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Prospects for B Physics at RHIC

K.T. McDonald
Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544

1 Introduction

RHIC is a prolific bottom factory, with B-pair production rates order 101° per years at a
fuminosity of 10°? cm~%sec™’. As such, it will provide an excellent opportunity for & study
of CP violation in the B-B mu«mﬁmﬁ.? %3 Such a study will either confirm and refine the
Stendard Model, or be 2 sensitive indicator of new physics.

In proposing detailed studies of B physics at REIC we must extract the B-meson signal
in an environment ofien considered less favorable than st an ete~ collider. Experimental
evidence that this is possible is now available in & recent, preliminary result of the CDF
collaboration in which 16 + 6 events have been recomstructed from the decay chain B* —
J/yK* - ptp~K*, as shown in Fig. 1. This is the lazgest sample of B ~+ J/ K decays
reconstructed in any experiment to date.

20
CDF Preliminary
/Y Pt > 50 GeV/e
K Pt > 25 GeV/e ,
— Mean = 5.279+0.014 GeV/c
W. #6+6 Signal Events
g
>
T 104
['H)
&
; |
2
E
i
=z
Y
¢ T T 1
4 4.5 5 5.5 6

u—p~K Mass (Gev/e?)

Figure 1: Preliminary analysis of the CDF collaboration showing reconstruc-
tion of the decay chain B* — J/¢p K% — ptu-K=*,
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2 B Physics at the RHIC

Several developments during the 1980’ indicate that F-meson physics will be a rich topic
for study at the RHIC:

o The B-meson lifetime was first meacured by the MAC™Y and Mack II™¥ groups to be
1.2 picoseconds, which is longer than that for D mesons. Thus with the use of a silicon
vertex detector, perfected during the early 1980%, charged secondaries from B-meson
decay can be isolated from the primary interaction vertex. This will permit B physics
to be done at a hadron collider, but with the important resiriction that complete
reconstruction will typically be possible only for all-charged decay modes.

o The cross section for b5 pairs in hadron-hadron interactions is enhanced by order-o
QCD corrections!® and is anticipated to be approximately 12.5 gbarn at RHIC. This is
10* times latger than the cross section for b production for an ete™ collider operating
at the T(4s) resonance.

e The BY-BY mixing parameter, 4 = AM/T, has been measured at Argus’ (and sub-
sequently at OHMOEV to be about 0.7. This demonstrates that the neutral B-meson
system, like the neutral kaon system, is rich iz quantum-mechanical phenomena.

e It is expected that CF violation in the decays of neutral B mesons to CP eigenstates
will kave an especially clean interpretation. Such decays, when dominated by a single
weak amplitude, exhibit CP violation via interference due to mixing, which results
in an effect directly dependent on a phase of a CKM-matrix element without strong-
interaction ambiguities. However, it is probable that discovery of this type of CP
violation will require a sample of 10° reconstructible B decays. Detailed exploration
of consistency of the Standard Model explanation of C'P violation will require at least
100 times more events.

We are embarking on a long-range program, initiated at Fermilab® or RHICHY and
continuing at the mmo“wz with the ultimate goal being the detailed investigation of C'P
violation in the B-PB system. Of all known phenomena, we believe that the existence of 0P
violation provides the clearest indication that new physics is to be found at energy scales
above 1 TeV.

Speculations about the role of 0P violation encourage study of the phenomena outside
its present preserve in the K% K° system:

e Cosmological models that try to explain the matter-antimatter asymmetry in the uni-
verse usually invoke C'P viclation and some Grand Unified Theory. Thus the existence
of the universe is thought to be related to C P violation in some way. Further study is
justified on these grounds alone.

e Multiple Higgs bosons can lead to relative complex phases that in turn have CP-
violating effects. Thus the understanding of mass generation and CP violation is
related.
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¢ C P viclation is relevant to the generation puzzle. Of the 21 free parameters in the
standard model, 1§ are related to the fact that we have 3 generations of {amilies. If
there were two families, no complex phase would exist in the standard model and thus
no simple explanation of C'P violation. With 3 families, there is one complex phase,
and this is consistent with present data. If there are 4 families, then there are 3 complex
phases and new C'P phenomena might be expected. Phenomena involving the b-quark
of the third generation should reveal the origin of C'F violation more clearly thar in
the K-K system.

s Measurements of C P violation in the B-B system (unlike the K-K system) can deter-
mine CKM angles with little strong-interaction uncertainty. By the study of several
B-decay modes, the UKM system can be overconstrained.

e When the CKM elements are well determined it may be possible to deduce regularities
in the mass matrices of the quarks, and hence among their Yukawa couplings. This
is an approach that might lead to discovery of a higher symmetry beyond the present
standard model.

o Left-right symmetric models predict smaller €' P-violating effects in the B-B system
than does the standard model.

The greatest opportunity to explore CP violation in a new way, via the B-B system, is
at a hadron collider. As summarized in Table 1, the cross-section for B-meson production
at RHIC is about 1/3000 of the total inelastic p-p cross section, and 10'° B-B pairs could
be produced in a year of runaing at a luminosity of 1032 em~2sec™!, during which the total
interaction rate would be about 4 MHz.

Table 1: B-B production at various colliders.

Collider N 745 q@m\qsn Loave E@m\uoa sec
(TeV) (ub) {cm?sec™?)
RHIC 0.5 12.5 1/3000 1032 1.25 x 10
TEV 1 1.8 45 1/1000 5 x 103 2 % 10t
58C 40 500 1/200 1082 5 x 101
CESR 0.01 0.001 1/5 10% 107
LEF 0.09 0.005 1/7 1032 5 x 108

The study of CP violation in the B-B system can be accomplished by measurement of
an asymmetsy in the decay of B mesons to all-charged final states:

| _NB-f)-T(B =)

A=TESHITE A

While the asymmetry 4 may be as large as 30% (even after dilution due to B-5 mixing),
this likely occurs ouly in modes with branching fractions ' ~ 10~%. This requires at least 108
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reconstructible decays for a significant signal to be discerned. Further, the cleanest signals
are for modes with f = f, so the particle-antiparticle character of the parent B must be
‘tagged’ by observation of the second B in the interaction. Of course, a detailed study should
include measurement of asymmetries in several different decay modes.

Some of the elegance of measurements in the B-B system may be inferred from consid-
eration of the CKM matrix (in the Wolfenstein notation):

H\“..l M\En a\‘:.m. 1 A L&.v.wnﬁ - u“.m.v
Verm = | Vu Voo Voo | = —A 1 AN? .
Ve Vie Vi AL —p—1ig) —AXN 1

Parameter A is essentially the Cabibbo angle, 4 is known via the B lifetime, while 7 # 0 -
C P violation. But, p and 7 are not well determined from the K-K system. Rather, the B-B
system will be the place for detailed measurements of these parameters.

Further, unitarity of Vogar implies

Vig 4+ AViy + V3 % 0.

Hence if these three complex matrix elements are regarded as veciors they form a closed
triangle in the complex plane. On dividing their lengths by 4A%, we obtain the picture of
Figure 2 in the (p,7) plane. Since the base is known, the experimental challenge of measuring
the amplitudes ¥, and V4 is equivalent to measuring the three interior angles ¢,, w2, Pa.

Im4

o

ub

.ﬁ« Py 1 Re
~ WV

Figure 2: The unitarity triangle.

A favorable theoretical result is that for decays B — f with f a CP eigenstate, the
asymmetry A depends enly on one of the angles ;!

A~ sin2p, for BY — J/4Ks, DD, and D}FD;.
A~ sin2p; for B — nfx~, KK, and p°Ks.
A ~ sin 2, for B! — p°Ks, ¥r~, and K+ K.

Hence the experimenially accessible asymmetries rather directly measure the Vognr am-
plitudes. It will require a general purpose, low-P, detector to take full adventage of this
splendid opportunity.
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Tke program to measure (/P violation in the B-B system is ambitious. There will be
four phases to this program.

=

Study of the branching ratios of nonleptonic decay modes of B mesons and baryons.

From the associated measurement of o,7 at 2 hadron collider will come determinations
. bb .

of the gluon structure function at very low z. The BCD will produce even larger

samples of decays of charmed-particles.

g

Study of B,-B, mixing, which is expected to be quite large, and hence difficult to
observe due to the rapid oscillations. At a hadron collider the B’s are produced with
sufficient laboratory energy that their time evelution may be observed in detail. (Only
ete” eolliders more ambitious than those in Table 1 could resolve this mixing.)

bt

Study of CP violation in decays B — f where f # f,which does not require tagging
of the other B in the event. This might provide the first evidence of G'P violation in
the B-meson system, but the interpretation of the results will be subject to theoretical
uncertainty from strong-inferaction effects.

