tye potential as fit to the ¥ and T systems
(and use other potentials, e.g., the Cornell and Richardson potentials, for error estimation),
finding:

Mg, = 6258 £ 20 MeV

Mpg.— Mg, =7315 MeV (18}

The prospects for observation of I, hinge upon the production cross-section. There is



reasonable agreement amongst several groups'* that the ratio o(B,)/a(bb) ~ 10-* Thus, for
{n7] €1 and p; > 10 GeV/c we have ¢(B,) ~ 1072 ub, and a yield of ~ 107 B.’s for 10'¢ B’s,
Some of the principal detectable decay modes are listed in Table 111,12

Table III. (a) Yields are for detectable decays and include the branching fractions
Y — ptp ~ 7% (b) includes (¢ — ptp=) x (D — 7¥{¢ — KK ™) ~2%).

[ Mode | Br yield /10" B’s | yield/100 pb~T ]
B, - aty [4.0x 1073 2.8 x 107 (@ 276 (4
B, D [50x10727] 7.0%x 1070 few
B, -~ Yty 10% 7.0 x 108 (=)

Note that the decay mode B. — ¢€v is the B, analogue of the B, — D*fv decay
for which the Isgur-Wise function at w = 1 sets the normalization. Here the process is
completely determined, and w = 1 involves only the overlap of the known ¢ and B, wave-
functions. Thus, this is an interesting toy laboratory for the heavy quark symmetry methods
where everything is perturbative. We should also mention that processes containing C P-
violation, like B, — D, ¢, involve both a direct short~distance penguin and interference terms
with short-distance contributions to the imaginary parts. Here the factorization approxi-
mation is exact, and the short-distance imaginary parts are also in principle computable.
Thus, C P-violation in the B, system may uitimately prove to be a fundamental issue in the
B-physics program. The B, is a remarkable system in which much of the QCD dynamics
is salvable by perturbative methods. It will thus provide a powerful laboratory for theorists
and experitnentalists, and possibly a probative system for new physics in the future.

2.7  Heavy Baryons

The spectroscopy and interactions of baryons consisting of two heavy quarks and one
light quark simplify in the hieavy quark mass limit, mg — oco. The heavy quarks are bound
into a diquark whose radius rgq is much smaller than the typica! length scale 1/A of QCD.
In the limit rgg £ 1/A the heavy diquark has interactions with the light quark and other
light degrees of freedom which are identical to those of a heavy antiquark. Hence as far as
these light degrees of freedom are concerned, the diquark is nothing more than the pointlike,
static, color antitriplet source of the confining color field in which they are bound, i.e., these
(?(0¢ baryons are in a sense “dual” to heavy mesons Qgq.

The spectrum of (}Qg baryons is thus related to the spectrum of mesons containing
a single heavy antiquark. The ground state is essentially a (1, %) or (0,1} heavy spin multi-
plet. The form factors describing the semileptonic decays of these objects may be directly
related to the Isgur-Wise function, which arises in the semileptonic decay of heavy mesons.
The production rates for baryons of the form ceq, bbg and beq have been estimated in the
approximation that the QQ diquark is formed first by perturbative QCD interactions, and
then this system fragments to form the baryon like a heavy meson.'® (In the cc system the
heavy diquarks are not particularly small relative to 1 /A, so there may be sizeable corrections
to these results). Essentially the fragmentation of a heavy quark @ into a QQq {(or QQ'g)
haryon factorizes into short-distance and long-distance contributions. The heavy quark first
fragmentation into a heavy diquark may be trivially related to the fragmentation of € into
quarkonium }¢). This initial short distance fragmentation process is analogous to fragmen-
tation into charmonium, ¢ — ¢, which has been analyzed recently by Braaten, et al., and
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others'*'* The subsequent fragmentation of the diquark QQ to a baryon is identical to the
fragmentation of a @ to a meson §4q.!5 Experimental data on production of heavy mesons
can be used here.

The probability for ¢ — E, 7, is estimated to be ~ 2 x 1075 for b — Ay to be
~ 2x107% and for b — Ty, ;. to be ~ 3 x 10~ The probabilities for & — Iy, fy, ¢ — As

and ¢ — Iy, 5} are down by roughly (m./m,)?, or two arders of magnitude.

Table IV. Hadrenically produced double heavy baryons for Tevatron (3x 10% B, 4's)
and Main Injector (3 x 10'0 B, 4's).

Mode | Tevatron | Main Injector |
e 2ne | 6% 109 6 x 10°
Ape 6 x 107 6 x 10°
T, g |~ 10° ~ 10%
T gy |~ 107 ~ 107
Abe 6 % 107 6 x 107
Coe Tp. | 6% 107 6 x 10°

Detection of these objects is probably very difficult at best. Consider the Zg, decay chain:

P - D.*}'}(-l'(}:bc
— D" + X + (A,
- D"+ X + (A,

@ KT+ X +A (19)

Each vertex above must be reconstructed, in spite of a high probability of missing neutrals,
including the drift of D" — D's away to branch vertices. A rough estimate is that a handful
of such decay chains might be available in a 10" program admitting reconstruction of the
parent doubly-heavy baryon. However, there will come insights as to how to do this well as
experience is gained.

3. RARE PROCESSES

In this section we will briefly discuss some of the interesting “rare” processes that
are the far-reaching goals of the initiatives of this decade. Much greater detail is afforded
these topics in other talks in this conference, so we will focus only on issues that involve
some of the aforementioned ideas. Clearly the ultimate structure of C P-violation is of great
interest, but the first observation of C'P-violation in the B-system will be an achievement
of enormous importance. We will comment as to how this observation may be feasible in
the hadronic collider mode by making use of daughter pion flavor tagging, in comparison to
the conventional strategy. Indeed, many of the tools necessary 1o see the C P-asymmetry in
B — K are now in place at CDF, and this exciting observation may be only a few years
away!

We describe the important observation of 3,5, mixing. This process will be quite a
bit more difficult to observe than C'P-violation. This is likely, given that the large top mass
implies a large r,, and mandates very high statistics for flavor tagged, and kinematically
tagged B, semileptonic decays. It may be a leap of fiith to extrapolate to this process,
given that there is limited experience with semileptonic decays of any B-system to date.



In conjunction with flavor tagging, our experience here is O(¢?) at present. We will also
discuss the rare leptonic modes. Here we have made extensive use of a presentation by S.
Willenbrock and G. Valencia from our in—-house workshop. Thus, the last subsection is really
their effort, more than mine.

5.1 CP violation

There are well-known modes for the observation of C P-violation, such as BY — ¢ K,
ete.,, and B, — Df K¥, and self-tagging modes.'® To observe € P-violation we must tag
the flavor of the initial state, which taxes the available statistics. C P-violation with self—
tagging modes is experimentally attractive, but there exists no guarantee that observable
C P-effects will be present in these modes.'® Since the volume of the Snowmass Proceedings
is consumed with the intimate details of C P-violation in the B-system, we will simply focus
on how one might use the conventional or daughter-meson tagging methods to observe the
straightforward B® — 4 Kg CP-asymmetry.

The decay mode {B?, Eﬂ) — 1 K¢ involves CP-violation. Thus the partial widths
for B and B® to decay into the ¢ K final state differ, and the time integrated asymmetry
is defined as:

o= DB — ¥Ks) - D(B > $Ks) _
I'(B — ¢yKg)+ F(B — PKs)

Note that the branching ratio for B* — Kg + { — p*u~) is ~ 2 x 10~ {including the 7%
dimuon mode of ¥}.

To observe a one must flavor-tag the neutral B-meson at production ¢t = 0 to deter-
mine if it is a particle or anti-particle. Since b-quarks are produced in pairs, this is con-
ventionally achieved by observing the semil_egtonic decay mode of the other B in the event.
For example, if the other meson is a B~ {(B7) it can decay semileptonically to a charge —
{+) lepton, with a Br{B — ¢vD) ~ 10%. This does not require full reconstruction of the
semileptonic decay, se for C P-violation one is effectively measuring D{(£*yKg) — C(8- ¢ Ks5)
{Note that this does not require a new single lepton trigger since one can trigger on the
dimuons). Including geometric efficiencies this conventional tagging efficiency is expected to
be of order ¢, ~ 1072,

1 i"I, sin(26) ~ 0.1 — 0.5
d

(20)

Gronau, Nippe and Rosner? have pointed out that resonance daughter pions {as well

as rapidity correlations associated with the jet fragmentation) are possible flavor-tags. A
stunning implication of the daughter mesons from parent resonances is that all C P-violating
processes in hadron machines are expected to be self-tagging! We should recognize that at
low-py the b—production mechanism is somewhat more akin to threshold production and the
resonance mechanism may be favored. At higher pr the b—jet is forming and there would
be more pions expected (a source of dilution}, and perhaps the rapidity cotrelation idea is
favored. This is not to advacate any theory of production, but rather to emphasize that
the optimization may involve tuning of pr, etc. For example, we may prefer operating at
low pr's below the present cuts. While with optimization cuts it is possible that significant
improvements in the tagging efficiency may occur, the charm photoproduction experiments
suggest that a tagging efficiency of ez ~ 10% from daughter pions is possible. The flavor
of a neutral B° ~ bd (B® ~ bd) is tagged by the presence of a 7* (1) daughter, and the
C P-asymmetry we measure in practice is effectively o« DV Ks) - Nz~ 9 Ks).

The overall efficiency for observing B — K,(¥ — put) involves the physics branching
ratio ~ 2 x 1073 times the detection efficiency (including geometric efficiencies). The latter is
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~ 3% at the CDF SVX at present, and we assume it in Table IV, Thus, the overall efficiency
for B — K,{p — pup)is ~ 6 x 1077, and, for 100 pb~!, we expect 3 x 10% usable neutral B’s,
therefore ~ 180 %K, events. Larger n coverage, and other detector gains might boost this
~Bx.

Table V. Statistieal significance o, for tagging efficiencies ¢, ¢; and asymmetrics a,
for various integrated luminosities. We show the 100 pb~!, i.e., prospects for run
I(b) at Fermilab (10'® B's corresponds to [ Ldt = 107 pb~1).

|Ia l f3 —~ €] J Ldt ag — 0y
0.5]01-001ft00pbTf 21 -07
0.1[01-001}100pb-T10.4-013
0501 ~001[103pb T 6721
0l1fo1-000 [ 10%ph-T] 1.3-04
0501001109 pb T |[21.2-66
D.Lj0l 001 10%pbT| 41-13

The prospects for observing the CP-asymmetry at a statistical deviation ¢ are indi-
cated in Table V. Significant limits on €' P-violation in the B system will begin to be placed
by end of run . In the best case, ¢ = 0.5 we can begin to see a signal with the conventional
semileptonic tagging efficiency, ¢ = 0.01, for 10" produced B's, or with the daughter pion
tagging e = 0.1 and the larger asymmetry a discovery is likely. We note that the Pp collision
mode is charge symmetric, while pp is not, and this suppresses a fake CP background in
daughter pion tagged neutral B's which contributes to a. This background is expected nat
to exceed ~ 4% at the SSC in K, which is tolerable, but potentially problematic in other
modes (Note that a charge asymmetric detector can give a background in the pp mode).
Evidently a discovery is assured for > 10'! B’s with daughter pion tagging.

