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Measurement of e Ye ~ — bb Forward-Backward
Change Asymmetry between Vs =52 and 57 GeV
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Using 123 multihadronic inclusive muon-production e *e ~ annihilation events at an average c.m. en-
ergy of 55.2 GeV, we extracted the forward-backward charge asymmetry of the e *e ~— bb process and
the R ratio for bb production. We used an analysis method in which the behavior of the ¢ quark and
lighter quarks is assumed, with only that of the b quark left indeterminate. The results,
Ap=—0.72+0.28(stat) = 0.13(syst) and R, =0.57*£0.16=0.10, are consistent with the standard
model.

PACS numbers: 13.65.+i, 12.15.Ff

In the standard model of electroweak interactions, the
quarks and leptons form left-handed doublets and right-
handed singlets in the weak-isospin representation.
While there is as yet no direct evidence for the sixth
quark (¢ quark),! the scheme with three families of dou-
blets of leptons and quarks, including the ¢ quark as a
counterpart of the b quark, has been successful in ex-
plaining a wide range of experimental phenomena. It is

© 1989 The American Physical Society

therefore generally accepted that the ¢ quark will eventu-
ally be found as higher-energy accelerators become
operational. Meanwhile, in the absence of direct experi-
mental evidence for the ¢ quark, it is an important test of
the standard model to continue to check whether the
properties of the b quark are consistent with the interpre-
tation of the b quark as a 73=— 3+ member of a (¢,b),

weak-isospin doublet, where T'; is the third component of
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weak isospin. Production of bb in e e ~ annihilation at
c.m. energies with significant contributions from the Z°
provides an excellent testing ground for this interpreta-
tion. The coupling of the bb pair to the Z°, expressed in
terms of the vector and axial-vector coupling constants
g.l} and g,b, depends on T3, and T3g, where L and R
stand for left handed and right handed, respectively.
Thus, the coupling varies depending on whether the b
quarks are assigned to a doublet or singlet. While this
difference has some effect on R, (the b-quark contribu-
tion to the total hadronic cross section in units of the
lowest-order QED cross section for e te ~— u *tu 7)), its

Ry =3{05 —80Qsgh gl Re(x) +16[(gf) 2+ (g5) 2 (gh) >+ (g5)1 x| B,

Ap=3[—60sg4g5 Re(x) +48gieleigh | x| *1/Rs
where Qp is the charge of the b quark and y is the contri-
bution from the Z° given by

_ 1 K
x 16sin20y cos20y s —M2+iTz Mz

4)

As can be seen in the above formula, the asymmetry A,
strongly depends on g5, which in the standard model is
simply 7'3,. The asymmetry is expected to reach max-
imum at TRISTAN energies. As an example, using
Vs =552 GeV, Mz;=91 GeV, TIz=25 GeV,
sin?6y =0.230, and including QCD corrections up to
third order, the standard-model prediction for A, is
—0.55. Here g4=— %, corresponding to the left-
handed and right-handed b quarks belonging to a dou-
blet and singlet, respectively. For the simplest alterna-
tive model without a ¢ quark, in which both left-handed
and right-handed b quarks are assigned to singlets,? we
have g7 =0 and, consequently, A, becomes zero. On the
other hand, changing g4 from — § to O changes R,
from 0.55 to 0.38; a difference that is not as striking as
that for A,.

We have extracted the forward-backward of the
charge asymmetry of the e e ~ — bb process using mul-
tihadronic inclusive muon events accumulated by the
AMY detector at the KEK e Te ~ storage ring TRIS-
TAN. The AMY detector?® is a compact detector based
on a 3-T solenoidal magnet and is optimized for lepton
identification. Charged particles are detected by a tube-
type inner tracking chamber (ITC) and a cylindrical
drift chamber (CDC). Between the CDC and the mag-
net coil is a finely segmented electromagnetic shower
counter (SHC). Outside the coil and the iron flux re-
turn, which also serve as a 1.6-m-iron-equivalent hadron
filter, are drift chambers and scintillation counters for
muon identification (MUO). These detectors cover the
region |cos@| =< 0.74. The end-cap region is covered by
simple calorimeters and is used for detecting Bhabha
events to measure the luminosity.