4. Study of CP violation in decays of neutral B mesons to C'F eigenstates, which will
provide the eritical test of our understanding of C'F violation in the Standard Model.
This difficult but rewarding task sets the standards for detector performance of the
B-physics program.

In the following four subsections we elaborate on each of the four aspects of the B-physics
program.

2.1 Nonleptonic Decay Modes of the B Mesons

A survey of seven possible graphs describing B-meson decay indicates that the B, will have
21 basic 2-body nonleptonic decays, the By will have 28, and B, will have 20 (see Tables
2-4). This contrasts with the case for the K, (= K*) and K4 (= K°) which each only have 2
such decays (not all distinct!). In the B system there are 26 basic decays to O P eigenstates
compared to the 2 in the K system. All 78 of the basic two-body decays of the B system
have all-charged final states (at some price in secondary hranching fraction), while only 1 of
the basic K decays is all charged.

We have not displayed the catalog of decays of the B (= ¥c), which decays to such states
as D+ DY and J/ynmt. Both the B, and the B, will be hetter studied at a hadron collider
than at a low-energy ete~ collider.

The Tables refer to seven kinds of graphs, two spectator, annihilation, exchange, pen-
guin/annihilation, and two penguin/spectator, as shown in Fig. 3. We can roughly estimate
that for graphs 1 and II .

CKM-favored decays have branching fractions of 10-2-10~2;

CEM-suppressed decays have branching fractions of 3 x 107%-3 x 10-%;

CKM-doubly-suppressed decays have branching fractions of 10-5-10-¢,
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LOOPS (PENGUIN)

SPECTATORS {TREE) ANNIHILATION
s7gd
I v HHH svd |
w e (c} w 9
B =y mu.n“ -
By > 5 3,
{=u.c(d,s} cAl
EXCHANGE
I v
I=u,e(d,5) B [y v
s, v
B . w %a Vi1
dix)’ -
oo o v 3 T=G.c(d.5) )
b =1T] Gluon q
dis} u.cle,u) Tz e
. )
3} 5.d
w

Figure 3: Seven graphs for the nonleptonic decays of B mesons. The
dashed lines are W bosons; gluons are not shown.

Graphs III-VII are typically suppressed by an additional factor of 0.1-0.01 compared to
graphs I and II of the same CKM coupling. However, D-meson decays show some cases
where graphs III-VII give large amplitudes.

The two-body final states listed in the Tables are representative of the particular ¢3/q3
combination for each entry. All final states could be augmented by n(x+w~}, with possibly
larger branching fractions. Likewise, every spin-0 final-state particle could be replaced by
its spin-1 partner, and wvice versa. Typically the branch to the spin-1 meson will be 3 times
that to the spin-0 pariner.

The secondary decays used in constructing the last column of the Tables are:

Decay Mode ......... e e . Branching Ratio
Ky ota™ iiiiiions s s ceer.--0.69
PPt e eae e e, Ciiaaes 1.00
e < 0.67
B KT R e 0.50
D o Kt e e 0.08
D s Kot e 0.04
D o T e 0.03
D o T 0.04
T/ s €8 e e 0.07

Tables 2-4 suggest that & study of only the all-charged nonleptonic decay modes of B-
mesons will be very rich, as all basic 4-guark decays of the B’s can be accessed in this way.
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Table 2: The 21 basic 2-body nonleptonic decays of the B} (= bu). Figure 3 illustrates the
seven types of graphs. The subscripts F, §, and I to the type of graph in this and foliowing
two tables refer to CKM-favored, -suppressed, and -doubly-suppressed, respectively.

Graph Final Final All-Charged
Quarks State Daughters

Ip, wéfud Dot Ktg—xt

Ip, I, VIig 3 /uE DFDe K*K-n+K+n-

g, VI cEfugd J/HK+ ete"K*

Iip, VIIg d3/ud KOxt K+a—g+

MIp, VIg, VIiIg 35 /uF K+ K+K-K+

Hmv HH.m. HHH? d..m.m.u VIIg \z.._l...\ﬁaw _bc..ﬁ+ mto-at

Ip, Up, Hip, Vig, VIIp uilfuf PR ata— K+

qu 11 ‘:m\d:m Dot Kto K+

15, IHg, VIIg edfuE b+ pe K-rtptK+a-

Is ¢ juil Dfp° KK -wtrtno-

s, VIg cEfud J/prt ete nt

g, TTls et/us DK+ K-a+K+

Iils, ViIs u3/sd K+K* K+K+rx-

I cd/ds DT K0 K-wgtptK+tn-

TN c3/s3 DFé K+E-nt K+ K-

Iilg ctfcs JipDF ete " K*K—x+

Vis a5/du gm+ K+K-nt

Ip, Hip ed/ud Dt K atotgta—

Iip, Ml cifud Doxt K-wtnt

Iip cd/sd DK KtK-wtKtmr

Iy cEfed Jjp D+ ete" K—ntot

Clearly a thorough study will require charged particle identification: =%, K¥*, ¢*, and also
#* should all be recognized in the apparatus.

We will use 11 of the more interesting basic nonleptoric decay modes to guide our thinking
about the design of the apparatus. The ISAJET Monte Carlo program was used to generate
samples of the production and decay of B mesons at the RHIC, by numerical calculation of
the gluon-gluon production process.

Prominent results of such simulation is that the B-decay products are spread over ~ +3.5
units of pseudorapidity 5 at RHIC, and that the fypical transverse momentum of the decay
products is less than the B mass, 5 GeV (see Fig. 4) Now 7 = —Intan /2 wheze 6 is the
polar angle with respect to the beam direction, so that dy = d#/6. Hence the population of
decay products is roughly dN/df ~ k/6, where a value of & ~ 3 is expected at the RHIC.
The relevant fu corresponding to n = 3.5 is 60 mrad. Thus & detector for B physics must
emphasize low {ransverse momentum and forward angles, in contrast to a detector for Higgs
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Table 3: The 28 basic 2-hody nonleptonic decays of the BY (= bd). The numbers in the ‘C P Table 4: The 29 basic 2-body nonleptonic decays of the B? (= bs).

Figenstate’ column refer to the classification described in section 2.4 regarding the relevant - -
omg phases governing the decay asymmetries. Graph Final Final ) cP All-Charged
Quarks  State Eigenstate  Daughters
Graph Final Final CP All-Charged Ir séfud Dot Kt K-m-nt
Quarks  State FEigenstate  Daughters I, Vs, Vi, Vs, VIIr c3/s8 Drp- E+tK-atK+YK-n-
Ip, IVF dé/fud Dyt Kte=g=mt Iz ui/sd Doy Kte-K*tr—
Ip, VIIF c3/dzs Drp- K+K-wtK*te-a— g, Vig ct/s5 .H\ﬁ.,& e KYK-
17 wefdd D% Kta=ntx- Wp,IVp Vp, Vs cifus nDrpe K-rtK+tx-
g, VIp cZ/ds JIp K ete"rtm” Vg Vp, Vs ed/dé DD~ K-gtx¥K+m—m—
Vg uéfui Dog? Kta=gtr- IVp, Vp, Vs udl fui a&p° atr-ata-
IVp séjus DI Kt K+*K-n K+ Ip, Vip s5/ui K+K-m+n-
Ve cEjut JjpDo ete" Ktm- Vr, Vs, VIIp 55/8% ey K*K-K+K-
Iy, Vg, VIIp wnjds KD wram e Ip,IVp, Vp, Vs, VIlp  uifsi  KVK- KtK-
Vip, Vlip s5/ds K2 K+ -mte~ Vr Vs, VIIp ds/sd  K™K* Ktg-K-g+
Ip, ViIp uf/di K*n- Ktr- IVp, Vp, Vs ud/di ato- Tta=
Is défus DKt Kfte-n K7 Is st/u Dy K* KtK Kt
mm“ H/\.mq .<..w....<.HH.m hﬁw\&m DtD- K-atxtKtn—m— H.m_ .<|HHM .wm\__nkl b”b+ .mﬂ.fwm.lq_.l.mw.lﬁ..:ﬂ«?
Is, Vs, Vs,VIIg udfda  wtm e Is, VIIs st/ud K-rt K-mt
Is ci/dn Dfa~ K+*K-ntm™ I5, IVs /sl DK~ KtK-atK-
15 ug/ds Do Kt~ K*n~ 1Is :m\mm Deg K+tr~K+tK-
1Is, Vis cg/dd J/pp® 1,4 ete mta IIs, Vs ctfsd JIKS 4,1 ete mta-
s, IVs, Vs, VI, VIIs  wit/dd — p%%° 2,4 rta-ates 1Is, VIs, Vg uiifsd K 3,1 FAr at e
IIs ci/dE DK+ K-wtK+o- & 1T cii/s3 D% E-ntK+K-
Vg, Vg cii/ut Dope 1,4 K-a+K*ta— Vs udjui Doge E+m=mtm-
Vs, Vs c5/sz DrD; 1,4 K+K-atKtK-m~ I IVs de/ud D mt Ktn=m—xt
IVs, Vs uF sl K+*K- 2,4 K+K- e IVs cCfué JpD° ete"K+tm~
Vs s5/s3 o 4 K+K-KYK-~ Vs : cil/uil Dot K-mgtptg
VIs s5/dd  ¢p° 4 E+*K-mte- ) Vs ed/di Die- K-wtrte-
Vs, VIIs sdfds  K*K*° 4 K+n~K-x* i IVs c3/se  DFK- KtK-=+tK-
Ip, IVp edjdi  Dtr~ K-atrte- ° Vs, VIIs s§fsd 9K} 1 KtK-nts
Ip, IVp cifdd  D%° K-ateta- Ip cd/s% DYK- K-ntrtK-
IVp c3/s DrK- K+K-xTK- 1Ip ciifsd DYE0 K-ntK+p-
IVp céfcl J/$D° ete K mt
2. the Forward Region, with 1.2 < |gi < 3.5 (60 mrad < # < 600 mrad),
physics.