22 B,B, Mizing

We have for the mixing parameter:

Gimg, 1,
'—E'é‘:‘a'"‘&Bafg.ﬂBM;WoF?m?F(mt/Mw)

AM5/T ~ (14 % 6)( f5,/200 MeV)?

Ty

b4

(21)

where F(z) is an Inami-Lim function. An expression for z4 is gotten by replacing s by d
everywhere. Note that:

I, V;s 2 (mB f.g )
—=|—| (144 d=|——= 1| ~02 22
Ty Via ( ) mmffa‘ (22)
x, is very sensitive to my,, and we find:
z, ~ 8.0 + 180, m, = 140 GeV; VB fp = 200 MeV (23}

T, ~ 17.0 = 4D.0, me = 200 GeV; VB fp = 220 MeV

and we must prepare ourselves for the possibility of large r,, 8 £ z, £ 40. For large
values the system oscillates many times per decay length (z = -’5(radians)/(e—attenuation)‘



thus = = 10 corresponds to 20 radians per decay length). This requires observing the time
evolution of the system, which implies that fully reconstructed {energy and flavor), tagged
B, decays are necessary. In contrast, x4 = 0.66 and is readily observed in time-integrated
measurements. These requirements make the observation of B,B, mixing more challenging
than the observation of C P-violation' However, it should be emphasized that this important
phenomenon is likely to be the exclusive province of hadron collider experiments because of
the large statistical requirements.

The key to observing oscillations is achieving the smallest proper time resolution,
o, {for a good schematic discussion of this see Mike Gold in ref.(1); we also thank John
Skarha for discussions on this topic). ¢, is composed of the beam-spot resolution §L,, /L.,
where L., is the transverse path length (this is the dominant contribution), together with
the momentum resolution &pr/pr as:

01 = ((8Lay/Luy)* + (Gpr/pr)?)’}

With 8,, ~ 40 pm, L., ~ 600 pm, we find o, ~ 0.07 characteristic of CDF-SVX,

The conventional triggers would use a produced B, — (D, — ¢X) or B, —
atn~at (D, — ¢X) and the opposite B — WX for flavor tagging. By fully reconstructing
the B, decay (requiring exclusively charged particles in X) and partially reconstructing the
tagging decay, it has been estimated that one can reconstruct the oscillation in T with ~ 4000
events.! With the estimated efficiencies this requires about 3 x 10'° to 10'! produced B's.
This appears to be a significant challenge!

Can we tag the B, flavor and kinematics by using the daughter X mesons associated
with it's resonance production? For example, we expect the D-wave B(27} and B(37) to
be above threshold for decay to K* + B, or K~ + B,. These resonances are estimated to
be broad {250 to 400 MeV), but with a decay fraction to B, and B} of about 30%. Thus,
with the favorable production and branching fractions we may have a flavor tag for B,,
but a kinematic tag seems less likely. The charm system process ;" — D*K has been
demonstrated,3 which is the opposite to D*** — 0,K, The higher resonances have not yet
heen scen.

(24)

3.3 Some Other Rare Modes

Length considerations preclude our giving any comprehensive discussion of the addi-
tional interesting rare modes in B-physics. We will, however, briefly mention a few of the
leptonic modes. Rare B decays encompass such processes as:

(I} By,

—+ (e€, pjt, 77)
{11} By, — (e@, p

eT) (25)

—11 ‘:t

and additional hadrons in the final state may be included. We should remark that the =
containing final states are unique to B, never available in K decays, and at best phase space
suppressed for D's.

Such processes as (I} have low standard model rates and are probes of V4, W,, and
7. Thus, they are good probes of the standard model if they are seen at the expected rates.
Morcover, they are excellent probes of new physics, such as charged Higgs and flavor changing
nentral Higgs couplings, which are generally oc mass. The conventional SM estimates are as
follows:
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Table V1. Rare leptonic mode branching ratios.

7 1y} €€
Br(B, — ) 1077 10-? 10-1
Br{Bs — ) [50x107"[50x 10" [50x 10"

A crude estimate of the background due to Valencia and Willenbrock is as fol-
lows. UA1 has measured the continuum pi-pair background cross-section near the B-mass,
M2, - = Mj with momentum resolution dp ~ 100 MeV to be o(u*p~) ~ 1073, where
op is the hadronic B cross-section. This can presumably be reduced to a(utp~) ~ 10-%5
with improved momentum resolution from silicon vertex detectors. The probability that two
stray muons make & vertex is geometrically ~ 10~? and the probability that this yields a
momentum vector pointing toward the primary vertex is ~ 10~2. Thus we have an overall
background approaching ~ 10~ g and a 3-0 B,-peak is therefore possible. With a yield
of 10'"! B’s we expect therefore ~ 30 events from B, — pfi. Since the signature is a clean
displaced muon pair event with mass reconstruction, it is likely that this can be searched
over a rapidity range of |n| 5 3, and a p, threshold of O(5) GeV/ec.

Valencia and Willenbrock {VW) have given a nice characterization of the lepton-
number violating processes (class II, above) which we describe here. First, note that (7 €)
and (7 p) are unique to the B-system (not available in rare K decays). Since such processes
can be generated in principle by Higgs-scalar exchange, which is a coupling constant o mass,
it is possible that the B system becomes sensitive to these processes at a level that is readily
experimentally accessible, and complimentary to rare K decay searches, such as at KTEV.,
) VW begin by postulating general four-fermion interactions describing such processes
as B — ey and K — ey as:

cp{30'd Ele) + cx(bl's Te) (26)
with arbitray Dirac structures [ VW then consider the effects of different I'’s and cy's
on the ratio of branching ratios Ry = Br(B — pe)/Br(K; — pe) and Ry = Br{8 -
pe + h)/Br(I, — pe + h) (where h is an extra hadron system, e.g., pions} as follows:

ekt fman o
J: - B/B ( BTB ~ 1048 = 5
' kfh mK"'K) 10 c% L= w7
A fE (m 'rg) oG
R =~ S&lb B 2B - 5
1 C%(f}( mKTK =10 CQK F (1,‘7 )
& 2 (m T, c}
R, o~ CBIB B B) B
2 ¥ ai\me ¥ a 7)

Thus, to proceed we need input as to the magnitude of the ratio cpfcx. VW distinguish
three cases: (i} (Current-like) eg/cy ~ 1 (ii) (Higgs-like) cp/cx ~ mp/myg ~ 10! (iii) (Box-
like} cpfex ~ VisVis/ViaVis ~ 102 The latter “box-like” result assumes that the process is
induced via a top quark containing box diagram. Thus, we have the following table:



Table VII. Valencia and Willenbrock's characterization of lepton—number violating
modes of B and A

Br(B -+ X)/Br{K — X} | Current-like | Higgs-like | Box-like
I'= (‘y,,,*rp'ys); N=eu ~ 101 ~ 107 ~ 1
C={1l,v); X =eu 1072 1 104
Any s N =epu+ h 1 10° 107

Thus, in the “box-like” and “Higgs-like” limits the B system maybe a better probe
than the A system for new physics. The VW characterization is general, and covers all
possible models. It {llustrates the possibility that B decays are sensitive to new physics in a
manner complimentary to rare K's.

4. SUMMARY

A program of producing > 10'° detectable 8's is conservatively achievable within this
decade. This offers an excellent conventional physics program of ~ 10° B — D*éu decays
and ~ 10° B — pfv decays, allowing a determination of V., + 3% and Vi £ 20%. This also
probes the quantities such as VB fg and fp, with high statistics.

The resonances of the B-system and the prospects for flavor and kinematic tagging
will emerge within the next few years. New states such as B, will be surveyed, and the list of
B, and B, decay modes will grow. C P-violation with conventional or bachelor pion tagging
may be first observed in the ¥R asymmetry within such a 10' program. B,B, mixing
looks difficult, though z, £ 20 may be probed. Rare and radiative decays will be subject to
their first probative examination.

In conclusion, we have seen that B-physics based in a hadron collider offers a rich
and diverse, unique and powerful scientific program. It can peacefully coexist with a high-
pr program and dominate the post-high-pr era at such facilities as Fermilab. Indeed, the
prospects for observation of C P-violation in the pp collider environment are great. There
are, in fact, advantages of the charge-symmetric pp mode over pp in the observation of CP-
violation. A dedicated B-physics program at Fermilab is important to the evolution of the
world--wide effort and a healthy base program for at least the next ten years and probably
beyond.
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SECONDARY PARTICLE BACKGROUND LEVELS
AND EFFECTS ON DETECTORS
AT FUTURE HADRON COLLIDERS

TRIVAN PAL
Physics Researeh Division,
Superconducting Super Collider Laboralory,” 2550 Beckleymeade Avenue
Dallas, Tezas 75237

1. INTRODUCTION

The next generation of hadron colliders, the Superconducting Super Collider (SSC)
and the Large Hadron Collider (LHC), will operate at high center-of-mass energies and lu-
minosities. Namely, for the SSC (LHC) /3 = 40 TeV (/s = 16 TeV) and £ = 10¥ cm~*s~!
(£ =3 % 10 em~257"). These conditions will result in the production of large backgrounds
as well as radiation environments. Ascertaining the backgrounds, in terms of the productien
of secondary charged and neutral particles, and the radiation environments are important
considerations for the detectors proposed for these colliders. An initial investigation of the
radiation levels in the SSC detectors was undertaken by D. Groom and colleagues, in the
context of the “task force on radiation levels in the SSC interaction regions.”” The method
consisted essentially of an analytic approach, using standard descriptions of average events
in conjunction with simulations of secondary processes.

Following Groom’s work, extensive Monte Carlo simulations were performed to ad-
dress the issues of backgrounds and radiation environments for the GEM? and SDC? ex-
periments proposed at the S8C, and for the ATLAS* and CMS?® experiments planned for
the LHC. The purpose of the present article is to give a brief summary of some aspects
of the methods, assumptions, and calculations performed to date (principally for the SSC
detectors}, and to stress the relevance of such calculations to the detectors proposed for the
study of B-physics in particular.

At the 88C, the GEM and SDC experiments will be located in the interaction regions
(IRs), where the beam optics will provide a high value of the luminosity and hence small 3.
In these regions, the dominant source of background is due to the p-p collisions themselves.
The interaction rate will be approximately 10® Hz, corresponding to the nominal luminosity
of £ = 10 cm~%s~'. There also exist other, smaller sources of backgrounds arising from
beam-gas collisions in the vacuum pipe and beam losses in the collider lattice ¢lements, In
contrast to the above, IRs are also foreseen that will have larger free space for the experiments
{for example, detectors for B-physics). However, the corresponding beam optics will result
in higher values of * and lower luminosity.®

*Operated by the Universities Research Association, Inc., for the U.S. Department of Energy under
Contract No. DE-AC35-89ER40486.



2. SYNOPSIS OF THE ANALYTIC APPROACH

Various processes contribute to the charged and neutral particle backgrounds and
the radiation levels in the experimental apparatus. The following were considered by the
task force:” the minimum jonizing particles {MIPs) produced in the p-p collisions; photon
conversions; electromagnetic and hadronic showers in the calorimeters; and albedo particles
{mostly neutrons and photons) from the showers induced in the calorimeters. We note that
there are other considerations to incorporate, and these are described in the next section.