The presence of prompt muons within hadronic jets in-
dicates that the events originated either from ¢ or b
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effect on the forward-backward charge asymmetry in the
ete ~— bb process, A, is rather dramatic. The angu-

lar distribution for the e *e ~— bb is described by

2
do =22 R, (1+cos20+ & 4,cos0) ,

dcosb 2s M

where a is the fine-structure constant, s is the square of
the c.m. energy, and 0 is defined as the angle of the out-
going b (b) with respect to the incoming e ~ (e *) direc-

tion. Ignoring the QCD corrections, which amount to

| about 5% in our energy region, R, and A, are expressed
as

2)

3)

quarks. The charge of each muon reflects the sign of the
parent quark charge. In selecting inclusive muon events,
we imposed the standard AMY hadronic event criteria®
with the additional requirement of the presence of at
least one muon hit. A muon hit requires a track in the
muon drift chamber consisting of at least three out of a
total of four planes, with timing, measured by scintilla-
tion counters, consistent with the beam crossing, and a
matching with the extrapolated position of one of the
CDC tracks. When a track is within a hadronic jet, the
CDC reconstruction efficiency is about 95%. The recon-
struction efficiency of the muon detection system was
determined to be 98% from a study of cosmic rays.
Backgrounds to the muon signal (hadron fakes) arise
principally from hadron showers in the hadron filter,
where the debris reaches the muon chamber (punch-
throughs), or from the decay of = * and K ¥ mesons, be-
fore they are absorbed in the hadron filter, to a muon
that reaches the muon chamber (decay). The matching
distance cut, which was determined from a study of true
muons (from the e Ye “u ¥ u ™ data sample and those in
the prompt muon fraction originating from the c- and b-
flavor hadrons in a Monte Carlo simulation), is a
smoothly varying function of the extrapolated track
momentum at the muon chamber, becoming almost con-
stant (at 14 cm) above 5 GeV/c. About 88% of the true
muons that are reconstructed by the CDC and the muon
chamber system satisfy the matching distance cut. A
minimum momentum of 1.9 GeV/c is required for the
muons. The overall detection efficiency for muons above
3 GeV/c in the angular region of |cosf| < 0.74 is 82%.
In a data sample corresponding to an integrated lumi-
nosity of 18.6 pb ™! accumulated between /s =52 and
57 GeV, we find 123 events passing the multihadronic in-
clusive muon selection criteria. This data sample con-
tains events of interest, namely e *e ™ — bb with subse-
quent semileptonic decay either directly, b— u "~
(b—u™*), or by the .cascade decay, b—c—u™*
(b—c—pu~).* It also contains additional prompt
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muons coming from e e — cc, followed by c— u
(¢— u ), and hadron fakes. For the determination of
the  forward-backward charge asymmetry for
ete ~— bb, we assume that the yield and asymmetry of
e Te ~— cC is correctly described by the standard model.
We estimate the contributions from the cc¢ production as
well as those from hadron fakes by using a Monte Carlo
simulation, where five flavors are generated according to
the standard model using the LUND 6.3 event generator.’
We subtract these contributions from the data in order
to obtain the e e ~— bb sample. Estimation of the
fraction of hadron fakes coming from b-flavored hadrons
requires knowledge of e *e ~— bb, which we are trying
to determine. While such an assumption is not strictly
valid, we apply it to the present case because the fraction
of hadron fakes coming from the b-flavor hadrons is only
~ i of those originating from u-, d-, s-, and c-flavor
hadrons. The Monte Carlo simulation is also used for
estimating the ratio of muons from bb cascade decays to
those from direct decays. This is justified because this
ratio depends only on the decay kinematics of the b
quark and not on the dynamics of the bb pair production.
The cascade decay produces muons with charge opposite
to those produced by direct decay, and thus contributes
oppositely to the asymmetry. We use our estimated ratio
of the cascade decay to direct decay to correct for this
effect. The estimated hadron fakes amount to about
35% of the data sample, of which 60% are punch-
throughs and 40% are decays. Even though our punch-
through calculation, which is based on the GHEISHA pro-
gram,® agrees well with available experimental data for
the pions, data for kaons is not available in our energy
range. We estimate that about half of the punch-
throughs are induced by K ¥ mesons, mainly because of
its smaller absorption cross section in the iron. This is
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FIG. 1. The transverse momentum distribution of the
muons with respect to the thrust axis for all multihadronic
events including muons. Estimated contributions from ¢¢ and
hadron fakes were determined from a Monte Carlo simulation.
The bb was obtained from the analysis described in the text.
The solid line is a sum of these three processes.

the main source of the systematic uncertainty in this
analysis.