Table 5 lsts the geometrical acceptance for various hasic nonleptonic decay modes, re-
quiring that all decay products be accepted. Results are presented for of the detector regions

separately, and in combination. We have applied a few additional cuts, anticipating some
details of a realistic detector:

A large range of angle & cannot be covered in = single detector module, and we are led
to conceive of an experiment with two angular regions whose approximate boundaries are
given by:

1. the Centzal Region, with In| < 1.2 (f > 600 mrad),

1. In the Central Region, Op, the azimuthal regions within £15° from the vertical are
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Figure 4: a) Distribution in pseudorapidity #, b) the P, distribution , and ¢},
the integral of the P; distribution for B-decay products 2t RHIC, according
to an ISAJET simulation that averages over the 12 decay modes i Table 5.

87% of all B-decay products have P; < 2.5 GeV/c.

excluded, anticipating an effective dead region due to use of a transverse dipole analysis
| magnet.

2. The P, of all detected 7% and K* must be greater than 0.3 GeV /e,
3. the P, of all detected elecirons (or muons) must be greater than 1.0 GeV/c,

4. Any K§ must decay before leaving the silicon vertex detector. If this cut is not applied
it is likely that the K5 cannot be associated reliably with the B-decay vertex.

o

An alternative Central detector configuration, Cg, usesa solencid magnet to maintain
full azimuthal coverage. There would be no Forward detector associated with this
configuration.

The eventual goal of the BCD) is to study C.P violation in neutral B decays, which requires
tagging of the second B in the event. Tagging will imply an additional loss of acceptance,
especially for detector configurations with only pariial coverage. While the precise tagging
stzategy will evolve over time, we estimate the effect of tagging on acceptance by supposing
that the second B in the event decays according to B® — D*~ety, with D*~ — D%~ and
D° — K+, and that we must accept the electron and two of three daughter hadrons for
a valid tag. Table § presents calculations for the acceptance for this tag. and then Table 7
extends the results of Table 5 to include the requirement of & tag.

We draw our main conclusions as to how the acceptance influences the detecior configu-
ration from Table 7:

1. Of the various regions, a Central detector with a solenoid magnet would be the most
efficient by itself. However, it is only about 1.5 times as efficient as a Forward-only
detector.

bt

b

Decay All-Charged Detector Region
Mode Daughters Cp F Cp+F Cg
Bt s DOt Kto—at 0.129 0151 ©¢.605 0.229
Bt — .Uu..@o KtK-ntKtr— 0.062 0.091 0.359 0.135
Bt — Ji4KT ete" Kt 0.092 0.106 0.384 0.163
B} — D-x* Kta—a—nt 0.074 0.103 0.374 0.150
BY — J/¢ K} ete o~ 0.044 0.051 0.192 0.087
BY — xtn— ot 0.227 0.225 0.783 0.327
B? — Dra* E+tK-a- =t 0.102 0.142 0.486 0.190
“BY — Drxt KtK-nxtp-at 0.03¢ 0.044 0.143 0.063
B? = Dowtptn~ K+YK-n nte-wtrtz=  0.008 0.010 0.043  0.019
BY - Dog= Kta—Ktx- 0.084 0.116 0.436 0.166
B? — p°K?3 et 0.069 0.080 0.288 0.126
B! - K+K- KtK- 0.227 0.225 0.783 0.327
Average 0.096 0.112 0.406 0.165

Table 6: Geometric accepiance for the tagging decay B} — D*~ety, estimated
with an ISAJET simulation. We require the et and only two of three hadrons.

Decay
Mode

All-Charged
Daughters Co

Detector Region
F Cp+F Cs

By — D*~etv Ktm-z et

0.105 0.111 0.389 0.168
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Table 5: Geometric acceptance for single B decays, estimated with an ISAJET simulation.
The geometric (and P, } cuts are described in the text. Region Cp = Central Dipole, F =
Forward, and Cg = Central Solenoid.

While a Central detector with a dipole magnet is less efficient by itself compared to a

solencid magnet, the dipole magnet permits the addition of a Forward detector. The
combination of a Central dipole and Forward detector is about 5 times more efficient
than a Central solenoid.

Because of the P, cuis the acceptance is lower for high-multiplicity decays, and for

decays with J/¢ — eTe™ or p*tp~. The soft pion from D* decays typically fails the P,

cut.

We now estimate how many B decays into various modes might be reconstructed in a

year of running at RHIC. We will consider only the combination of a Central dipole detector
along with a Forward detector from now on.




316

Table 7: Geometric acceptance for tagged B decays, estimated with an ISAJET mm:—:;ﬂod.
We assume that all decays of the second B are useful for tagging, but use ;mumonw% B} —
D* ety o estimate the correlation in acceptance of the tagging and tagged B’s.

Decay All-Charged Detector Region

Mode Daughters Cp F Cp+F Cs
Bt — Dot KE+n ot 0.015 0.020 0.238 0.046
Bt = Dy D° KtE-atKtn™ 0.007 0.013 0.139 0.027
Bt —» J/HK™ ete~ K+ 0.011 0.017 0.146 0.032
BY — Dxt Ktrma~wt 0.010 0.014 0139 0.032
BY — J/4 K} ete~mta~ 0.005 0.008 0.074 0.018
BY — wtrw~ atw- 0.025 0.035 0.301 0.063
B? — Dywt K+*K-a =™ 0.012 ¢.021 0.190 0.039
BY — Dow?t KtK-n-mta—wt ¢.005 0.006 0.059 0.013
mm — .U“ls.+u.+s.| K+tK-m-ata—xtxto— 000 0002 0.018 0.003
BY — DOVE* Ktae=K*n~ 0.011 0.019 0.166 0.031
B® — K2 atromtas 0.011 0.012 0.105 0.028
BY — KTK~- KTK~ (025 0.035 0.301 0.063
Average 0.012 0.017 0.156 9.033

For this we need three further ingredients. First, we suppose that a bb pair materializes
only into mesons, and in the ratios

l—e l-—ce
2 2

B,:B;: B, = L€

We estimate that € = 0.25, and hence
B,:By: B, =0.375:0375:0.25.

We also need an estimate of the efficiency of the tracking and vertexing of the B decay,
which we take to be 0.33. This is a representative value emerging from simulations of the
performance of the silicon vertex detector. .

Finally, we need estimates of the branching ratios of the B's to the modes of H.bﬁmmmmﬁ as
well as for the secondary decays. The latter branching ratios have been already listed.