2.1 Particle Production Characteristics

The p-p interaction cross sections have heen measured as a function of /s (Figure 1)
at lower energies and extrapolated to the energies of interest to us. The cross sections have
also been calculated using QCD, and are subject to theoretical uncertainties arising from, for
example, the parametrization of the parton distributions (i.e., structure functions). It has
been assumed that 1/4 of the total cross section is elastic and 3/4 of the total cross section
has been assigned to the inelastic cross section (including diffractive processes). Thus, at
the 55C and LHC the values assumed are: o5,y = 100 mb and 84 mb, respectively.

The distribution of charged particles produced in an inelastic p-p interaction is de-
scribed as a function of the pseudorapidity (n) of the particle. The pseudorapidity is defined
as 7 = ~In(tan 8/2), where § is the polar angle of the particle with respect to the beam axis.
Figure 2 shows the differential distribution (dN/dy) obtained using the DTUJET Monte
Carlo® for p-p collisions at /& = 40 TeV. The Monte Carlo is based on the dual parton
model and incorporates both soft and hard transverse momentum processes. The distri-
bution in Figure 2 is approximately constant over the “central rapidity plateau.” This is
referred to as the “height” {#) of the rapidity plateau. The dip in the distribution at 7 =0
is due to a kinematical effect.
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Figure 1. Data points and extrapolations to higher energies of the p-p and j-p total cross
sections (Reference 9).
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Figure 2. Distribution of charged particles as a function of the pseudorapidity, 7, oblained
by the DTUJET Monte Carlo. The central rapidity plateau corresponds to ~ 7.5 charged
particles per unit rapidity, for p-p interactions at /s = 40 TeV.
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The mean charged particle multiplicity as a function of /3 is shown in Figure 3. The
lower energy data have been obtained from the ISR, SppS, and FNAL, and extrapolated to
higher energies.® The value for H per unit n is 6.2 at the LHC and 7.5 at the SSC. Tt is
observed that the mementum (p) distribution for a given value of  1s an n-independent func-
tion of the transverse momentum (p;). The studies of the task force suggest that radiation
levels scale as (p;}*, where « £ 1. Furthermore, in the analytic approach the approximation
fp) = 6(p.—{p.}) was used, which is estimated to result in a systematic error of ~ 6%.” The
(dN/dp,) distribution for the charged particles produced in p-p collisions at /5 = 40 TeV is
shown in Figure 4, with {p,) ~ 0.6 GeV; whereas at LHC, {(p;} ~ 0.55 GeV.

Figure 5 shows the cumulative energy fraction emitted from the interaction point (IP)
as a function of . The figure indicates typical intervals in pseudorapidity covered by the
different components of the experimental apparatus, i.e., the tracking region, the barrel and
end-cap regions of the calorimeter, the forward calorimeter region, and the regions of the
low-beta quadrupoles, including their shielding,
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Figure 3. Evolution of the number of charged particles per unit rapidity as a function of the
center-of-mass energy (Reference 9).
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141

L e e e B

E L «¥7]
E » E
o . 3
L . ]
r -
X . ]
2 -
& 10 . .
=3 F E
S : ! 3
E : L] :
- i . 1
5 .
[ 1F N 3
- E E
@ s o ]
2 I . ]
i [ - |
=]
E 0t . |
W - Collimators |  Low-Bela 7
E * Barrel + Ferward g;‘:‘a‘g‘; _Quadmupals
I End-cap | Calorimeter [ -
LACmDI'Imﬂla_r_ -
B IR NI O IS T S
o 2 4 B 8 10 12
i TIP-G48%1
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indicated.

2.2  Quantitative Paramelrizations

2.2.1 Charged Particle Fluz

The charged particle flux in a unit area, A, perpendicular to the radius vector from
the IP, with a polar angle 8 with respect to the beam line, is given by:

AN AN\ {dq\ [d
- (@) (@) (&)
Hx (5rema) > ()

= _H_ (n

2
2xrd

where d{t = 27 sin 0d# is the solid angle (after integration over the azimuthal angle), and
r) = rsin# is the perpendicular distance from the beam line.

2.2.2 Dose Rate
The dose rate is obtained from Eq. (1):
Hx £ x Tinel

Dose rate =
271

(%)

where L X oy is the event rate, and dE/dr is the usual energy loss of a particle as it
goes through a thin absorber. Note that this expression does not include the effects due to



secondary interactions and photon conversions, nor low-momentum particles ascribing loops

in the presence of the solencidal magnetic fields in the tracking volume of the detectors.

These effects will increase the flux, typically by a factor of twae.

2.2.8 Parametrization for Cascades

A derivation of the ionizing dose and fluence of neutrons in a cascade process is
given in Reference 9. The essential steps of the argument are as follows: from Eq. (1) and
since the mean energy (E = p) of a particle at polar angle ¢ is E =~ p = p:/sind, then
the energy flow in the solid angle @) e 1/5in%#, and thus the energy flow in a unit area,
dE/dA < 1/r?sin® 8. Thus, one can write:

C

A
_ 4o
- = —cosh*t%y
rgin®t> 8 !

Dose or Fluence = < (3
where € is an appropriate variable used to scale the above quantities for different colliders:
C & Giney X Lave X H % {p}*. Note that L, is an average luminosity over the canonical 107 sec
assumed to be the operation time for the colliders per calendar year. From the experimental

data and Monte Carlo simulations, it is observed thai o is in the range of 0.5 £ & < 1.
2.2.4 Reflections in a Cavity

For the tracking detectors that are contained within the cavity of the calorimeters,
the flux of backscattered neutrons (and photons) is an important consideration. A derivation
of this albedo flux {®) in terms of the characteristic radius { ) of the cavity, and the average
number of reflections that the neutrons undergo (A) are given in Reference T:

N .

¢ = _.EEU + A), (4)
where N represents the number of neutrons “injected” in the cavity. The simulation studies
suggest that (1 + A4) = 2 for spherical calorimeters. For neutrons, this represenis the number
of reflections before absorptian, or degradation in energy, such that it will not damage the
material (e.g., silicon for the tracker).
3. NUMERICAL TECHNIQUES
In addition to the considerations of the preceding section, we have ascertained from
the extensive Monte Carlo simulations performed that the details concerning the geometry
and material composition of the detector halls and the collider tunnel are also important to
include. Likewise, it has been quantified by the results of the simulations that the details
of the low-beta quadrupoles (LBQs) and the collimators designed to protect them (from the

impinging particles produced at the IP) are rather crucial to implement, in order to predict

..,-m.”talu tha b
accuraiciy e o

ackgrounds at various locations,

In Lhe following sections a brief description is given of the processes involved leading
to secondary particle production and radioactivation. Likewise, a summmary of the various
Monte Carlo codes employed to estimate the particle Huences and activity, as well as the
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3.1 Summary of the Mechanisms

Each high-energy particle interacting with a nucleus may be absorbed or may disiodge
some nucleons out of the struck nucleus. In this process, additional high-energy particles can
also be created. If the resulting nucleus is excited, it will de-excite by “boiling off® neutrons,
also referred to as “evaparation neutrons.” The nuclear reaction above is called a “star” due
ta the numerous particles radiating {rom it.

The various cross sections for producing specific nuclides depend on the target nu-
cleus as well as on the energy and species of the incident particle. These cross sections are
determined from experimental data, or else empirical formulae are employed to approximate
the cross sections over orders of magnitude. Further details can be found in Reference 10.
Similarly, to calculate the radioactivity, it is required to have radiological data, such as
nuclear lifetimes, decay schemes, transport of #'s and ¥'s out of the activated object (i.e.,
self-shielding considerations), and conversion factors that will convert the particie fiux to
dose.

For the Monte Carlo calculations, one has to be careful in the interpretation of the
results, since these codes have low-energy cutoffs below which the particles are not followed.
Depending on the cutoff, it may be higher than the thresholds of certain activation reactions.
Thus, using the flux or the star density calculated by Monte Carlo would result in a lower
value for the activation with respect to the true value.

Various Monte Carlo programs have been developed for the purpose of estimating the
secondary particle backgrounds in terms of charged and neutral particles produced by the
mechanisms described above. Likewise, there exist specific codes to calculate the radioac-
tivity and to perform calculations to opiimize the shielding reguired for the detectors and
for personnel safety considerations. While a detailed description of the individual codes is
beyond the scope of the present article, some of the salient features are listed below. The
GEM and SDC experiments have used the LAHET'! and CALOR!? packages. Similarly, the
ATLAS and CMS experiments have employed the FLUKA code '*

The LAHET system of codes, developed at the Los Alamos National Laboratory,
consists of several “modules” for specific purposes. The transport of hadrons is done using
the models of FLUKA and HETC, in the energy range < 1 MeV for charged hadrons and
< 20 MeV for nentrons. The MCNP model is used for neutron transport down to thermal
energies. All electromagnetic processes are simulated using the EGS code. There exists
an interface {o the CINDER The
information of the spallation products in conjunction with the low-energy neutron specira,
calculated previously, is used to estimate the nuclide densities, activation, and dose rates as

a function of the time and specific location.
The CALOR
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ratory. The medels employed consist of HETC, which uses the high-energy fragmentation
scheme of FLUKA; an evaporation model for low energies; and MORSE, which is used for
the transport of neutrons with kinetic energy < 20 MeV. As in the preceding case, the
EGS code is used for the propagation of the electromagnetic cascades. Recently, a version of
CALOR has been interfaced to the GEANT program,'® enabling the use of a detailed detec-
tor geometry package as well as other well established features—familiar in the simulation
of detector response—contained in GEANT. The combined package is called GCALOR.

In addition to the above, exiensive simulations have also been performed using the
MARS code.!® In particular, since the code utilizes inclusive particle production and statisti-
cal weighting techniques, it allows for relatively fast simulation as compared to the two cases

A
[+



described previously. This approach is particularly useful when considering the backgrounds
produced by beam losses in the accelerator lattice elements and the transport of particles
over large distances. The typical threshold energies for particle species, below which they
are not followed, are: 2 MeV for charged hadrons; 0.025 eV < E < 14 MeV for neutrons,
and 0.1 MeV for electrons and photons. )

3.2  Code Comparison and Systemalics

In order to ascertain the reliability of the resulis obtained from the Monte Carlo
calculations, it is important to compare the values with experimental data, when available,
and to compare the simulation results among themselves. As an illustrative example, the test
geometry shown in Figure 6 was used to calculate the neutron fluence at various locations
of the setup, corresponding to punchthrough, side leakage, and albedo, which are important
to quantify in the actual experiments. The energy range of the incident protons as well as
the dimensions and materials used in the test geometry were selected to simulate a typical
shielding requirement for the collider experiments. The comparison was performed using the
three sets of simulation codes described previously: GCALOR, LAHET, and MARS. The
results are summarized in Table 1. There appears to be fair agreement between the codes.
The discrepancy observed between GCALOR and the other codes for the side leakage is
being investigated.!®

Another example is from the ROST] and FLUKA collaborations!” at CERN. The
experiment was motivated by the lack of experimental information concerning the number
of neutrons with energies between 0.1 MeV and 10 MeV in the cascades originating from
hadrons with energy in the range 1 GeV to several hundred GeV. The ROSTI series of
experiments consisted of calorimeter-like structures, constructed from 5-cm-thick slabs of
iron or lead with dimensions between 30 x 30 cm? and 50 x 50 cm?. In between the slabs,
6-mm-wide gaps were present that contained thin aluminium plates that were equipped
with neutron activation detectors and dosimeters. From the information of these detectors,
one could infer the longitudinal and radial profites as well as the energy distribution of the
neutrons. Thus, one can compare the ratios of neutrons at cascade maximum and the albedo
neutrons as a function of the kinetic energy {E) of the incident primary hadron, with those
of the task force.! These results are summarized in Table 2. The value for the ratio at
cascade maximum determined from the experiment is higher than the value obtained by the
task force. This would suggest an exponent n = 0.8 in the power law E", as compared to
n = 0.67 assumed in the task force. The albedo ratio, however, is in good agreement with
the value quoted by the task force.
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Figure 6. Details of the test geometry used to compare the neutron fluences at various
locations using different Monte Carlo simulation packages.