The Monte Carlo study indicates that we can maxim-
ize the fraction of b quark by applying a cut of pr
greater than 0.7 GeV/c, where pr is the transverse
momentum of muons with respect to the event thrust
axis. Thus, we divide the data into two pr regions, below
and above pr=0.7 GeV/c. The distributions for muon
pr and cosé of the data are shown in Figs. 1 and 2 to-
gether with the estimated contributions of c¢¢, hadron
fakes, and the bb contribution obtained in this analysis.
The muons from b extend toward higher-pr values com-
pared with those from c¢ and hadron fakes. This is ex-
pected because the muons from the semileptonic decays
of b-flavored hadrons tend to have larger-pr values,
reflecting the fact that these hadrons are heavier than
those of other flavors. The angle 6 used in Fig. 2 is
defined as the direction of the thrust axis associated with
u~ (ut) with respect to the incoming e ~ (e *) direc-
tion. As expected, the angular distribution for hadron
fakes does not show any asymmetry, while the cc contri-
bution has a positive asymmetry.

We have extracted 4, and R, using the distributions
for pr=0.7 GeV/c. After subtracting ¢¢ hadron fakes
from the data sample, the resulting distribution was con-
verted to the e e ~— bb differential cross section by
first correcting for (1) the effect of different 8
definitions; (2) the efficiency for detecting the b quark by
requiring a muon; (3) the effect of the cascade decay
b— c— u; and (4) the muon detection efficiency of
82%, and then normalizing to the luminosity. We ob-
tained a 6-dependent correction factor by dividing a
Monte Carlo-generated e Ye ~— bb angular distribu-
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FIG. 2. The angular distribution dN/dcos6 for the mul-
tihadronic events including muons. The data are divided into
two separate regions, pr (a) below and (b) above 0.7 GeV/c.
Estimated contributions from c¢, hadron fakes, bb, and their
sum are also shown as in Fig. 1.
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FIG. 3. do/dQ of ete ™ — bb with the results of the fit.
The standard-model prediction is also shown.

tion, where 0 was defined as the direction of the b quark,
by an angular distribution of simulated b5 events in
which 6 was defined as the direction of the thrust axis.
We first used a 1+cos?6 angular distribution. The ob-
served asymmetry using this correction factor was then
used in the Monte Carlo generator and a new correction
factor was calculated. Unlike the first, which is sym-
metric in cosf, the second correction factor has a slight
cos® asymmetry which is caused by a combination of the
nonzero asymmetry for e 'e ~— bb and the nonzero ra-
tio for b— ¢— u/b— u. This second factor incorpo-
rates the effects described in items (1) through (4) listed
above. The e*e ~— bb differential cross section was
fitted by Eq. (1) in the region of |cos6| <0.6 and the
asymmetry parameter 4, was obtained. The R ratio of
the bb production, Ry, was also obtained from the fit.
The results are shown in Fig. 3. In order to estimate sys-
tematic uncertainties, we repeated the analysis by vary-
ing the hadron-fake contribution by =+ 30%, which corre-
sponds to the fraction contributed by the K *-induced
punchthroughs. We use the largest shift in this analysis
as our estimate of the systematic error.

Our final results, measured at an average c.m. energy
of s =552 GeV, are 4,=—0.72+0.28+0.13 and
Ry =0.57%£0.16 £0.10, where the first and the second
errors are statistical and sytematic, respectively. The
effect of B°-B° mixing” is to reduce the observed asym-
metry by an amount ranging from 6% to 36%.% The
amount of this reduction depends on poorly known pro-
cesses such as B2-B? mixing and the semileptonic
branching ratios for all » mesons. We did not make any
correction. These observed results are consistent with
the standard-model predictions of A4,=—0.56 and
R, =0.51. Figure 4 compares our result for A4, with
those from previous measurements at lower energies, °
which are also not corrected for the B°-B° mixing. The
measurements are consistent with the standard-model
prediction throughout the energy region explored so far.
Thus, the axial-vector coupling of the bb to the Z° is
consistent with being g§=— 1.
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FIG. 4. The forward-backward charge asymmetry for
e*te "— bb as a function of the center-of-mass energy. The
result of this experiment at a mean /s =55.2 GeV is compared
with previous measurements at lower energies. The solid-line
curve is the standard-model prediction using Mz =92 GeV,
I'z=2.5 GeV, and sin26y =0.230.
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