A sample rate calculation follows:

o Luminosity...coovevneraiiiinins A 10%? cm~Zsec™t
-1

¢ Standard running year of 107 sec => ..o e 11ib

e =125 pb = e e 1.25 % 10%° B-F pairs
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8 3/4 B¥ per B-B Pair = ..o0iiiiii 9.38 x 10° B*
3/4 B or By per B-Bpair = ... 9.38 x 10° BS

1/2 B or B per B-Bpair = ... 6.25 x 10° BY

o BR. for B+ — D%+; D® — Kt (0.004)(0.04) = 1.6 % 10~*
........................................................ 1.5 x 10% BY — K*tp—g+

® (Jeometric acceptance {column Cp+F of Table 5} = 0.605;
Vertexing and tracking efficiency = 0.33;
=> Overall efficiency = 0.2 = ... ............. 3 x 10° reconstructed BY — Ktr—nt

In this manner we obtain the rate estimates of Table 8, taking branching ratios for B decay
from the model calculations of Bauer, Stech, and Wirbel. ¥ That paper does not directly
predict branching ratios for the B,. In the spectator model we expect that B.R.(B, — Dy#t)
= B.R.(Bs — D~x%), BR.(B, — p°K]) = B.R.(By — °x%), and B.R.(B, — KtK") =
B.R.(Bs — Kt7~} = AB.R.( By — w7}, which leads to the values in Table 8. According
to Ref. [12], BR.(B, — p"K}) will be suppressed by strong-interaction effects and will be
comparable to that for B, — K+ K~, although the latter is doubly-CKM-suppressed. For
B, — KTK~ we are ignoring the possibility of an important contribution from penguin
graphs. This conirasts with sec. 2.3 below where effects of large penguin contributions are
considered.

An important first phase of the BCD will be the measurement of the branching ratios
of the rarer decays modes that aze of interest for studies of C'P violation. Many of these

modes, such as those for B, decay and for modes with significant penguin contributions, will
likely only be studied at a hadron collider.

2.2 B,-B, Mixing

The neutral B-meson systems By-B; and B,-5, each exhibit mixing, characterized by the
parameters ¢ = AM/T. Theoretically, the mixing arises from a box diagram that is domi-
nated by the top quark, and that is the same for By and B, except for d « s mamnnrwdmm.ﬁwm
Then we can write ) .
®, = oy ad\avmu. _Hﬂ?‘n._mu
Vgl [7f3Ba]’
where 7, f, and B are the lifetime, decay constant and bag constant. The quantity in
brackets is near unity, and may eventually be calculable in lattice gauge models. If so,
mixing measurement will provide extra constraints on the CKM matrix elements. For now
we suppose this quantiiy is unity.
We now have

I T N 14.5
A e ) T (L—p) 40
referring to our previous parametrization of the CKM matrix, and noting the experimental
results that A = 0.22 and ¢4 = 0.7. Present knowledge of parameters g and 5 then suggests
that 8 < 2, < 20 for 100 < M, < 150 GeV/c2
At a hadron collider the measurement of B, mixing previews many of the challenges
of CF violation in neutral B’s. This is because we must know the particle/antiparticle
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Table 8: Rate estimates for reconsirucied B decays. B.R.(B) is the branching ratio for
the two-body B decay, estimated according to Bauer ef a1 B.R.(Tot} is the product of
B.R.{B) and the secondary branching ratios. Eff. is the product of the geometric acceptance
from column Cp-+F of Table 5 and & factor 0.33 for the efficiency of tracking and vertexing.
The reconstructed-event samples are for an integrated luminosity of 1 fo~1, collectable in 1

2

year of running at a luminosity of 10%2 cm™?sec™?.

Decay All-Charged BR.(B) B.R.(Tot) Eff. Recon.
Mode Daughters Decays
Bt — Dot Far ot o 0.004 1.6x107* 020 3 x 108
Bt & ptp° KtK-mtK+n- 0.008 48 x107% 012 5.4 x 10
BY — JjpKT ete K+ 6107 42 x107% 0.13 5.1 % 10*
BY— Dt Kt nxt 0.006 48 x 107 0.2 5.4 x 10°
BY — J/y K2 ete"wtm™ Ix10m* 14x107% 0.064 8.4 x 102
By — wata— atr= 2x107% 2x107F 0.26 4.9 x 16*
B? - Dyxt KtK-n~wt 0.005 1.5x 107" 016 15 x 10°
BY— Drat KtK-n—zte—n+ 0.005 2% 10-%  0.048 6.0 x 104
B = Dywtata KYK-nm otoatertas 0.01 4%x1071"  0.014 3.5 x 10t
B® — DR Ktr-Ktn- 0.005 1.3 % 107* 0.15 1.2 % 108
B — p"K] ate-wtr~ 10-¢ Tx 1077 0.096 420

B — K+K- KYK- 8x 1077 8x 1077 0.26 1.3 x10°

character of the B when it is produced to complete the analysis. To study mixing, we must
also know the particle/antiparticle character of the B when it decays. Hence the observed
decay mode must not be self-conjugate. We will use the modes B, — D7 7" and D'K*" as
examples.

H we start with ¥V B, mesons at { = 0, at time t we have

Nppy = (N/2)e™*(1 £ cos zt),

where in this section we measure the proper time ¢ in units of the B lifetime (assumed
equal for the two mass eigenstates). We actually start with an equal number of B and B
mesons at £ = 0, and so collect four decay distributions, labelled by the particle/antiparticle
character at creation and decay. By taking the appropriate sum and difference of these fours

distributions we can isclate the distribution
D{t) = Ne™ cos xt,

while the number of B’s left at time ? is, of course, Ve™.
The value of  can be determined if the oscillations of D(¢t) are well resolved. First we
consider the statistical power required to determine @, supposing that the time resolution is
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perfect. A simple criterion is that the size of the oscillations must be clearly non-zero; we
require that the first few quarter cycles each to have 25 events to maintain a 5-o distinction.
In, say, the 8th quarter cycle there are ~ { N7/2z)e~*"/* events, so we need N 2, 50ze*™/= /.
Then about 600 events would be needed to measure the oscillations for any z from 8 to 25.

However, if the time resolution deteriorates to a quarter cycle, the oscillation will become
unrecognizable, Thus we desire an resolution o, < 7/2z, and hence o, < 1/16 to resolve =
up to 25. The achieved value of &, depends on the guality of the vertex detector. To & good
approximation o, = ¢,/cr where o, is the spatial resolution of the vertex detector, and T is
the B lifetime. Since cr = 360 pm for B’s, and ¢, ~ 20 pum is typically obtained with silicon
vertex detectors, we expect that mixing parameters of < 25 should indeed be resolvable.
Extreme care in the constzuction of the vertex detector will be required to resolve larger
values of z,.

Thus 600 B, decays will be sufficient to measure z, over its presently expected range,
provided each decay is tagged as to whether the B started as a particle or antiparticle. For
the tag we must look at the other B in the event. If we are to maintain a reasonable tagging
efficiency, we must identify decays of the other B that contain neutrals. To have confidence
that we are associating tracks with a B decay and not the primary hadronic interaction, the
tracks of the second B must come from a secondary vertex. Neutral tracks are not useful for
this. Hence we will have only a partial reconstruction of the second B in general. Without
a mass constraint we cannot be sure that all charged tracks from the second B have been
found, and so we will not be able, in general, to tell whether the second B was a B,, Bg, or
B,.

If the second B is neutral, it may have oscillated before we detect it. Thus the tag
cannot be perfect. Indeed, a nentral B with mixing parameter z decays in the opposite
particle/antiparticle state to that in which it was created with probability =?/2(1 + z?). For
a By with £z = 0.7 the probability of a mistag is 1/6, but for a B, with =, > 8 it is essentially
1/2. The B, oscillates so rapidly that is is useless as a tag.

If a fraction p of our events are mistagged, the distribution D{t) describing the oscillation
becomes (1 — 2p)Ne~* coszt, and the error on z extracted from analysis of D grows by a
factor 1/(1 —2p). It will now require 1/(1 — 2p)? as many events to achieve a given statistical
significance, This dilution of the tag is largely unavoidable at a hadron collider.

We estimate the dilution factor by recalling our hypothesis as to the relative product of
the various B’s, assumed uncorrelated with the type of the other B,

_l-¢ 1-—c¢

B,:By: = : HE-S
&mh b 5 €

We can then write

ey lme l-c 1 1
P=3 2 1+4a3 mH.._!au

=~ 0.6,

using ¢ = 0.25, g = 0.7, and z, > & Our earlier requirement of 600 perfectly tagged B,
decays now becomes 1500 decays with a diluted tag.