Table 1. Results of code comparison for the test geometry shown in Figure 6. The numbers
in the columns indicate the number of neutrons emerging from the surface of the cylinder
per incident proton.

Incident p { Monte Carlo | Punchthrough { Side Leakage | Albedo
Energy Code

GCALOR 0.041 1.47 32.6
10 GeV LAHET 0.027 0.72 39.2
MARS 0.06 0.67 35.2
. GCALOR 0.96 12.2 173.0
100 GeV LAHET 0.67 5.3 176.1
MARS 0.96 4.2 153.5
GCALOR 23.12 96.6 827.5
1000 GeV LAHET 18.17 Iro 807.3
MARS 14.75 24.1 658.1

Table 2. Comparison of fluences at cascade maximum and albedo neutrons for the ROSTI
experiment and the SSCL task force.

Cascade Maximum | Albedo
ROSTI Experiment 54 +£0.1 28+04
SSCL Task Force 4.1 2.9

3.8  Strategies for Shielding

The details of the shielding configurations adopted for the detectors are specific to
the particular requirements. However, it is possible, albeit simplified, to list the strategy
employed Lo design the shielding around the various sources of the backgrounds in the collider
experiments, from the primary pp interactions.



There are essentially four criteria that have been identified to reduce the backgrounds:

1. to suppress the high-energy hadranic cascade by the use of dense materials;
2. to “slow down” the flux of neutrons present to thermal energies;

3. to reduce the low-energy neutron background using materials that have a high cross
section for thermal neutron capture; and

4. to suppress the resulting low-energy gamma flux from the neutron capture process by
using materials with high Z.

For the high-energy hadronic cascade, it is desirable to have a material with a rela-
tively smail interaction length. Likewise, the choice of the material should be such that it
does not generate additional neutrons from the nuclear fission process. Taking into account
practical considerations, materials such as tungsten, lead, and steel are commonly used.

Concerning the neutron flux, it is well known that hydrogen effectively shifts the
energy of the neutrons downward to thermal energies, by the elastic scattering process.
Thermal neutrons can also be captured by the hydrogen nucleus, producing deuterium and
yielding a photor of energy 2.2 MeV. Polyethylene, for example, is a “good candidate” with
the above limitation. Similarly, the Boron-10 isotope has a large cross section for neutron
capture, and in the process it yields photons with energy ~ 0.4 MeV. In order to suppress
the residual photon flux, high-Z materials such as lead are employed.

Figure 7(a) shows a quadrant of the GEM detector with the proposed shielding,
and Figure 7(b) shows the distributions of the neutrons and photons with the shielding
implemented, as estimated from the CALOR/GEANT Monte Carlo package.

In analogy, Figure 8 shows the proposed shielding for a quadrant of the SDC detector.
Also indicated on the figure are the neutron and photon fluxes and their ratios for the different
locations in the apparatus, obtained using the MARS and LAHET code systems.

The dimensions of the shieldings are variable, and depend on the requirements as well
as the constraints present. However, the typical “size” can be estimated from the scale of
the relevant figures. For both experiments, a suppression factor between 100 and 1000 has
been achieved, depending on the location, by the implementation of the proposed shielding
with respect to typical values of the neutron flux in the range 10'2-10'® nfcm?/SSCY.

It is worthwhile to recall that all these calculations have been performed assuming
the standard luminesity of 10 cm~2s~! and the canonical $5C year (SSCY) operating
time of 107 5. It is important to stress that the desired reduction in the particle fluences (in
particular nentrons and gammas) is principally motivated by the low occupancy requirements
in the large-area muon detector apparatus and by the radiation damage considerations to
the silicon devices in the central tracking systems.

Similar considerations have been made for the shielding requirements in the ATLAS
and CMS experiments, bearing in mind that the LHC luminosity is expected to be over an

order of magnitude higher (~ 3 x 10* cm~?s7') than the SSC. Further details can be found -

in References 4 and 5.
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Figure 7. (a) A quadrant of the GEM experiment, showing details of the proposed shield-
ing. (b) Results obtained for the neutron fluence and photon fluence, with the shielding
implemented. The simulation code CALOR-GEANT was emptoyed. The scale on the right-
hand-side indicates the value of the exponent (). The units are 10™ neutrons or photons
per cm? per SSCY (Reference 2).
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Figure 8. A guadrant of the SDC experiment, showing details of the proposed shielding.
The neutron and photon fluence, as well as their ratio, is also indicated at various locations
of the detector, corresponding to the muon detector subsyster.

3.4  Beam-Line Considerations

From the results of the previous section it can be ascertained that among the pre-
dominant sources of backgrounds are the LBQs and the collimators on either side of the
IP (at a typical distance of 25-30 m with respect to the center of the detector), as well as
the beam pipe. Thus, care has been taken to optimize the design of these components. As
an example, Figure 9 shows the mean number of hadronic interactions in a beam pipe as a
function of the longitudinal distance along it for two geometries. In the case of the GEM
apparalus, the beam pipe design?® in the region of the central tracker consists of a beryllium
section of diameter 80 mm and thickness 1.5 mm. The section of the beam pipe near the
endcap calorimeter region has a larger diameter (200 mm) and is proposed to be made of
stainless steel with a thickness of 2 mm. The figure serves to illustrate that the larger di-
ameter ensures that only a small fraction of the forward emitted particles at low angles and
high energies intercept the beam pipe.

Other, smaller sources of backgrounds in comparison to the particle production in
the pp interaction themselves are due to beam losses in the LBQs and beam-gas inleractions
in the evacuated beam pipe.'® Figure 10 shows a comparison of the magnitude of the low-
energy neutron fluence from these sources. The beam loss in the LBQs is approximately
5 % 10¢ p/m/s in the region shown in Figure 10, and corresponds to ~ 10% of the pp inter-
action energy at /s = 40 TeV, which in turn is 4 x 10° TeV/s. Similarly, for the beam-gas
interactions, assuming a residual pressure of 10~® torr nitrogen equivalent in the “warm re-
gion” of the evacuated beam pipe and ~ 4 x 10® Ny molecules per cc in the “cold region,”
the loss rate is ~ 2 x 10* p/m/s, which is small compared to the pp interaction rate.

In terms of systematic uncertainties concerning the results of the two previous sub-
sections, it is noteworthy that the inclusion of the magnetic fields in the simulations, in
particular for the LBQs, is rather important.

145

Finally, we note that the relevance of such calculations to the detectors proposed
for the study of B-physics (e.g., the FAD apparatus'®), for various collider luminosities is
presented in the section dealing with machine-detector interface issues of these proceedings.?®
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Figure 9. Average number of hadronic interactions in the beam pipe as a function of the lon-
gitudinal dimension from the IP, for the GEM apparatus. The dashed line represents a pipe
with a constant diameter, and the solid line a pipe with a variable diameter (Reference 2).
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abscissa refers to the distance from the IP (Reference 18).



2.&  Parametrization of the Spectrum

For the purpose of"ralculating the response of a detector to the background flux of
neutrons and photons, it is important to be able to parametrize the energy distribution of
these backgrounds obtained from the Monte Carlo simulations. D. Groom? has studied this
in the context of the background particles’ energy distributions that are calculated in the
context of the SDC apparatus.?? As a specific example, Figure 11 (upper figure) shows the
spectrum of the neutron flux for the air over the detector itself; the lower figure shows the
contributions to the theoretical model used to parametrize the spectrum.

The following essential features of the spectrum have been identified by D. Groom:

¢ Evaporation peak: this is centered near 0.5 MeV, and is due to the evaporation process
of neutrons after the collisions.

¢ Hole peak: this occurs at approximately 460 keV, and corresponds to an increase in the
n-Fe cross section.

o Notch: this is characterized by a sharp peak at 26 keV, and corresponds to a dip in the
n-Fe cross section.

# Skirt: this is analogous to a smooth “background” under the spectrum going almost
linearly “downhill” from the 500-keV peak to thermal energy values. This is most likely
the result of repeated neutron scatterings (downscattering) with some energy loss,

¢ Thermal peak: this thermal neutron peak is well described by a Maxwellian distribution,

Additional details pertinent to the interpretation of the spectrum can be found in the
ariginal document. !
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Figure 11. Differential neutron flux spectra corresponding to the “air aver the detector” for
the SDC apparatus, upper figure (Reference 22). The lower figure indicates the contributions

to the theoretical model used to describe the spectra {Reference 21).
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3.6 Charged Particle Fluence and Dose

In the preceding sections, emphasis has been put on understanding the neutron and
photon fluence. In order to be complete, one should also discuss the charged-particle back-
grounds as well as the overall issue of dose and activation. For the latter, since the values
for the doses and activation levels are specific to the individual detectors, the appropriate
details may be found in References 2 and 3 and in References 4 and 5 for the $5C and LHC
detectors, respectively.

However, the charged-particle fluence is indeed an important consideration for the
silicon detectors proposed for particle tracking and event as well as secondary vertex recon-
struction, in particular for the proposed B-physics experiments. In order to sbtain a quan-
titative comparison, Table 3 lists the charged-particle fluences (and corresponding doses)
calculated for various luminosities (corresponding to existing and proposed future collider
facilities), as a function of the radial distance where it is proposed to implement the silicon
devices.

