PHYSICAL REVIEW
LETTERS

VOLUME 64 26 FEBRUARY 1990 NUMBER 9

Forward-Backward Charge Asymmetry in ¢ *e ~ — Hadron Jets

D. Stuart,"” R. E. Breedon,"” G. N. Kim,""”” Winston Ko, R. L. Lander,"’ K. Maeshima, "’ R. L.
Malchow, "’ J. R. Smith,” R. Imlay,® P. Kirk,” J. Lim,” R. R. McNeil,” W. Metcalf,? S. S.
Myung,® C. P. Cheng,® P. Gu,® J. Li,® Y. K. Li,®% M. H. Ye,”® Y. C. Zhu,”® A. Abashian,® K.
Gotow,(“) K. P. Hu,(‘” E. H. Low,(‘” M. E. Mattson,m L. Piilonen,(‘” K. L. Sterner,(“ S. Lusin,(S) C.
Rosenfeld,“) A. T. M. Wang, e g, Wilson,(” M. Frautschi,“) H. Kagan,“) R. Kass,((’) C.G. Trahcrn,«’)
K. Abe,” Y. Fujii,"”’ Y. Higashi,”’ S. K. Kim,” Y. Kurihara,” A. Maki,” T. Nozaki,” T. Omori,”
H. Sagawa,m Y. Sakai,m Y. Sugimoto,m Y. Takaiwa,m S. Terada,m R. Walker, .15 g Kajino,(g) D.
Perticone, '?’ R. Poling,'” T. Thomas,® Y. Ishi,"" K. Miyano,"" H. Miyata, ' T. Sasaki,"" Y.
Yamashita, '? A. Bacala, ">'¥ J. Liu,"® 1. H. Park,"® F. Sannes, " S. Schnetzer, '’ R. Stone,'? J.
Vinson, '* P. Auchincloss,"® D. Blanis,"> A. Bodek, "> H. Budd,"'® S. Eno,"® C. A. Fry,"'® H.
Harada, "> Y. H. Ho,"® Y. K. Kim, " T. Kumita, ' T. Mori,"'® S. L. Olsen, ®'* N. M. Shaw, "> A.
Sill, " E. H. Thorndike, "> K. Ueno, "> H. W. Zheng,"'> S. Kobayashi,'® A. Murakami,'® J. S.
Kang,'” H. J. Kim,"” M. H. Lee,""” D. H. Han,"® E. J. Kim,"® D. Son,"® T. Kojima,” S.
Matsumoto, '’ R. Tanaka, ' Y. Yamagishi, " T. Yasuda, !®’ T. Ishizuka, ?® and K. Ohta ?®

WD University of California at Davis, Davis, California 95616
@ Louisiana State University, Baton Rouge, Louisiana 70803
Olnstitute of High Energy Physics, Beijing 100039
“Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
®University of South Carolina, Columbia, South Carolina 29208
©Ohio State University, Columbus, Ohio 43210
"M KEK, National Laboratory for High Energy Physics, Ibaraki 305
® Tsukuba University, Ibaraki 305
©® Konan University, Kobe 658
U0Unjversity of Minnesota, Minneapolis, Minnesota 55455
"D Niigata University, Niigata 950-21
U2 Nihon Dental College, Niigata 951
U3 Rutgers University, Piscataway, New Jersey 08854
UDUniversity of the Philippines, Quezon City 3004
University of Rochester, Rochester, New York 14627
(19 Saga University, Saga 840
D Korea University, Seoul 136-701
('B)Kyungpook National University, Taegu 702-701
U9 Chuo University, Tokyo 112
@9 Saitama University, Urawa 338
(Received 20 November 1989)

The forward-backward asymmetry of quarks produced in e *e ~ annihilations, summed over all
flavors, is measured at /s between 50 and 60.8 GeV. Methods of determining the charge direction of jet
pairs are discussed. The asymmetry is found to agree with the five-flavor standard model.
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The forward-backward asymmetry in the fermion
(lepton and quark) pair production in e te ~ annihila-
tions is sensitive to the interference of y and Z° as the
mediating bosons. It is, therefore, an excellent test of
the standard electroweak theory. Recently, the
forward-backward charge asymmetry in e teT—uty”
and ete "— t*1~ was measured in the s =52-57-
GeV range.! This asymmetry is substantial, about
20%-40%. The asymmetry of e Te " — gg is also pre-
dicted to be large in this energy range. Its measurement
is complementary to the measurement in the lepton sec-
tor for a full test of the standard model.

The electroweak formalism of the production of a fer-
mion pair (ff) is summarized as follows. The
differential cross section can be written in the form
do/ _ a?

- +cos26,) + 1
a0 45 [Rf(l Ccos 9/) chosef], 1)

R, =C/lQ} —8Q gt glx+16(gs*+g5) (gl* +gi ),
B =C/(—16Qsg4ghx+128g5glgighx®)

1 )
x 165sin20w cos?6y s — M2

’

where 6, is the fermion production angle measured from
the electron. The forward-backward asymmetry can be
derived from (1). It is given by Ay =3B;/8R,. In the
standard model the vector and axial-vector coupling con-
stants are g, =I{—2Q,sin%0y and gf =I5 Cy is the
number of colors: three for quarks and one for leptons.
The expected energy dependence of A, for u-type (d-
type) quarks is shown by the dot-dashed (dashed) curve
of Fig. 1.