The question remains as to the mechanism of the tag. The most strzightforward tag
is on the sign of the leading lepton in a semileptonic B decay. Even if both electrons and
muons are identified, only about 20% of all B’s could be tagged. In Table 6 (based on
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calculations similar to those for Table 5} we estimated that the geometric acceptance for a
semileptonic decay would be about 40%, taking into account P, cuts. Also, only about 30%
of the semileptonic decays would be clearly identified as belonging to a secondary vertex.
Hence the overall efficiency of a semileptonic tag would be about 3%. Then instead of needing
1500 reconstructed B, decays for the oscillation analysis, we will need about 56,000,

In Table 8 we estimated the yield of reconstructed B, decays to be 2.6 % 10° in 4 modes
useful for an oscillation study. Other modes can be added as well, raising the vield to at least
5 % 10, or 10 times that needed to demonstrate the oscillation signal. Equivalently, even if
the RHIC ran at a luminosity of only 10*' em™?sec™?, the BCD could resolve B, mixing.

2.3 (P Violation in Self-Tagging B Decays

Tke study of C P violation in the decays of neutral B’s to C'P eigenstates will also require us
o confront the complexities of tagging. First we consider the prospects for demonstration
of CP violation in the B-meson system without the need for tagging.

Recall that the proposed method to study C P violation is measurement of the asymmetry

_NB- ) -T(B-
TE— (B S

A

In this measurement we need only know the particle/antiparticie character of the B at the
time of its decay. So if final state f is distinct from § then no tagging is needed. Decays
such as BT — Dr*, B — D-n*, and B? — D;n* are all of this type, which is often
called self-tagging.

For a decay rate I' to be different from its € P-conjugate rate [, the decay process must
invoive the interference of two amplitudes. Labelling these a; and a2, and supposing a; to

be real, we can write
I'= T.H + ggeifwi gifsT :

For the (/P-conjugate decay, the weak-interaction phase nrwummm sign while the strong-
interaction phase does not {due to C'P invariance of the strong interaction). Hence

2

T= TS + ayeHwx gien

To have ' # T, not only must two amplitudes interfere, but also both the weak and strong
phases must differ between the two amplitudes. For a large effect, the two amplitudes should
be of comparable magnitude.

As such, the more prominent two-body nonleptonic B decays to self-tageing final states
are likely to have very small C P asymmetries. Referring to Tables 2-4, we see that the decays
with a high rate are due to the (tree-level} spectator graphs. Even when both spectator
graphs contribute, their CKM structure is the same. The speculation is that the largest
asymmetries in sel{-tagging modes will occur when penguin graphs interfere with suppressed
spectator memurm.E. 1516 Table 9 summarizes the events rates expected in BCD for three
self-tagging modes whose CP asymmetries may be in the range 10-40% in the optimistic
view of Ref. [15], although a more typical prediction™ is for asymmetries of 1-3%. Even

the size of the penguin contribution to the branching ratios is somewhat controversial, and

3an

Table 9: Ratfe estimates for self-tagging B decays. B.R.(B) is the branching
ratio for the two-body B decay, estimated aceording to Chau*? B.R.(Tot) is
the product of B.R.(B) and the secondary branching ratios. Eff. is the product
of the geometric acceptance in a detector configuration CpF as in Table 5 and
a factor 0.33 for the efficiency of tracking and vertexing. The reconstructed
event samples are for an integrated luminosity of 1 fb~1, collectable in 1 year
of running at a luminosity of 10% cm~2sec!.

Decay All-Charged B.R.(B) B.R.(Tot) Eff. Recon.
Mode Daughters Decays
Bt — p°K* wtam K+ 1075 10-% 0.20 1.9 x 104
BY — K*tn=  gtrpegptr- 1070 22x107% 0.09 1.9 x10*

BY - KK~ afp-atK- 2x107* 67x107% 0.10 4.2 x 104

the values given helow are considerably larger thar those calculated in the model of Bauer,
Stech, and Wirbel.'?

If we collect IV events in a self-tagging mode with P asymmetry A, then the statistical
significance of our measurement of A is

A A
S= — = VN e
T4 V1— A2

The minimum value of A that could be resolved to § standard deviations is

A oo = D
Trin, So 3.

Thus with 2 x 10* events we could resolve an asymmetry as small as 4 = 0.035 to 5 o.

Ref. [16] argues that decays with penguin contributions involving b — d such as B+ —
K+ K° should have an asymmetry of 10-15%, but the branching ratios will be more like 10-¢.
The BCD should be sensitive {0 asymmetries of about 2% or greater in such modes,

Should the branching ratios and C'P asymmetries in self-tagging modes be as large as
the most optimistic predictions they will likely provide the first evidence for C P violation
in the B system. For the typical predicted asymmetry, the signal in self-tagging modes is
only comparable to that in decays to OF eigenstates, discussed in the next section. The
theoretical interpretaiion in terms of CKM-matrix parameters of an observed asymmetry in
a self-tagging decay may be unclear, due to uncertainties in the calculation of the penguin
graphs.

2.4 (P Violation in Decays of Neutral B’s to CP Eigenstates

The most detailed kmowledge to be gained from the BCD is in the study of C P violation in
the decays of neutral B’s to O P eigenstates. This topic is interesting in part because of its
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intricacy. We first present a review of the context of C'P violation in the B-meson system
in some detail."¥

2.4.1 A CP Primer

Perhaps the best way to understand CP violation in the B system is by comparison with
the K system. In the K system, the states |K°) and |K°) are eigenstates of the strong
and electromagnetic interactions, which conserve strangeness. However, these states are not
eigenstates of the weak interactions, which vielate strangeness, and which are responsible for
Kacn decay. Taking into account the weak interactions, one writes the 2 x 2 Hamiltonian

(in the K% K° hasis) )
H=M- ww , (1)

where the mass matrix M and the decay matrix I' are Hermitian. {Since reutral Kaons do
decay, H itself is not Hermitian.) CPT invariance implies that the diagonal components of
H are equal, and if C'F is conserved M and T' are real. Allowing for the possibility of O P
violation, diagonalizing the Hamiltonian

w4108, )

zom 21Ty,
yields the eigenstates

1

K8} = ks ({14 1K)~ (1= K0}

IKD) = o2 [+ 9%+ (1 - R, ®)

where
1-—¢

l-+e
If M and T’ were real, then « would be zero, so that a nenzero ¢ is evidence for A§ = 2 CP
violation. (In the limit of vanishing e, the weak states would be C'P eigenstates: Kg would
have CP +; K would have CF —.) This will be referred to as C'F violation in the mixing.
The mass and width differences between the states |[K?) and |K2) are given by

* [t
My — 5T

2 . 4
Mz~ 4T ()

2

2

A = ame (0, - gr) (- i3]
AT HIﬁE?Em IH.H.SVA 23 MM:H‘G.

(5}
2 2
It is also possible to have C'P violation in the decays of Kaons, parametrized by the
AS =1 CP-violating parameter ¢, which arises from different isospin phases in the ampli-
tudes for the decays X — 2x:

2p
@3

{(rm, I =0|Hw]K®) ,
(wm, I =2[Hw|K°) (6)

¢ o« Im Amv .
@y

and
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In the standard model, it is expected that & < ¢, and experimentfally one finds that

!

m

< 0(10°%). (8)

LB

Therefere, in the Kaon system, CP violation with AS = 2 is much larger than that with
AS=1.

For B mesons, the mixing formalism is identical to that given in Egs. 1-5. However, there
are some significant differences between the B system and the K system. First of all, since
B mesons are so heavy, the phase space for their decays is quite large. Therefore both B and
B have essentially the same lifetime, so that AT/T < 1. Furthermore, calculations based
on the box diagram in the standard model have shown that, for the B system, 'y, & M,
which leads to the result that AT < AM. (We note that this is quite different than the K
system, where there is a substantial lifetime difference, due to the difference between the 27
and 3r channels.) We will therefore neglect AT in what follows.

For the same reason, the AB = 2 ' P-violating parameter in the B system, €p, is also
small:

Tz
~ 14+ Tm—. &
+Im (9

Using the box diagram, ep has been calculated in the Standard Model:

1+ep
i—ep

—4
=1 ot b (0
Tt therefore seems that the prospects for observation of AB = 2 ¢ P-violating phenomena
are essentially hopeless.