Table 3. List of charged particle fluence (for 107 5) from the primary interactions as a function
of the perpendicular distance (r;) from the IP, for various colliders. The ¢'s represent the
inelastic cross sections.

r; - 2.5 cm 50 cm 10.0 ¢cm 20.0 cm
SSC 19 x 107 4.8 x 10% 1.2 x 1073 0.3 x 107
H: 7.5 part/em? part/cm? part/cm? partfem?
L:10%

cm~ 35!
a: 100 mb 5 mrad 1.3 mrad 0.3 mrad 0.08 mrad
LHC 225 » 101 56 x 1073 14 x 107 3.5x 10"
H: 6.2 part/cm? part/cm? part/cm? part/cm?
£: 1.7 x 10 ’

em~?s!
o: 84 mb 60 mrad 15 mrad 3.7 mrad 0.9 mrad
TEV 0.011 x 107 0.003 x 107 0.0007 x 1073 0.0002 x 1013
H: 3.9 part fem? part/cm? part/cm? part/cm?
L: 2% 10%

em 257!
a: 56 mb 2.9 % 1073 mrad | 0.74 x 10~% mrad | 0.18 x 102 mrad | 0.05 % 10-? mrad
TEV 0.55 x 1013 0.14 x 10" 0.035 x 1012 0.009 x 107
H: 3.9 part/cm? part/cm? part/cm? partfcm?
L:10%

em~ 57!
o 56 mb 0.15 mrad 0.04 mrad 0.009 mrad 0.002 mrad
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4, EFFECTS ON DETECTORS

The purpose of this section is to present a brief overview concerning the consequences
of radiation damage to the operation of silicon detector devices. As indicated in the pre-
vious section, these silicon detectors will be placed around the beam pipe, at small radii
with respect to the interaction point for purposes of particle track reconstruction and vertex
reconstruction. It is beyond the scope of this paper to attempt to summarize the conse-
quences of radiation damage to other detector devices and electronics. Details may be found
ir recent workshop proceedings.®®

4.1 Damage Mechaniams

The damage mechanisms in silicon devices can essentially be separated into bulk
effects and surface effects. The typical energy of the neutrons in the tracking cavity of the
apparatus is ~ 1 MeV, characteristic of the nuclear evaporation process. Neutrons in this
energy range are effective in creating displacement damage. Figure 12 shows the relative
damage of neutrons as a function of the incident n energy, calculated from a knowledge of

the n-5i cross sections.® Recently, there has been evidence from investigation of electronic

devices that the displacement damage is proportional to non-ionizing energy loss (NIEL).
This has been calculated by Van Ginneken,?® and is shown in Figure 13 for different particle
species as a function of their incident energy. From this figure it can be ascertained that for
a particular value of the incident energy (1-2 MeV), the ratio of the damage coefficient of
electrons to neutrons is ~ 10~%. Some of the consequences of the bulk damage are:

e an increase in the leakage current of the reverse-biased p-n junction;
e trapping of the mobile charge carriers, leading to incomplete charge collection;

o effective compensation of the material, thus modifying the electrical field characteristics
in the device. ‘
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Figure 12. Relative displacement damage by neutrons in silicon, as a function of the neutron
energy (Reference 24).
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the incident particle energy (Reference 25).

Surface damage affects the passivation layer (8i02) and the Si0;-5i interface region
in the p-n junction diode.® Also, there could be the creation of “mid-gap” interface states,
which are mobile. Likewise, there may be charge trapping due to oxide defects. A partial
list of some of the important consequences includes:

& an increase in the surface leakage current;
o a decrease in the charge carrier mobility;
¢ a decrease in the “interstrip” resistivity of the device;

e the formation of charge “inversion” layers.

These phenomena lead to a degraded performance of the devices. In the following, a .

brief sample of some of these phenomena is listed.

s Leakage current: an increase in the leakage current of the device will, in turn, lead to
an increase in the electronic noise as well as increased power consumption. It is rather
well established that the increase in the current density (AT} is related to the particle
fluence (@), as in the expression Al = o x ®, where a is referred to as the damage
constant. Numerous experiments have measured this constant® with different incident
particles. Typical values are: o« ~ 2 x 10°Y7 Afcm for incident neutrons with energy
~ 1 MeV; and & ~ 3 x 1077 Afcm for incident protons of energy ~ 800 MeV.

Effective doping concentration: this is a phenomenon where the initial, n-type (bulk)
material gradually becomes intrinsic and then inverts to p-type material with increased
patticle fluence. The effective donor concentration (Vp) decreases during irradiation as
a consequence of the creation of charged damage sites in the bulk. The electric field
characteristics, and thus the depletion voltage {Va.,}, will be affected. The depletion
voltage is related to the donor concentration by the equation: Vi, = (ex Npxd?)/(2xc),
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where ¢ is the electric charge, d is the detector thickness (usually 300 p), and ¢ is
the permittivity of silicon. Figure 14 shows the variation of the depletion voltage as
a function of the fluence for 800-MeV incident protons.?® The phenomenon of “type
inversion” occurs at a fluence between 1 and 2 x 10" pfecm®. The curves are a fit to
the data, using a model in which Np = N,e™*? 4+ ¢, where N, is the initial doping
concentration, and ¢ and # are coefficients to be determined from the fit to the data
points. The model is consistent with a two-component process, which incorporates donor
removal and acceptor creation in the silicon bulk. Additional details may be found in
Reference 26.

It should be noted that similar conclusions are obtained with incident neutrons, where
type inversion is also observed at a fluence of ~ 2 x 10'® n/cm?.2 We note, however, that
recent results from the RD-2 collaboration?” at CERN indicate that type inversion is observed
at a fluence of ~ 3 x 10" n/cm?, which is approximately an order of magnitude lower. It
is clear that the systematics concerning the actual neutron fluence have to be quantified.
These could be quite large.

The effect of the change in the depletion voltage of the p-n junction device in terms
of the charge collection (i.e., peak position) is illustrated in Figure 15. The typical values
for the depletion voltage prior to irradiation were in the range 30 < Vg < 65 V. After
irradiation, a bias voltage of 100 V is required to attain the same charge collection.
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Figure 14. Variation of the depletion voltage in a reverse-biased silicon p-n junction diode
as a function of the particle fluence, The solid lines represent a fit to the data in the context
of the model described in the text.
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Figure 15. Pulse height spectrum obtained from a reverse-biased silicon p-n junction diode,
using a f#-source. The upper figure shows the variation in the peak position of the pulse
height spectrum for the different applied bias voltages, after the detector has received a
fluence of 1.7 x 10'? nfem®. In analogy, the lower figure shows the same, but for a larger
fluence corresponding to 6 x 10 nfcm?. The detectors are required to be significantly
overdepleted after irradiation with respect to the original values in order to ensure complete
charge collection.

4.2 Consequences for Operation

The silicon devices operating at the SSC, with the nominal luminosity of 10% cm=%s"1,
will be exposed to a fluence of ~ 10" particles/cm? over approximately a decade of operation,
at a typical radius of 10 cm from the interaction point. The consequences of radiation damage
suggest that it would be desirable to operate the devices at relatively low temperatures {0°C)
as compared to ambient temperature. The reason is essentially that the leakage current is
lowered by a factor two for every 7°C reduction in the temperature. Thus, experimental
results?® suggest that, for example, operating the devices at 0°C as opposed to 24°C would
lead Lo approximately a factor 10 reduction in the leakage current. Even if one takes into
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account the lack of annealing at 0°C, the overall reduction in the leakage current would
be a factor ~ 5, with respect to the higher temperature, Likewise, from the point of view
of the operating voltage, the experimental ohservations favor the lower temperature. It
is important to stress that the study of the annealing phenomenon and its temperature
dependence is the subject of extensive investigation at present. The annealing phenomenon
is rather complicated, and the characteristic time constants involved can be long {of the
order of hundreds of days), requiring large time periods of monitoring and analysis. Further
details and an update on recent experimental resulis can be found in Reference 28.
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COLLIDER AT YT
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ABSTRACT

The prospects of various physics are discussed for an Asymmetric ete~ B-Factory, which is
considered as a next project after TRISTAN at KEK. The potential reach of CP asymmetry
measurements are presented for various decay modes based on the Monte Carlo simulation
studies. Combining various decay modes, the angles in the unitarity triangle of the CKM-
matrix could be measured with precisions of §sin 2¢; ~ 0.05, §sin 2¢y ~ 0.07, and ¢y ~ 13°
with an integrated luminosity of 100 f6-1.

1. INTRODUCTION

An asymimnetric ete” collider at T(45)[1] is considered as a next generation B-
Factory and studies for accelerators[2-4] and experiments[5-9] have been made in great
detail. It is considered as a next project after TRISTAN at KEK (National Lab. for
High Energy Physics) in Japan. It collides et and e~ with different energies at a c.m.
energy ol T(45) and therefore BB are produced moving along the higher energy beam
direction. This provides an ability to measure the decay time evolution by measuring
vertex points of B decay.

An asymmetric ete B-Factory essentially covers all nice features of an ordinary
symmetric e*e” collider; Running at T({45), only B*B®or B+ B~ are produced without
any associated particles. Signal to noise ratio is ~ 1/3 and kinematical constraint can
be used for event reconstruction since energy of B is equal to E.,, /2 in the C.M. frame.
These provide the cleanest B signals, which are the most advantage of ete~ collider
at T(45). This is in contrast to the hadron machine case where §/N ratio is 1075 ~
1072 and BB are imbedded in particles with multiplicity of 15 ~ 100 {depending on
collision energy). As in usual ete™ collider, the trigger efficiency for BB events are ~
100% and no special triggers are needed.

An asymmetric collision provides further unique physics possibilities. CP asym-
metry is the most important and unique physics possible with an asymmetric ete



B-Factory. In the standard model, CP violation is explained by the complex phase of
the quark mixing matrix (CKM matrix)[10] (in the Wolfenstein representation{11]):

Ve Vs Vi 1~ A2/2 A NA(p i)
Vio Voo Vaf= =i 1— 32 A4
Ve Vi Wy NA(l-p~ig) X4 1

A sizable CP violation effect in B system is predicted. The observation of CP
violation in B system would be the first CP violation effect other than in the Kaon sys-
tem. It will provide new information on the mechanism of CP violation and redundant
measurements on CKM matrix elements.

On the other hand, an asymmetric ete™ B-Factory has limitations compared to
hadron machine; A production cross section for 88 is 1.15 nb and orders of magnitude
smaller than hadron machine, which limits the total number of produced events. Heavy
b-flavored states such as B, and A, can not be studied because they are not produced
at T energy. Therefore, they are complementary each other, while they are competitors
at the same time.

In this report, the design and status of the KEK asymmetric B-Factory accelerator
is briefly described in Sec. 2 and physics goal and potential is overviewed in Sec. 3.
Then in Sec. 4, the potential of CP asymmetry measurements by KEK B-Factory
experiments are described, which are mostly based on simulation work by KEK B-
Factory Physics Task Force group(7-9]. Similar studies have been reported for other
proposed asymmetric B-Factories[5, 6]. Those reported here also apply to the other
asymmetric B-Factories.

2. KEK B-FACTORY ACCELERATOR

The KEK B Factory is a 3.5 x 8 GeV asymmetric e*e™ collider[4]. The present
TRISTAN Main Ring tunnel will be used for 3.5 GeV e* and 8 GeV ¢ rings. The
present design parameters of the accelerator are listed in Table 1.

The luminosity goal is 10%cm™2sec™! and the design is based on the following
philosophies:

o A small 8 {1 cm) and high £, , (0.05) are chosen in order to achieve the desired
luminosity with the smallest current.

¢ All RF buckets are filled with the beam in order to reduce the RF voltage. An
RF frequency of 508 MHz results in a beam crossing interval of 2 nsec. Also, a
low o lattice is proposed for the Low Energy Ring.

® A low emittance ratio (¢, /¢, = 0.0]1) together with the same ﬁ;/ﬂ; ratio is chosen.
This serves to reduce the background problem Lo the detector.
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Table 1. Parameters for KEK Asymmetric B-Factory accelerator. Values in parentheses
are for Phase-1.