Measurement of the forward-backward asymmetry for
an individual quark flavor is only feasible for heavy
quarks, and then only with a reduced efficiency.?? Alter-
natively, we combine all five quark flavors and study the
asymmetry in hadron production by distinguishing be-
tween negatively charged jets (from d, s, b, i, ¢) and
positively charged jets (from u, ¢, d, 5, b). We define the
production angle 6 to be between the incoming electron
and the outgoing negatively charged jet. The hadronic
asymmetry in cos@ is Ay =3X;B,/8%,R,. We use X'
(instead of X.) to denote the fact that we must now use
— B, for the (positively charged) u and c¢. A can also
be expressed in terms of f, =R,/X; R;, the fraction of ¢
quarks in the sample, as 4, =2;f,4,. Combining two
u-type (u,c) and three d-type (d,s,b) quark flavors re-
sults in a net positive A, of 7%-10% in the Vs =50-60-
GeV range, as shown by the solid curve of Fig. 1. Since
the expected value for the hadronic asymmetry is due to
the approximate cancellation between the large positive
asymmetries of u-type quarks and the large negative
ones of the d-type quarks in this energy region, the actu-
al value of this asymmetry can be quite sensitive to new
phenomena. For example, a 10% increase in cross sec-
tion due to the production of additional u-type quarks
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FIG. 1. Forward-backward asymmetry A, of quark produc-
tion in e*e ~ collisions compared with the standard-model
values with Mz =91 GeV and sin?6y =0.23. The solid curve is
the asymmetry in the charge distribution (for the angle be-
tween the incoming electron and the outgoing negative
charge); it combines the asymmetries in two u-type (dot-
dashed curve) and three d-type (dashed curve) quark produc-
tion angular distributions (for the angle between the incoming
electron and the outgoing quark). Error bars include both sta-
tistical and systematic errors. There is a mark specifying the
contribution from statistical errors alone.

would result in a significantly larger A, of 12%-15%.

We report a measurement of 4, at the KEK ete”
collider TRISTAN, for center-of-mass energies of
40-60.8 GeV ({(+/s)=56.6 GeV), by the AMY detec-
tor,* with a 27.4-pb ~! sample of 3211 multihadronic
events.” The charged particles are tracked in a 3-T
solenoidal field with good efficiency over the angular
range | cos@| <0.85 for tracks with sufficient momen-
tum transverse to the beam axis, p, > 0.4 GeV. The
momentum resolution is o,/p, =0.7%p, (p, in GeV).
To assure a reasonably pure sample of two jet events, we
used events with thrust 7 > 0.8, where ¢ is determined
using only the charged particles. To assure containment
of the jets in the central detector, we require |cosér|
< 0.65. A total of 2071 events are selected. The angle
67 is then used as the production angle 6, of the quark
pair. Monte Carlo studies show that cosfr corresponds
to cosé, to within 0.1 unit.

We then divide the particles into two hemispheres
(jets) by the plane perpendicular to the thrust axis and
attempt to determine which jet corresponds to the posi-
tive quark-antiquark direction and which jet corresponds
to the negative quark-antiquark direction. We have
developed criteria to minimize the effect of misidenti-
fication of the jet charge as described below. We define
P, as the probability of correctly identifying the charge
direction of the jet pair and Fq as the probability of in-
correctly identifying it. Note that Pq+ﬁq < 1, since jet
charge for some events cannot be determined. Incor-
porating the misidentification probabilities for each
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flavor, the measured asymmetry is

A =3'e,fM4,, )
q

where €,=(P, —P,)/(P;+P,), and f)f=(P,+P,)R,/
Y. (P;+P;)R; is the fraction of g events which contrib-
ute to the sum. The values ¢, and fé” clearly depend on
the method used to determine the jets’ charges. We
determine these values using five-flavor simulated Monte
Carlo events.® A good method is one which maximizes
the ¢,’s. However, ¢; could be different for different
flavors. Because of the greater charge, higher ¢, is ex-
pected for u-type (% charge) than d-type (§ charge)
quarks. The values also depend on the (quark-
mass-dependent) details of quark fragmentation. For
example, the leading particle of a ¢ jet could be a nega-
tive kaon, increasing the chance of a c¢ jet being assigned
a negative charge (see discussion of methods below).
We therefore maximize €, in an average sense (for all
flavors) and use the quantity (e)=3, €,/ as a figure of
merit in the following discussion.

We take the net average of the charges of all charged
particles in each jet. Leading particles are given heavier
weighting as they are expected to retain properties of the
quark. Two weighting variables have been used. The
MAC Collaboration’ used rapidity n= 7% In[(E+P))/
(E — P))] with respect to the thrust (quark-antiquark)
axis. The JADE Collaboration® used fractional momen-
tum ¢=P/Epeam. We have examined the average
charges of jets using both of these variables.