However, in the B system, the situation is reversed with respect to the Kaon system,
namely, O P violation in B decays (AEB = 1) can be large. In order to observe C'P violation,
one needs interference between two amplitudes with different phases. The most interesting
processes are those involving a final state f to which both the B° and B° can decay. Then
the needed interference will arise because of B B° mixing.! Fven more interesting is the
case when f is a CP eigenstate, and also when only a single weak amplitude (and its CP-
conjugate) are involved, so that certain strong-interaction complications cancel, as noted
later.

First, for B-B mixing the relevant parameter is 2, the ratio of the energy of the oscillation
(i.e., the mass difference) and the total width for the B, mesons (g = d, s):

_AM  (transition energy) (11)
TT (mean total width)

Tq

After all, mixing hardly matters if the particle decavs before it has a chance to oscillate into
its antiparticle.

YThere are also decays in which the CP viclation is due to final state interactions as discussed in the
previous subsection, but these are less useful theoretically, since knowledge of hadronic mairix elements is
needed to extract information about the CKM matrix.
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This can be seen explicitly by considering the time evolution of B mesons. Because of
B B mixing, a state which starts cut as a pure B® or 8% will evolve in time to & mixture

of B® and B .
|B(t)) = fo(8)|B%) + £F-()|B°) (12)
|BO(t) = EF_(t)|B%) + fi(t)IB°).

Here, | BY) represents a pure BY state at t = 0, |B?) represents a pure B9 state at ¢ = 0,

1 _l-e (13)
p l4ep’
and )
Folty = emiMte T2 cos( AME/D) | (14)

Fo(t) = demiMigmTH2gn(AME/2) .
From Eq. 14, it is clearly seen that the competition between AM and T is the important

consideration for seeing O P violation in B decays.
C P violation is manifested in a nonzero value of the asymmetry

T(B°(t) — f) - T(B°(t)

A0 = FEE S ) THE

- f)
- (15)

If we consider a nonleptonic final state f such that both B? and B° can decay both to it

{and to its  P-conjugate state f), this asymmetry can be calculated from Egs. 12 and 14.
We have '

2

{=) =) (-3
T(B°(t) = f) = [{fIB°(¢)
e = |2 = . (16)
=|{fIB%)| " Tomm AME L oy sin® A4 Im oy sin AME
where we have introduced

op =2 a =2 p (17)

mi,ﬁhuu Q.mia.nxu

e (F15°) (f18°)
=g, =g (19)

PHEEY T M TR

There are several points worth noting here. First of all, ¢/p is a pure phase. This can
be seen from Eqs. 4 and 13, for Tz < Mis:

g Al
L= . 19
P N_V.&.Hm m u

Secondly, when only one amplitude contributes to B° — f (and its C' P-conjugate to
B® — ) then (recall the argument of the previous subsection about the converse)

[FIBY)| = |(718%)

B =B, (20)
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i.e., |ogl = |p¢|- If there were no mixing there would now be no C'P violation. However, in
the presence of mixing case Eq. 15 becomes

A1) —(Ima — Im &) sin AM? (21)

" 2cos?(AML)2) + 2 |psf sind(AM/2) — (Imer + 1m &) sin AM?

There may still be complications, hewever, due to py (and 5;). To see this, it is helpful to
introduce the Cabibbo-Kohayashi-Maskawa {CKM) matrix here. A convenient parametriza-
tion of the CKM matrix (slightly different from that used earlier) isi'®
Via Viw Vig 12 A ANpeid
Veksr = | Vg Voo Voo | = =2 -3 AN . (22)
Via Vi Va AXN(1 — petf) — AN 1

In this parametrization the CKM matrix elements are expanded in powers of A, the Cabibbe
angle (A = 0.22).? This is particularly convenient because one can estimate the size of certain

B-decay diagrams just by counting powers of A. For example, consider the final state D¥nx.
Here,

(D*a=|BY) ~ VgV~ O (M), )
(D¥a|B%) ~ VoV~ O (3).

Therefore pr ~ A7? ~ 20. Aceording to Eq. 15 the asymmetry goes like 1/p; for large gy,
so it will be quite small for most values of £. If we had considered the final state D x+,
then we would have p; ~ A% ~ 0.05, and the asymmefry would again be small since Tm oy
is proportional to ps. Furthermore, for both of these final states, hadronization effects are
important. For example, for the final state D¥ 7~ from B® decay the W hadronizes into the
D, while from B° decay it hadronizes into the . There is no reliable way to calculate these
effects.

These problems can be avoided by considering final states which are CP eigenstates
(f = % F). Because of mixing, izterference will occur between {f|B® and {f|B°), but now
the latter is equal to &{f|B®), which is equal in magnitude to {f|B°) according to Eq. 20.
Hence the amplitude ratio p; will also be a pure phase (i.e., p;| = 1).

For example, in the decay B? — wta~ we have

A.__ﬂ.*.:.!_mov ~ cMﬁm = .ﬁbv.umn._mu Amﬁw
(7o | B~ Va Vo = ApMe ™.
In addition, any hadronization phases must cancel in py, since the two diagrams are CP
conjugates of one another, and the strong interactions are C'P invariant. We therefore
obtain p; = exp(—2if). And, from |p¢| = I we get
Imay = — Imay. {25)

Eq. 25 holds for any decay to a CP eigenstate that is described by a single weak amplitude.
Thus, for this class of final states we have (using Egs. 11 and 16}

o o 0y |? et : : 2

P(B(E) — f) Ni‘lmmv_ e THHBQamEaaL (26)

*Note that, in Vexar, other terms have phases as well, but they are of higher order in A. Large phases
appear only in Vp and V.
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Now Eq. 15 assumes the elegantly simple form

t
As(#) = —Imaysin Zq7 - (27)

For decays to CP eigenstates, the C'P-violating parameter «; is therefore a pure
phase, and keeps frack of all phase information in the process. This is related to the
parameters of the CKM matrix as follows. The expression for oy is (Eq. 17, repeated here
for clarity)

9
ap = hi
There are therefore two sources of phase informaiion — in the mixing (g/p), and in the decay
(p#). As discussed earlier, to a good appreximation, g/p is a pure phase (Eq. 19). Now, M,
is calculable from the Standard Model box diagram for .mu-mm mixing (g = d,3), which is
dominated by f-quark exchange:

2
Mz ~ f(M) ?ﬂa wu ) (28)
and therefore the phase information from the mixing is

g _ | Vi/Va)(Vea/ Vi) = (Vu/Vig) = 7%, (Ba), (29)
P (Va/Ve)(Vea/Vi3) =1, (B}
In Eq. 29, ¢ is the phase of V,y. The phase information in the decay depends on whether the
b-quark decays into & ¢ or a u-quark:

_ ] (Va/V3) , b,
Pt msv\ﬂ‘nwuﬂ L, b—e

12

mlun.m

1l

(30)

As before, § is the phase of ¥;. Thus it can be immediately seen that there are four classes
of decays measuring different combinations of phases in the CKM matrix:

Class 1. By decays with b — ¢ (e.g. By — J/¢¥Ks): Imoy = —sin2é ,

Class 2. By decays withb —u (e.g. By — wt7™): Imoy= —sin2(é+ ¢), (31)
Class 3. B, decays with b —u (e.g. B, — pKs): Imog = —sin2d ,

Class 4. B, decays withb— ¢ (e.g. B, = J/v¢): Imag=0.

The CP violation in class-1 decays originates in the mass matrix, that of class-3 decays is
from the decay amplitude, while that of class-2 decays is due to both effects. In addition
to measuring the decay asymmetries in classes 1-3, it will be an important test of the Stan-
dard Model to search for P viclation in class-4 decays. A nonzero measurement of a OP
asymmetry in this class would be a clear signal of physics beyond the Standard Model.

We summarize the main arguments of this section, with an attempt to trace their histor-
ical development:

1. C'P violation in the B system is not primarily due to the magnitude of C'P violation
in the mass eigenstates, ep < ex. However, the relative amplitudes of |B®) and |B9)
in the mass eigenstates is given by a pure phase (since T3 € My, in Egs. 4 and 13).
The phase is that of Vi, due to the dominance of the top-quark in the box diagram
that governs B% B° mixing.””
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b

C P violation can be due to interference of two decay amplitudes with different weak
phases. When comparing rates for B° — f and B° — f, the phase in the mass
eigenstates can enter due to B°-B° B.ba:m.ﬁﬁ_

&

If the final state f is a CP eigenstate then strong-interaction effects cancel, and the
C P violation can be entirely due to the phase in the mass owmmbmdwﬂom.w
measurement of the phase of a CKM-malrix element is possible.