LER HER

Eonergy(GeV) E kR 8.0

Momentum compaction factor normal  low normal
Circumference{m) c 3018 3018
Lumigosity{cm~s~") £ 1x 104 (2 x 10%)
“une shifts &/E  0.05/0.05  0.05/0.05
Beta functica(m) 8;/8; 10/001  10/0.01
Beam current(A} i 26 (0.52) 1.0 (02D
Bunch length(eam} a, 0.5 0.5
Energy spread(10™7) a; 078 0.74 0.73
Bunch spacing(m) Sg 0.6 (3.0) 0.6(3.0}
Particles/bunch(10') N 33 1.4
Emittance(nm) £ /e, 19/0.19 19/0.19
Synchrotron tune v, 0.064 0.014 0.070
Betatron tune vefv, ~39 ~43 ~ 19
Momentum compaction{10-%) @ 0.83 0.20 1.0
Energy loss/turn{MeV) 143 091 0.84 4.1
RF voltage(MV) Ve 20 4.4 47
RF frequency(MH=} far 508 508
Harmonic aumber h 5120 5120

Energy da.m!:ing decrement(10~Y) Ty/re  0.26 0.24 0.5
Bendiag radius{m) P 150 162 913
Length of bending magaet{m) 17 0.42  0.85 2.56

Since the achievement of 10Mcm=?sec™! requires several breakthroughs from the present
situation, the accelerator construction will go through two steps. In phase-1, it will start
with a luminosity of 2 x 10®cm~?sec™! by filling every filth bucket in the beams. This
considerably reduces the problems (like beam-beam instability) and enables a quick
start of the accelerator operation and physics program. During phase-I operation, fur-
ther R&D and machine studies will be pursued aiming towards the luminosity goal of
10Mem—2sec™! in phase-II.

The present linac will be upgraded as an injector for the B-Factory:

1) The linac energy will be increased from the present 2.5 GeV to 8.0 GeV, so
that both electrons and positrons can be directly injected into the main rings and
the complexity of having a booster ring can be avoided. This energy upgrade will be
achieved by adding RF units (10 ~ 20) and an increase of RF power with SLED or
recirculation method.

2) The intensity of the positron source will be increased at least a factor 10 by
increasing the energy on the positron production target from the present 0.25 GeV to
~ 4 GeV,

3) The repetition rate will be increased from the present 25 Hz to 50 Haz.

A linac upgrade has started from FY 1993, R&D work on accelerator hardware compo-



nents (Rl cavity, vacumn systein, feed back, and so on) as well as design and simulation
work (on lattice, dynamic aperture, and beam-beam effect) have been intensively per-
formed. We hope construclion of the B-Factory accelerator starts from FY 1994 and
phase-[ aperation begins by the end of 1998.

3. PHYSICS GOAL OF ASYMMETRIC B-FACTORY
The physics goal of an asymmetric B-factory can be divided into following 3 steps,
1. Discover and confirm CP violation in B system as soon as possible.
2. Precise determination of CKM-matrix elements.
3. Find keys beyond the Standard Model.

In each step, experiments al hadron machine would be strong competitors, but also
complementary in some aspects.

Even though no experimental evidence beyond the standard model has been ob-
served so far, a fact which can not be explained within the standard model is the mat-
ter - antimatter asymmetry of the present universe. In interpreting this fact, baryon
number non-conservation is required, which should involve CP violation. Therefore,

- investigation of CP violation would provide a key to heyond the stardard model.

An unitarity condition of CKM-matrix gives triangle relation shown in Fig. 1. Be-
cause of the direct relation between As described below, CP asymmetries are directly
related to angle $,'s of unitarity triangle. Any observation of inconsistency between
measurements of lengths and angles of unitarity triangle would be a manifestation
beyend the standard model. Therefore, measurements of CP asymmetries still have a
special importance even after the first discovery and following points should be stressed:

s The precise measurements of length of triangle have same importance as CP
asymmetry in order to make an over-constraints for CKM parameters.

¢ The ambiguity in extracting CKM-parameters from experimenlally measured
quantities should be reduced theoretically or by additional experimental mea-
surements. Otherwise, measurements are not so usefu} even if they are very
precise.

3.1. Measurements of Triangle Length

The lengths of the sides alone uniquely determine triangle. However, constraints on
the unitarity triangle from the present measurements are yet not strict enough(9, 15]
because of both experimental and theoretical uncerlainties. Though improvement of
these measurements are being made by CLEQ, it is also one of the important roles of an
asymmetric ete~ B-Factory since it accumulates much more luminosity and potentially
better signal Lo noise ratio provided by decay vertex measurement.
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The following improvement is expected in an asymmetric ete™ B-Factory.

1) |Val:  Inclusive semi-leptonic B decay modes have been used to measure |V,
but this suffers the model dependence. According to Heavy Quark Effective Theory
(HQET), hadronic form factors can be expressed by a single universal function £(v - v')
which is absolutely normalized to 1 at kinematical end point v - v' = 1 for exclusive
semi-leptonic decays like B — D"fw. (Here v and v’ are four-velocities of heavy
particles.}] Therefore, measurement of differential decay rate at v - v = | provides
maodel independent |V,;}. However, an application of this method to presently available
data still gives similar uncertainty as inclusive mode due to the quite limited statistics
around kinematical end point and extrapolation errors {12]. Both uncertainties can be
reduced by accumulating more statistics, especially around kinematic end point. We
expect to measure |V,| with accuracy of a few % by an asymmetric B-Factory with
100 f&t,

2) |Viel:  The end point of lepton spectrumn has been used to extract [V, so far.
This suffers large model dependence since only small part of spectrum ts measured.
Exclusive semi-leptonic decay modes B — p(x,w)ér allow Lo measure wider kinematic
region and help to reduce uncertainties. We expect several hundreds of exclusive decay
events with 100 fb~' at asymmetric B-Factory. Theoretical uncertainty still needs to
be reduce in the future.

3) {Vs]: A measurement of B — B mixing provides |Viq|. However, it suffers a large
uncertainty due to poorly known fgv'B whose theoretical prediction ranges 100 to 250
MeV. The uncertainty of fg/B can be reduced in some extent by measuring Be — B
mixing and taking ratio of z,/x4. However, it is difficult to measure B® — B¢ mixing
at asymmetric B-Factory. Another method which would be suitable for asymmetric
B-Factory is a measurement of the ratio of radiative Penguin decay branching ratios
T(B — py}/U{B — K=¥) which is proportional to |Vi|*[13]. Recently CLEQ has
reported Br{B - K%)= (4.5 £ 1.7) x 107°[14]). Taking into account Cabbibo sup-
pression factor, we expect about 100 B — py events and ~ 5% measurement error in
[Vea| with 100 fb7" at asymmetric B-Factory.

3.2. CP Violation at Asymmetric B-Factory

In a B° decay into CP eigenstate f, CP violation appears as a consequence of
interference between the amplitude for B° — f and that for B° — B° — f through
B° - B° mixing. In ete™ collider at T({48) case, the CP asymmetry is written as

_R(B°— f) = R(B° - f)

A= RE S hsrRE =D

= sin 2¢; - sin{Am - At)

It should be noted that &t (= 1; — f,5;) ranges from —o¢ to +co and the asymmetry
vanishes for time integrated rate. Therefore, it is essential to measure Al to observe CP

asymmetry. o; is a phase difference between amplitude of B® - B° mixing and decay
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Table 2. Decay modes for CP asymmetry measurements and angle ¢; of CKM unitarity
triangle for B3 decays. A final state shown is just a representative.

Tree $i | O(A)] Decay Penguin ¢ [0 ]
b @(ed) [ & A JIVKs b~ 3(cé) é A
b ded) | o | | Jjgre b — d(F) 0 | »
A Drn-
bogud)| & X D2 pa . - -
b — &(us) & a3 Depls - - -
b ufcs)| ¢ A DEpKs - - -
b — it(ed) &2 At e p® - - -
b—ii(ud) | ¢ A2 nty- b — d{ud) 0 A3
A3 yr® b — d(dd)
P aud) | dr | M ] moKs |55 swa),dd) | e | =
- - - ¢Ns b — 3(s8) & A?
- hsKs & — dfs3) 0] A3
gr®

amplitude and is directly related to the angles of the unitarity triangle of CKM-matrix
as shown in Fig. 1.

Depending on the CIkM-matrix elements involved in decay modes, one can measure
different ¢;. Table 2 lists the relation of various decay medes and ¢; for 83 case. The
final state shown in the table is just representative and any CP eigenstates with the
same quark content gives exactly the same ¢,. One can get those for 87 by replacing
¢1— 0, ¢ — &3, and 0 — ¢,.

In ovder to determine the CKM-matrix elemenis, it is quite important Lo have small
theoretical ambiguities in extracting the desired quantities. There is no theoretical
ambiguity in extracting ¢; from a measured asymmetry, as long as a decay goes through
amplitudes with a single CKM phase. This condition can be always satisfied if a decay
is completely dominated by a single diagram. Unfortunately, as shown in Table 2, in
addition to a tree diagram there is usually another diagram (so called Penguin) which
provides same final slate. Also, two tree diagrams with different phases contribute
to the same final states for D&pr® and DgpNs cases. Only J/¢Ks (b — écs) is a
special case where two diagrams have same phase @, and the condition is satisfied.
The effect of Penguin diagram to ¢; measurement can not be reliably calculated yet. A
rough estiniation indicates that it amounts to ~ 0% for 7+ #~ case[16), for example.
Recently, it has been shown that Penguin effects can be extiacted out using Iso-spin
relations between amplitudes{17], which will be described tater, However, decay modes
to which Iso-spin analysis can be applicd ave quite limited[17, 18] and for other modes
we need to wait for more knowledge on Penguin decay, which is also onc of roles of



ete” B-Factories.

The existence of two diagrams decaying into the same final stale with different
phases could lead to a CP asymmetry in an integrated decay rate (so called “direct”
CP violation). This type of CP asymmetry can also he observed at a symmetric ete-
B-Factory. Although, it is important to discriminate between some models (such as
superweak model[19]), it does not give much information to constrain the CKM-matrix
because of unknown hadronic phases, except D°K modes described later.

The best advantage of an ete™ asymmetric B-Factory is that it can provide not
only CP asymmetries but also most of the information needed to determine the CKM-
matrix within one experiment, which enhances the reliability of measurements,

4. CP REACHES BY ASYMMETRIC B-FACTORY

Measurement errors of CP asymmetries for various decay modes have been esti-
mated by Monte Carlo simulation{8] using the KEK B-Factory detector design shown
n Fig. 2. A fast simulation program {FFSIM) is used for the study, which simulates the
detector performance as following:

1. Detector has acceptance of 17° < # < 150° for all particles.
2. It smears the particle momenta, energies, and vertex with expected resolutions.

oy /P = (0.61 - pe ® 0.49)%
ar/E = [(1.6/VE + 0.86E%3) @ 0.45/ E]%
aa, ~ 80pm

3. Particleidentification includes TOF (o7 = 150ps), dBE/dx from CDC (o = 7.2%),
and RICH (3o at p = 3 GeV).

4. Effect of track finding and reconstruction is not included.

5. Effect of materials in front of Csl calorimeter or effect of clustering are not in-
cluded for photon detection.

Items 4 and 5 are now under investigation using full simulation program based on

GEAN'T,
The statistical error of sin 2¢; from a CP asymmetry measurement is given by:

1+ NggfNoss 1

osin2¢; = N = 20)"

Here d is a dilution factor which comes from a factor sin{Am - At) and the finite
resolution of vertex measurement. By fitting the At distribution of simulated events,
we get d = (.53, This value weakly depends on the vertex resolution. w is a fraction
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of wrong B°® tagging. Nas and Ngg represent the expected number of signal and
background events, respectively. N, is given by;

Nobs = L " '—’TI‘IS) ' 2.[0 ' BT(B) ‘ 1}"(.{.) et ftug;

where,

L : integrated luminasity,

gyusy = 115 nb = 115 x 107% cm?,
Jo = Br(T{48) — B°B0) = (.5,
Br(B)= Br(B° - [),

Br{f) = Br(f — observed particles),
€rec 1 event reconstruction efficiency,
€1q9 ¢ tagging efficiency of the other B°.