Rapidity weighting.— We define the charge of a jet to
be the sum over the n particles in the jet of the charges
weighted by a function of the n of each particle. This is
divided by the total weighting to obtain an effective
charge;

o= Z Qj’?f/_z njs @)
Jj=1 Jj™=l1

where k is a parameter = 0. We use (¢) as our figure of
merit to find an optimum value of «x, and find the max-
imum (¢) near x =1. We further improve {€) by requir-
ing a minimum charge difference AQ i, =0.15 between
the two jets. Table I shows the performance of the
method on individual quark flavors.

Momentum weighting. — We define the charge of a jet
to be the sum over the n particles in the jet of their
charges weighted by their ¢, dividing by the total weight-
ing to obtain an effective charge, i.e., using ¢ instead of n
in Eq. (3). A maximum (e) occurs near k=0.5. Al-
though we can reach the same maximum of (¢) as in the
rapidity weighting case, the peak is narrow and therefore
the systematic uncertainty due to the choice of x could
be larger. Table I shows the performance of the method.
We note that the momentum and rapidity weighting
methods give significantly different values of ¢ for heavy
flavors (¢ and b). In particular, momentum weighting is
worse for identifying the charge of ¢ jets, and e, is far

TABLE 1. Performance of the rapidity (x=1.0,
AQmin=0.15) and momentum (x=0.5, AQmin=0.15) weight-
ing methods. All values are in percent.

Flavor P, P, & Vi
Rapidity weighting
u 61516 125+06 663*1.4 3352105
d 489+24 200*x1.4 42.0%3.1 1.6 +0.3
s 53.2%25 17512 50.5%2.8 11.9+04
c 55.7x1.5 14.6 +0.7 58516 31.7%*0.5
b 478+24 19.4+14 422%3.1 11.2+0.3
Momentum weighting
u 63.6t1.8 129+0.7 664=x1.5 33.4%+0.6
d 49.6+28 206*1.6 41.4+35 11.6+0.4
s 55.8+29 16.8+1.4 53.6x3.1 11.9+0.4
c 528*1.6 194+09 463*x19 31.3%0.6
b 55.1x3.0 176 £ 1.5 51.5+33 11.9+04

below €,. We will use only rapidity weighting for the
remainder of this paper.

Using rapidity weighting with k=1 and AQn;,=0.15
for our data, the angular distribution of the jet pairs is
shown in Fig. 2. A minimum »? fit gives a measured
asymmetry of A =(9.3+3.1+2.0)% (y2=7.9/8 de-
grees of freedom). For comparison, the standard-model
prediction at 56.6 GeV, with the misidentification proba-
bilities included, is AM =(9.7 £ 0.6)%. (The error is due
to the uncertainty in the misidentification probabilities.)
b-b mixing would increase this predicted asymmetry by
reducing the b quark’s contribution. For example, as-
suming 20% mixing of B; and 100% mixing of Bj, the
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FIG. 2. Production angular distribution using rapidity
weighting with k=1 and AQmin=0.15. The solid curve is a
minimum x? fit (y2=7.9/8 degrees of freedom) giving an
asymmetry of 9.3%. The dotted curve is the corresponding
symmetric distribution which has y2=17.2/9 degrees of free-
dom and is below the data for cos@ > 0 and above the data for
cosf < 0.

985



VOLUME 64, NUMBER 9

PHYSICAL REVIEW LETTERS

26 FEBRUARY 1990

predicted asymmetry becomes A} =10.9%. This in-
crease in asymmetry, however, is less than our measure-
ment uncertainty in AM.

The systematic error in AM arises from uncertainties
in the parameters in the Monte Carlo event generator
used to determine the values for the €;’s. We estimate
the error by changing parameters in the event generator,
particularly the parameters of the string fragmentation
scheme and the ratio of s to ¥ and 4 quarks in the sea.
The analysis is repeated with Monte Carlo data generat-
ed using reasonably extreme values of these parameters,
without a detector simulation. The resulting difference is
added linearly to the error arising from the uncertainty
in the misidentification probabilities to obtain the esti-
mate of the systematic error in AM.

Since A} depends on the method used to determine
the jets’ charges, we unfold a method-independent asym-
metry. This is accomplished by allowing one parameter
in the standard-model predictions of Eq. (1) for the A,’s
in Eq. (2) to vary until the predicted A} matches the
measured value. That parameter value is then used to
calculate 4,. Assuming universality, the magnitudes of
the axial-vector couplings for all fermions are the same
(=|gal). Then g3 is a good parameter to use in
extracting A,. Our measured AM  corresponds to
g5=0.23%323*%12  This is to be compared with the
standard-model value of g3 = |731>=1%. From this g}
we calculate the method-independent asymmetry A,
=(8.3+29+1.9)%.° For comparison, the standard-
model prediction at 56.6 GeV is 4, =8.7%. In Fig. 1,
Ajp is compared to the standard-model prediction and the
values at the energies of the SLAC and DESY storage
rings PEP and PETRA, which we calculated from the
values of g4 published in similar works by the MAC and
JADE Collaborations. The higher-energy data continue
to agree well with the standard model for five flavors.
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