% Hence a direct

4. There can be a large weak phase in the decay amplitudes also, that of V.. (This phase
can only enter in higher order in K decays.} As a consequence there are four classes
of neutral-B decays to CP eigenstates, yielding three different measures of phases in
the CKM matrix.™®

The interpretation of experimental asymmetries in terms of phases of CKM-matrix ele-
ments is dependent on the phase convention adopted. The Miani-Wolfenstein representation
of the CKM matrix is convenient in that here V; has, in general, a nonzero phase, which
serves to emphasize the importance of mixing in € P-violation studies.

The CKM phases that govern the three classes of nonzero asymmetries are often demon-
strated using the unitarity .ﬁmmbm_n.wg shown earlier in Fig. 2. The unitarity of Vpgpr implies

Vig 4+ AVig + Vi =2 0. (32)

Hence, if these three complex matrix elements are regarded as vectors, they form a closed
iriangle. The goal is then to measure the three interlor angles o1, w2, w2, and to see if
the triangle closes, 1.¢., to see if the angles add up fo 180°. These three angles are exactly
the three CKM phases that appear in the above classification of CFP asymmetries: ; = 4,
w2 =8+ ¢, and g3 = 6.

The quantities that will be directly determined by measurement of the ¢ P-violating
asymmetries (15) in decays to C P eigenstates are

. . y 2psin 6(1 — pcos é)
21 = sin2¢ = [ lﬁv - spemAt T pLosd)
sin 2 = sin 2¢ EAE& T3 52 Z3pcoss (33)

: . * Vi 2sin d(cos § — p}
Yos = 5in 2 _ :mv ﬁ Ev _
sin 2p, = sin2(§ + @) = Im A_Ra Vs 17 %2 %pcosd’ (34)
sin 23 = sin 26 = Im A c_,v . (35)
Vip

where p is the CKM-matrix parameter defined in Eq. 22, It is interesting to estimate the
allowed regions of the sin2¢; based on present knowledge of the CKM-matrix parameters,
and on the top-quark mass. The relevant experimental results are

A = 0.22 (the Cabibbo angle),
The CKM parameter A = 1 to good accuracy from the B-meson lifetime,
le] = (2.26 £ 0.02) x 107 from K decay,

g = 0.72 £ 0.10 from ARGUS and CLEOQ,
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Vip = 0.046 + 0.010,
p=0.5240.08 from |V.5/ V| = 0.115 + 0.018 at ARGUS and CLEO,
g = 1.18 £ .12 ps.

From these constraints we deduce the 90% confidence limits shown in Fig. 5 for M, = 150
GeV/c?. We infer that sin2¢p; and sin 2y, are ualikely both to be small, but that ¢, could
be near 80° for M, ~ 150 GeV/c2.

The example final states given in (31) for the asymmetry classes are the most useful for
BCD. From Tables 3 and 4 we find for the tree-level graphs

Class 1: By — J/¢ K}, J/pp®, D*D~, D°D° and DFD;. All but the first of these are
CKM-suppressed. Not shown ia the Tables are such related decays as xK2, and 7 K3
The pure penguin decays B3 -» ¢K§ and B® — ¢K? also belong to this class.

Class 2: B} — n¥n~, p%° K¥K~, D°DY, and p° K2 The fizst 4 are CKM-suppressed, and
the fourth is doubly CEKM-suppressed. Because D®D° belongs to both classes 1 and 2
with similar strength its utility in determining the CKM phases is limited.

Class 3: BY — p°K§, p%¢, K* K~ w¥n~, and p%°. The first is CKM-suppressed, and the
last four are doubly CKM-suppressed (although penguin contributions to all but p° K2
are CKM-favored).

Class 4: BY —» DD, J/ip¢, D° D, D+ D, and J/¢K%. The last is CKM-suppressed.

Note that the interesting classes 2 and 3 are always CKM suppressed.

There are some theoretical uncertainties in the modes such as By — n+xr~ and B, — pKj
in which there is a penguin-graph contribution in addition to the favored tree-level spectator
graph. The argument that led to Eqs. 26 and 27 was based on the assumption that only
one weak amplitude contributes to the decay of 2 B meson to a C'P eigenstate. Therefore
the result [p;| = 1 must be reconsidered. This has been donel*” - the effects of the penguin
diagrams are difficult to calculate, but have been estimated to be not more than 20%. On
the other hand, the prediction for the mode By — J/4 K is theoretically quite safe.

The penguin graphs can also be classified on the basis of the CKM-phase information
they contain

Class 1. By decays with b — s {By — Jj4 K2, ° K3, ¢K2, and 7+7-).

Class 4. By decays with b— d (B — DV D~ J/p®, p%°, D°D30, DI D7, KTK-, dé, ¢p°,
and K*K*"). Here, both mixing and the decay amplitudes depend on V,y, but the
phases cancel.

Class 4. B, decays with b — s (B, — D} D7, Jig, DPD°, DY D, 0%, ¢o°, 66, KTK-,
KOE* and gtr).

Class 1. B, decays with b — d (B, — J/4 K3, p°K§, and $K2),
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Figure 5: Allowed regions of the ¢; at 90% confidence, based on present knowledge
of the CKM matrix. In the triangle plot, ¢; + w2 + s = 7. The top-quark mass was
taken to be 150 GeV/cl.

Two-body final states in which both particles have nonzere spin are not, in general, pure
CP eigenstates, but mixtures of CP + and CP —, due to the different possible orbital
angular momenta. For these states, such as J/¥¢, J/v¥p®, ¢, 0%, 0°°, and also pp, the
simple relation between the CP asymmetry and phase of the CKM matrix no longer holds.
However, for pariicular polarizations of the final-siate particles the elegant relations can be
recovered. Additional measurements of CP violation will ke possihle with event samples
sufficiently large to permit spin-density-matrix analyses.

Although we have emphasized the time dependence of the CP asymmetries in Fq. 27,
these can also be measured using time-independent techniques. Integrating over time, we
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find
\_..m = ——2—1Im Qs . Twmv

For a time-integrated measurement to be interpreted if is necessary to have an accurate
measurement of the mixing parameter @,. At a hadron collider where a vertex detector must
be used to isclate the B-decay products, the time-resolved measurements will consequently
be possible. However, the large mixing parameter », renders time-integrated measurements
useless for B, decays.

Finally, it is interesting to examine why C P-violation measurements in the Kaon system
do not directly access the phases of the CKM matrix. Many of the needed ingredients
are present: #m is a C'P eigenstate, |p/g|lg ~ 1, and a single weak amplitude dominates
the decay. However, the CKM structure of the amplitude {and of K°- K° mixing} involves
only the we-ds submatrix to a first approximation, and the elements V5 and Vi that have
nontrivial phases enter only as small correction. The Kaon system does not ‘know’ enough
about the third quark generation to be an ideal laboratory for C'P viclation.

2.4.2 Sensitivity of the BCD to CKM Phase

The principal result of the preceding subsection is that the time-resolved C P-violating asym-
metry in the decay of neutral B mesons to C P eigenstates can be written

_ D(By(t) — £) —T(B(t) — J)
- D(BI(E) —~ )+ T(BLE) — )

where ¢ is a phase directly related to CKM-matrix elements, and z, is the mixing parameter
of the B, mesons. Strictly, this relation holds only when the decay is dominated by a single
weak amplitude, and the interference required to produce an asymmetry arises from the
mixing.

To extract the amplitude, sin 2¢, of the time-resolved asymmetry A(t) we must note a
‘dilution factor’ not present in a time-independent asymmetsy (such as that discussed in sec.
2.3). For a small mixing parameter z,, only the first wiggle in Eq. 26 will be significant (due
to the relatively rapid decay), and the time-resolved asymmetry measurement reduces to
integrating over this wiggle, which becomes equivalent to the time-integrated measurement
(36). That is, the effective asymmetry is

Alt)

= sin 2psinagd/T,

Tq

A 0
H+aw

sin 2, small z,.
For large z,, however, sin ¢ t/r oscillates before the B’s decay, and the asymmetry measure-

ment can be thought of as comparing alternate half cycles. In this case the effective size of
the asymmetry is only reduced by the average amplitude of a half cycle of a sine wave:

2
A — —sin2y, large =z,.
w

A complete analysis shows that we can write

. . H
A = D(z,)sin2p with D= mﬂmﬂw coth(w/2z,).
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(The dilution factor I3 is the Laplace transform of |sinz,t/7|, which arises because the
effective signal is e %7 |sin z,t/7| compazed to exponential-decay ‘background.’)