Various methods of tagging have heen studied. The commonty used method is with
high momenturm leptons (p; > 1.4 GeV) and charged Kaons, which gives e;,; = 0.42 and
w = 0.09. Further, methods using low and medium momentum leptons and the recon-
struction of missing D'** in D™ ur decay modes have been studied(6, 8. Combining
all methods, we ablain €4, = 0.58 and w = 0.10, which gives a 30% increase in the

figure of merit €401 — 2w)? for CP asymmetry measurement. However, conventionally,

€y = 0.42 and w = 0.09 are used below.

In the error estimation below, we use L = 10"em~? (= 100 f6~1) which is our
milestone luminosity corresponding Lo § years running at Phase-I or | year running at
Phase-II. With this luminosity, 1.15 x10® B# events are produced, which are orders of
magnitude smaller than for the hadronic machine case. Since it is considered quite hard
to get a luminosity much greater than 10™cem=?sec™", the number of BB is the most
serious limitation of an e*e™ B-Factory. Therefore, it is quite important to measure
as many decay channels as possible for an asymmetric ete~ B-Factory to increase the
number of observed events to increase sensitivities for CP asymmetry measurements.

{.1. ¢ Measurement
401 b— &(e5) Mode

As mentioned previously, this mode does not suffer Penguin pollution in deriving ¢,
from CP asymmetry. The most promising decay mode is BS — J/y Ky — £+é-ntx-
and called the “Gold Plated Mode (GPM)” because of its clean signature. As demon-
strated by ARGUS|20] and CLEO([21], this mode is free from background. As seen
from Table 3, we expect Ny, = 837 and §sin2¢, = 0.081. CP asymmelry measure-
ment using this mode guarantees Lhe possibility of CP violation observation at a certain
level.

However, as mentioned above, it is quite important to increase the sensitivity by
using other decay modes if possible. We have explored the following decay modes:



Table 3. Summary of expected sensitivity for sin 20 measurements with £ = 10067, i:g ::
For all modes. tagging efficiency ¢y, = 042, wrong tag fraction w = 0.09, dilution - o am
factor d = 0.53 are used. See test for dy. (&) sum for (ee) = n., Jf§, xw, and xa. e oo ® oo
(bysum of D*¥ — KW¥rtz* N-K+rt and Kertntn-. 8 o B il
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decay final states Br(B) Brif) % ;e | Nabs | Nag | 85in2¢, i N

mode N s o . S— s .

JfPRs (Hi-gtg— 3.0 x 10771 0.095 x 0.61 | 817 o 0.08] ) ‘ - -

IR {(t{—n°g® 3.0 x 1071 0,042 x 0.33 | 201 22 0.17 2 o 2

SI iy i ' 3.0 x 1077 0140 x 0.34 | 611 5 0.099 SOl -Eﬂq# oS-

Jfphe AR B B & 1.2 % 10°* | 0.016 x 0.3 | 434 38 0.4 x dy b ,w_% 63"} R

Xal's STAN L &F on 50 % 1071 0026 x 045 | 280} 112 0.16 e j,‘.ﬁ_;'é B ER &

wive Vate—etéxta— ] 3.0 x 1077 0031 x 0.52 | 231 0 0.15 pt - ﬁ ﬁ ;‘” g U g

(e€)Ky | thadrons)z*r™ | 14 x 107%|  0.0055 * 81| 2524 0158 s o g i

- qs)2 b 3 =T 0005 i 51202 033 S & es |-
Do (vis) ‘ 3 % 10 0.015 x .34 | 125 ] 202 0.33 L 2 < (b) al )
By * o:e * :.la — ::_-a * oo ! ofa * a.le * ::- *
) Jju g — Yema°x® The hranching ratio is about hall of GPM and this mode P, Py
requires good photon detection to reconstroet the two 7%'s. MO study shows N, = Fig. 3. cosd vs P, Plots: (a) for B° JIWK, events bef (b af
v i L nts defore cuts, alter

N
0-22 x GIPM. selection cuts. (c) for B® — J/é:I'* events before cuts, (d) after selection cuts.
2) Sy decay moder Ky can be detected by observing charged particles coming
frem Iy, interacting in the material. Csl and chainbers inserted in a finely segmented
ion filter can detect such a signal. Monte Carlo sinmmlation of Lthe hadron shower shows

that about 63% of Ky, can be detected. This can provide information on &7, direction -

4 LN L B S (N B AU e NN B (d ks Mo R S B B B N S e S m
C | [ | | [

and gives a kinematical coustraint on the Jfp I, event reconstruction. As shown in
Fig. 3, background fromn J/p " can be removed by kinematic cuts. Because of the
clean signature of S/ — Y7 background Trem the continuum is expected to be
small, We expeet 0.73 x GPM events from this mode.

3 SR — JfpRgn® Since both Jfy and K°° are vector boson, CP = +1 states
are generally mixed. However, ARGUS recently showed that Jfy and K°* are highly
polarized and one CI? state dominates over the other.{22] I this is true, we can use the
J/p K" mode as same way as other modes, Even il Lwo CP states are mixed with some
fraction, we can extracl the CI asymmetry by using a transversily analysis.[23] Fig. 4
shows the result of a transversity analysis using simulation vvents. The degradation
factor (dy) of CP measurements ranges from 1 to 2.7 depending on Lhe mixing ratio
of CP states. 1f the fraction of other states is less Lhan 30%, dy is less than 1.5,

o / o(pure)

P A PR IR S B B I
4) {(eé}s — XN J/w s decay modes: Recently ARGUS and CLEQ reported that the o 0.2 .4 0.8 0.8 1
branching ratios of B decaying into (e¢)?” are similar 1o that into /4. Especially, r./ { r, +T_)

Br(B~ — y., 7} was measured Lo be 0.11 4 0.055 %[22). Siimulation was done for .

decay modes v Ks — vJ/0Ks and ' Ks — xtr-JfpKg, where Jjp — 48~ and Fig. 4. The ratio of expected error on C'P asymmetry for J/¥Ks7° mode extracted
Ks — x*n~. As shown in Table 3, both modes give aboul twice larger ervor than using transversity analysis to that for pure CP state. The ratio is plotted as a function
GPM. of the mixing ratio.
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5) (c€) s — (hadrons)r*n~ decay modes: S/ — ¢+¢~ decay mode provides a clean
signatute but the branching ratio is limited. An alternative way is to use decay modes
into hadrons. Four charged hadronic decay modes have been studied by simulation. In
this case, decays (c}/s — hadrons + 7¥r~ can be-reconstructed simultaneously for
(cg) = 0., J/ P, Xeo, and x.,. Branching ratios are assumed to be 5 x 10~* for x4 /s
and 3 x 1071 for other modes. Fig. 5 shows the invariant mass distribution of 4-charged
particles aflter various kinematic and vertex cuts. A mass constrained fit is done to
improve the mass resolution with constraint of my; and mpg.. The mass distribution
shows clear peaks corresponding to each {¢&) state, although the background from the
continuum is at a comparahle level.

If all above modes are combined (assuming d+ = 1.4), §sin2¢; reduces to 0.048
from 0.081 with GPM alone.

{.1.2. Non (e&)(sd) final siatcs

As shown in Table 2, there are several other decay modes which provide ¢y measure-
ments in the standard model. However, this might not be true if a CP asymmetry does
not come from the CKM scheme, Therefore, it is important to measure CP asymmetry
with such modes also. The flollowing decay modes belong this category;

1) B° — J/yr° mode: A branching ratio is expected to be ~ A? x Br(B® — J/PK)
~ 2 % 107% because decay amplitude {(|VV.4| ~ A?) is suppressed by X compared to
JIwKs (JVali,l ~ A%) MC simulation showed snm]al detection efficiency as GPM
case and this mode give ~ 0.1 x GPM.

2) D7 D7 mode: This mode has the same CIKM coupling elements as the J/#x° mode
but with external W emission diagram (no color suppression). The theoretically ex-
pected branching ralio is ~ 3 x 1071 and is similar to J/#Ks. However, detection
of the D* is difficult because it does not have a dominant decay mode. Using D¥ —
KFatnt K-K*rt and Kgrtnta- (total Br = 12%), MC gives & detection efficiency
of 0.34 and N, ~ 0.15 x GPM. In this mode, B° decay vertex can not be directly seen.
A multi-vertex fit is performed to determine B° vertex from two D decay particles,
A similar vertex resolution as in the GPM case is achieved for the DV D~ case.

As in Table 2, the above two modes suffer Penguin pollution with the same order of
~ A% as tree diagram. * 1)~ mode has smaller eflect because of larger branching ratio.
Iso-spin analysis is not applicable hecause only the AT = 1/2 amplitude contributes.

3) Df, + =°, 3, p° inode: This mode is free from Penguin pollution and contamination
from b —» @t{ed) is suppressed by A2 A branching ratio of this inode is expected to be
O(107* ~ 10~"). However, branching ratios for [}° — CP eigenstate are small {only 1
to 0.1%). Furthermore, MC study shows that the combinatorial background from the
continnum is too severe and is not acceptable for CP asymmetry measurement.
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At present, it has unfortunately not been possible to find good decay modes which
provide a N, comparable to GPM.

4.2. ¢ Measurement

4.2, B° = xte~

The B° — n*x~ mode is usually mentioned as a bench mark for ¢; measure-
ment. Experimentally, the background and the branching ralio are the main con-
cerns. Recently, CLEO observed positive signal with Br(ztx~ + K¥z¥) = 2.3 798 x
107%[24] which is consistent with the theoretical expectation [2%, 26]. However, indi-
vidual branching ratio has lacge uncertainty. Two kinds of background are irmportant:
one is from B° — K-t decay which has a similar branching ratio in theoretical
estimation[26], and the other is from the continuwmn (ete~ — ¢§). We have made
simulation studies in detail on these issues.[9]

1} K*n* background:  Rejection of K*r* bhackground requires good K/ identi-
fication in the high momentum region (up to 4 GeV or so) and we need a special
device such as RICH or Aerogel. Detection efficiencies for z+x~ and §/N ratios are
estimated for various combination of particle identification devieces, as shown in Fig. 6.
The detection efficiency is about 50% if ouly a combination of dE/dx and TOF is used
which gives aboul 1.5 o K/x separalion for high moementum tracks. Adding RICH
-only in the forward region does not significanily improve the efficiency. The detection
efliciency improves significantly if Aerogel counter or RICH is added in the barrel re-
gion. However the difference between using RICH over aerogel is not very large. The
background fraction due to K*x¥, on the other hand, is greatly improved if RICH is
used. Study also shows that the detection efficiency and $/N ratio only weakly depend
on the average number of photoelectrons (for < N, , > = 2 ~ 5)

2) Continuum background: For CP asymmetry measurements we like to achieve
S/N > 1, ie efep < 107%/3 for Br(B® — ntz~) ~ t x 1075 Here eg (¢} is
fraction of selected events for B® — =*x~ {continuum) events. CLEO reported that
their selection gave eg ~ 0.31 and ¢, ~ 5 x 107% with particle-ID using dF/dz and
TOF[27). We have checked the same selection cuts as CLEOQ and obtained eg = 0.52
and €, ~ 16 x 107% without particle-1D. ¢, reduces to 4 x 10~% with particle-ID. In
this study, we use o, /pr ~ 0.0024py & 0.0033 which is expected when CDC, PDC,
and SVD data are combined. We have also studied another set of cuts: (1) M,+,- <
mp.t2a,(2) 0.2 < P, < 0.44 GeV, (3) Fox-Wolfman parameter ratio[28] f; < 0.45,
and (4) {cosfyprer| < 0.7, where 8,0, is an angle between the sphericity axis of 7+x -
and that of the rest of the particles. This selection gives ¢eg ~ 0.51 and ¢, ~ 8 x 10~%
without particle-ID, which is similar to CLEO's cuts. In addition, the following vertex
cuts are tried: {5) Py, > 0.05 and Py < 0.05 where P, and P,y are x? probability of
vertex fit for w7~ and all tracks, respectively. This giveseg ~ 0.28 and ¢, ~ 1.5x 1077,
We need further study on the optimization of cuts and their effects on the asymmetry
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measuretnent. owever, from the above study, we can expect o, ~ 107% with eg ~ 0.45.

Another concern for the v+r~ mode s a Penguin pollution. For ntr~ case, the
effect of Penguin can be extracled oul using lso-spin relation between amplitudes of
B = wtx=, 8% = 22 and B~ — 7 x®[17). Iso-spin analysis leads to the following

relations:

A(BY = rtr*) = AY =34,
A(B° wrtr Y= AY = /3 Ay — Ay)
A(B® - o) = A% = 24, + A

A(B- — n w) = AP =34, )
A(L:i" S rtrT)= At = ﬁ(ﬁl; — Ay)
A(B® = 7%y = A% = 24, + A,

where A, and Ag are the amplitudes for ] = 2 and 0. The Penguin diagram contributes
to Ag only and hence Az = A;. The above relation can be represented by tweo triangles
shown in Fig. 7. By measuring branching ratios for the above 6 (5 independent) decay
modes, one can determine all [A;]'s, and therefore 8 and @ in lig. 7. Then, real sin 2¢,
can be determined from measured sin 2¢un e, from B° — rtr— with a 4-fold ambiguity:

- |l;\0ff{glci'é)
| — | Aof Aqlete /)

Thus, an effect of Penguin to sin 2¢, measurement can be removed. Uselulness of Iso-

S 2P s = §102 ((:'?””

spin analysis in aclual experiment has heen studied by several people[29), hut further
study is needed.

There are also decay modes Lo CP eigenstates with both neutrals through V
transition, such as p°7°, wa®, yr® cte. Uhese modes have the sane CKM coupling
as 7¥r~ but are color suppressed (~ 1710 in Branching ratio). llence, the expected

branching ratios are O(107%) and secins too smiall to be useful.
4.2.2. B° - prr¥ and alr®

In these modes, the final states are not CP eigenstates but O self-conjugate at the
quark level. Therefore, both I° and B° can decay into the same final states. In this
case, CP asymunelry arises in the saine way as for the CP cigenstate case. However,
an additional dilution factor

% _ 1A )
AT [A(B> — J)

d,

appears because the final state is not a CP eigenstate]30]. If [ is a O cigenstate, p =
1and d, = 1.

Theoretically, branching ratios of these decay modes ate expected to be about 3
times larger than #¥7~. A MC simulation study has been done lor the ptr¥ — sor+a-
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Fig. 8. Decay diagrams for B — D\ and B — D°K decay modes,
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Table 4. Summary of expected sensitivity for sin 2¢; measurements with L = 106051,

A dilution factor d = 0.53 are used. See text for d,.

decay mode | final states Br(B) Erectiasg Nobe | Ngg | &5in 24;
o LA 1.5 x 107% | 045 x 0.42 | 326 73 0.14
prxF x°rtr~ | 6.0 x 10-8 0.215 1480 | 532 0.07/d,
atr¥ ata-rtx~ | 6.0 x 10-° 0.095 656 | 476 | 0.12/d,

and afr¥ — atzr-7*xr~ modes. The background from continuum is more severe than
in the #*x~ case. With kinematic cuts similar to the m*x~ case, S/N ratios are still
~ 1/20 and are not accepiable for CP measurements. To improve background rejection,
a mote elaborate selection which optimizes cuts for lepton and Kaon tags separately
has been reported[30]. They oblain €;popag = 0.215 and &c = 1.9 X 1078 for p*n¥ case,
and €recirag = 0.095 and ¢c = 1.7 x 107% for af#¥ case, respectively. This mode also
suffers Penguin pollution. A suggestion has made 1o remove Penguin contribution by
fitting to Dalitz plot and time distribution for B° — ptr¥ mode[31).

The expected errors for sin 24, are shown in Table 4. Combining the three modes
with the assumptions of d, = 0.75 and no Penguin effect, we get &sin 2¢2 = 0.07.

4.8, &3 Measurement
481 B = p°Ks

As seen from Table 2, one can not measure ¢, using 3 in an analogous way as for
¢y and @y, Instead, one needs to use H? — p°A's, as is often mentioned. However, there
are several inconveniences to use B decay modes at an asymmetric ete™ B-Factory:

¢ B? can not be produced at T{45) and one has to run at T{55).

Both the production cross section of T{55) and Br(T(55) — B2B?) are consid-
erably smaller than T(45) and B3Bj case.

The expected value of z, is too large (> 5) Lo measure an oscillation of CP
asymmetry with a modest boost by an asymmetric B-Factory.

¢ This mode also suffers Penguin pollution, but Iso-spin analysis can not be applied
for B2.



{32 B - D°R(X) Modes

Fortunately, a method to measuve ¢y using Ly, -— D°K has been proposed[32).
This method uses branching ratio measurements only and is not specific to an asym-

metric 3-Factory.

£ can decay into D° K or [° I through diagrams shown in Fig. 8. Decay amplitudes
are written as follows;

B— P°K: Ap =|Apie?

B — PK. Ap = |Apl|efe
B - DPR: Ap = |Ap|et

B - D°R: Ap = ’AD|15"‘58_"¢3

where § and 6 are hadronic phases. Since a. CP cigenstate of D° can be written as [,
= (D° + D°)//2, the decay amnplitudes can also be written;

b= DK
1} -3 [)l‘gi‘:i

Ap, =(Ap - f’_ir))/\/i)
AUJ.; =(Ap - AD)/\/@)

Therctore, (Ap, Ap, Ap,,) and (Ap, Ap, /11),_2) form triangles as shown in Fig. 9.
The angle between Ay and Ap is |A+ é3) and the one between Ay and Ap is |A - ¢a),
where A = §— 6. When the absolute values of all 6 amplitudes {4 are independent) are
measured, two triangles are fixed and then ¢3 and A can be obtained. The ahsolute
values of amplitudes can be obiained from the branching ratios. |Ap .| # j/ium|
incicates divect CP viclatien. This method can be applicd to hoth B° and charged B,
and any B — D°K + X mode can be used,

A simulation study has been done for f1° — D°Kg and I — DA~ modes. D®
and D? are reconstructed with K*xF (Br = 3.7%) and K*xFx° (Br = 11.9%) decay
modes, where a Kaon charge identifies D® or D°. Dy can be identified by decay modes
into CP cigenstates and Kgn® (BBr = 1.4%) and Kgw (Br = 1.7%) decay modes {CP =
-1} are used. Unfortunately, the branching ratio is small for 1)y which actually carries
CP asymmelry. D°R events are selected with similar kinematic cuts as other modes
already mentioned. B° — D°Kg mode requires tagging of the other B°, while B
mode is self-tagging. For )°K* mode, good K/x separation is required in momentum
region belween 2.5 and 3.5 GeV, since branching ratio of B — D°rt is expected to
be orders of magnitude larger. Tn the simulation, perfect i/m separation is assumed.

Resutts are summarized in Table 5. The error of ¢a measurement depends on values
of ¢3, A, and r, where r = |Ap|/|Ap|. 7 is expected to be ~ [V /Vs|fA ~ 0.4 for
e — D°ig, while ~ 0.1 [or B~ — D°K~ modes because of an extra contribution
of non-color-suppressed diagram. From the numbers in Table 5, the error of ¢ is
estimnated and shown in Fig. 10 for various values of ¢3, A and r. The error of ¢; for
B° is less than 25° (for ¢ < 90°), if |A] is between 50° and 150° and r is larger than
0.25. That for B? is less than 15° (for any ¢3), if |A] is larger than 50° and r is larger
than 0.1. Combining the B° and B* modes, the error of ¢3 becomes less than 13°
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Table 5. Summary of simulation Tor f3 — D*A mode for ¢ measurements with [ =
LO0fb1. (a) see lexl

([cca)}' moxle (1) final states Br(f) x €rer Crag N“!)E_ Ngg 6¢(3“}

De— Wig¥ 0.047 x 0.75
B2 PR [ 50 x 1078 [ D = WErFre | 0,119 x 0.56 042 28| 214

0.011 x 0.43 < 25°
D= Naw 0.019 %044 | 042 31| 20

Dy — Wyrne

T2 TRERE 0047 x 0.83 | self
BE 0N |35 x 1070 L D0 o KErFre [ 0,119 x 0.55 | tag | 4021 | 176
Dy = har® 0.014 x 0.43 | self < |50

Dy - KNaw 0.019 x 049 | Lag 652 59

5. SUMMARY

An asymmelric e¥e™ B-Factory al T{45) provides an unique opportinity to mea-
sure CP asymmetries in B decays with many redundancies. It will shed light in under-
standing the origin of CP violation.

Using a “Gold Plated Mode™ £3° — JfylKg — ¢*("x¥7~, we can measure CP
asymmnetry willi accuracy of §sin2¢; = 0.081 with £ = 107" emy™? (= 100 fb-'). This
is more or less"guaranteed”. Adding other decay modes into (¢€) K°, we may be able
to achieve &sin 2¢, ~ 0.043.

#7 could be measured with &sin2¢; ~ 0.07 using 8° — r¥r~ decay as well as p*a¥

and afx ¥ decay modes.

A method to measure ¢y using By, — ° N decay modes has been proposed. This
will enable us Lo measure @, at T(45), without using B° - B° mixing. The error of ¢
for B° is estimated to be less than 25° (for ¢z < 90°), if |A] is between 50° and 150°
and r is larger than 0.25, That for B% is estimated to be less than 15° (for any ¢3), i
|A[ is larger than 50° and » is larger than 6.1. Combining the B and B* modes, the
error of ¢a hecomes less than 173°.

Besides CP asymmelry measurements, asymmetric B-Factory will provide improved
measurements of the length of unitarity triangle, which are also important roles of
asymmetric B-Factory. This offers a stringent check of the standard model and oppor-
tunity to explore beyond the standard model. .
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