Although the dilution D) due to mixing is annoying, without mixing the richness of ¢'P
violation in the B system would be greatly reduced.

Assuming our vertex detector has sufficient accuracy to resolve the mixing oscillations
{cf sec. 2.2}, the statistical significance in standard deviations of a measurement of sin 2y
via the effective asymmetry 4 = D sin2¢ follows from the discussion in sec. 2.3, namely

in2 .
s= 0% = Dsin2p ﬂ
Tsin 2y /\H — Dsin? 2y

where N is the total number of {true} reconstructed, tagged decays. The minimum value of
sin 2 that could be zesolved to three standard deviations with &V events is then

3
sin 2 minde & TAET=
B Pminge = TR 1B

To perform the asymmetry measurement we must tag the other B in the event to deter-
mine the initial particle/antiparticle character of the B that decays to the ('P eigensiate.
As discussed in section 2.2 above, at a hadron collider we will likely have onfy a partial
reconstruction of the second B, and will not distinguish B,, By, and B,. Because of the
mixing of the neutral B’s there will be a probability p &~ 0.2 of a mistag, which dilutes the
significance of the asymmetry measurement.

We also consider the effect of backgrounds in our sample of (' P-cigenstate decays, sup-
posing that for each true reconstruction of B — f there are b false reconstructions that
exhibit zero asymmetry. Then 1/b is the signal-io-noise for reconstruction of this decay
mode.

Taking into the account these two effects, the apparent rate for B (B) decay will be

(=) =) 2 . t
DB — F) = [(F1BY [ et Tiﬁ:i@:ap:saﬁ :

and the true ¢ P-violating asymmetry Agp will be related to the asymmetry 4., observed
in the laboratory by

1+5
1-2p
As a consequence, the statistical power of a sample of IV true events is reduced, and we now
have (assuming that b and p are well known)

Acp = A

3(1+ )
D(1-2p)y/N(1+8)+9

With p = 0.2 we expect 1 — 2p = 0.6, as discussed in section 2.2.

Consideration of the tagging efficiency has also been given in section 2.2, where we
estimated that a tag based on the sign of the leading electron or muon in semileptonic
decays would have about 3% efficiency.

The expectations for rates of three decays to C'F eigenstates are

sin Mﬁﬁmuqu =
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w; can be determined from B} — J/¢¥KY — ete rtn~ or prpwtr™. Table 8 indicates
that t¢he BCD could reconstruct 8,400 ete~mtx~ decays in 107 sec of running at a
luminosity of 10°? cm™%sec™. As muons are identified only in the Forward region, the
p¥p=wTr is only about 0.25 times the eTe~wtn~ sample, for a total of 2,100 J/¥ K3
events. The number of tagged and reconstructed events would then be 300. This mode
will be relatively background free so long as the mass resolution is smaller than M.
We estimate the background-to-signal to be 5~ 0.1

i, can be determined from B3 — xFx~. From the 50,000 events expected in Table 8, there
would be 1,500 tagged, reconstructed events. The n+#~ is one of the most background
prone as a fake secondary vertex is more likely for two tracks than for three. From
Monte Carlo simulations of the veriexing algorithm we estimate that b ~ 1.

s can be determined from B? — pK2 — w¥z wtn~. From the 420 events expected in
Table 8, only about 12 remain after the tagging requirement. It seems likely that a
determination of sin @3 must await the SSC.

Table 10: The minimum values of sin 2¢ resolvable to three standard deviations
in 107 sec of running at luminosity of 10%? cm?sec™!. The dilution factor D
due to mixing is given by 24 coth(r/22,)/{1 + =I).

Angle Mode Tag Tagged 1—-2p b =z, D sin2¢mnse
Events
Y1 BY — J/p K] et 300 0.60 0.1 0.7 047 0.64
o1 BY s J/yKY K= 2400 040 0.1 0.7 047  0.34
ia B} —mtr- e 1,500 0.60 1.0 0.7 0.47 0.39

Table 10 indicates the smallest values of the ; that could be resolved in one year of
running at the BCD. In view of the limited accuracy, it would be desirable to do even
better. A significant loss of statistical power occurs because of the fagging requirement,
whose overall efficiency is about 3% if the only tag is on the charge of the leading electron or
muon in semileptonic B decays. Clearly it will be very advantageous to devise a tag based
on some substantial fraction of the nonleptonic decays that comprise 70% of all B decays.

An alternative tag might well be applied for the decays BS — J/¢ K32, for which a trigger
could be made on the dilepton decay of the J/v/ This tag would be based on the sign of the
Kaon arising in the decay chain

b—c—s— K- or KO

This chain occurs ~ 100% of the time. However, the b — ¢ transition includes the emission
of a W, which can decay to a & combination about 33% of the time; then the & decaysto a
3 essentially 100% of the time. The s(3) quark emerges as a K {K1) 50% of the time. The

333

presence of a Kt could lead to a mistag. In the case of multiple Kaons, we might just choose
one at random to be the tagging Kaon, and suffer the consequences. Table 11 summarizes
the probabilities of various qualities of tags occurring.

Table il ignores the small probability that an s3 pair is created from glue. This, and
some of the ‘Bad Tags’ listed in the Table 11, could likely be suppressed by a momentum
cut, not explored here. There is typically an extra Kaon in B, decays, which would lead
to bad tags. However, B, decays aze useless as tags because of their rapid oscillations; this
dilution is already accounted for in the 20% mistagging probability due to mixing.

From Table 11 we see that 45/72 = 62% of all B decays could yield a Keon tag, but
that 7/45 = 16% of these would be a mistag. Actually, we must combine the mistags due
to the wrong-sign Kaon with the mistags due to mixing. The total mistagging probability
is (16%)(80%) + (84%)(20%) = 30%. The tagging eficiency is then 1 — 2p = 40%. We
estimate that the geometrical acceptance for the Kaon tag would be more like 70%, as we
wouldn’t need as strong a F; cut as for the leptons. The vertexing efficiency is again about
33%. Hence the fraction of B events that could have a Kaon tag is (70%)(33%) = 23%.

Table 11: Estimates of the efficiency of a tag on the particle/antiparticle character of
a B meson based on the sign of Kaons in the B decay.

b—e—rs— b—W"— Good Tag Bad Tag No Tag

Prob. Prob. Prob.

K- other 1/3

K- K+Ro° 1/48 1/48

K- K+K- 2/72 1/72

K- KPR 1/24

K- K°K- 1/24

Ko other 1/3
K K*K° 1/24

i° K+K- 1/48 1/48

K0 K°R® 1/24
&e KK~ 1/24
Total 38/72 7/72 27772

If & secondary-vertex trigger could be implemented, we might get this improvement in
all tagged, reconstructed event samples. We anticipate an evolution of thinking about these
critical issues in the coming years. A B-physics experiment at RHIC would provide the
much-needed opportunity to explore triggering and tagging prior to a larger experiment at
the S5C.

However, even with the advantages of a Kaon tag, only the strongest signals of C'P
violation in the B system could be resolved at RHIC.
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The role of scalar resonances in AT = 1/2 rule*

T. MorozuMI

The Rockefeller University, 1280 York Avenue New York, N. Y. 10021

Abstract
The purpose of my talk is to review the results of the evaluation of hadronic

matrix elements in K — 7w decays with linear & model. We have obtained the large

enhancement factor for Al = .w. amplitude.

1 Introduction

Experimentally AT = W rule appears typically in K — nr decays:

TEY »nta? =1.1x 107 (MeV)
T[K, — x%7%) = 2.3 x 107} MeV) (1)
DiK, = nTn"] = 5.1 x 1072(MeV)

From these data, we can extract a ratio for amplitudes,

| Ao(Ko — (7%7%720) = 22
Az(Ky -+ (m970) 1=2) - {2)

H.ﬁ most of the theoretical frameworks to evaluate the non leptonic decays
consist of the following two steps.

1) The perturbative QCD corrections

* This talk is based on the works in collaboration with T.Hatsnda,C.5.Lirn, M.N.Rebelo and
A.LSanda




