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Three-Jet Plane Orientation in Polarized Zo Decays into Three Jets

K. Abe, I. Abt, C. J. Ahn, T. Akagj, N. J. Allen, " W. W. Ash, '* D. Astpn, K. G. Baird, C. Baltay,
H. R. Band, M. B. Barakat, G. Baranko, ' O. Bardon, ' T. Barklow, A. O. Bazarko, "R. Ben-David,

A. C. Benvenuti, T. Bienz, G. M. Bilei, D. Bisello, ' G. Blaylock, J.R. Bogart, T. Bolton, "G. R. Bower,
J.E. Brau, M. Breidenbach, 7 W. M. Bugg, ~ D. Burke, 7 T. H. Burnett, 3' P. N. Burrows, '6 W. Busza, '

A. Calcaterra, 3 D. O. Caldwell, D. Callpway, 7 B. Camanzj, ~ M. Ca~jnellj, R. Cassell, 2 R. Castaldj,
A. Castro 21 M. Cavalli-Sforza, E. Church, ' H. O. Cphn, J.A. Cpller, V. Copk, R. Cotton, R. F. Cowan 16

D. G. Coyne, A. D'Oliveira, C. J. S. Damerell, M. Daoudi, R. De Sangro, ' P. De Simone, ' R. Dell'Orso,
M. Dima, P. Y.C. Du, R. Dubois, B.I. Eisenstein, ' R. Elia, D. Falciai, M. J. Fero, ' R. Frey, K. Furuno,

T. Gillman, G. Gladding, ' S. Gonzalez, ' G. D. Hallewell, E.L. Hart, Y. Hasegawa, S. Hedges, "
S.S. Hertzbach, ' M. D. Hildreth, J. Huber, M. E. Huffer, E.W. Hughes, H. Hwang, Y. Iwasaki, 2

D. J. Jackson, P. Jacques, J. Jaros, A. S. Johnson, J.R. Johnson, 3 R. A. Johnson, T. Junk, R. Kajjkawa, '

M. Kalelkar, H.J. Kang, I. Karljner, H. Kawahara, H. W. Kendall, Y. Kjm, M. E. King, R. King,
R. R. Kofler, ' N. M. Krishna, ' R. S. Kroeger, ' J.F. Labs, M. Langston 2o A. Lath, ' J.A. Lauber &0

D. W. G. Leith, M. X. Liu, X. Liu, M. Loretj, 2~ A. Lu, H. L. Lynch, J. Ma, G. Mancinelli, 2 S. Manly, 3

G. Mantpvanj, T.W. Markiewicz, T. Marnyama, R. Massettj, H. Masuda, T. S. Mattjspn, E. Mazzucatp,
A. K. McKemey, B.T. Meadows, 8 R. Messner, P. M. Mockett, K. C. Moffeit, B. Mours, G. Mjiller,

D. Muller, 2 T. Nagamine, U. Nauenberg, ' H. Neal, M. Nussbaum, ~ Y. Ohnjshi, '9 L. S. Osborne, '6 R. S. Panvjni,
H. Park, T.J. Pavel, I. Peruzzi, ' ~ M. Piccolo, ' L. Piemontese, ' E. Pieroni, K. T. Pitts, R. J. Piano,

R. Prepost, 32 C. Y. Prescott, G. D. Punkarp7 J. Quigley, '6 B.N. Ratcliff, T. W. Reeves, so J. Reidy, 's

P. E. Rensing, 7 L. S. Rochester, J.E. Rpthberg, P. C. Rpwson, ~ J.J. Russell, O. H. Santon, S.F. Schaffner,
T. Schalk, R. H. Schindler, U. Schneekloth, ' B.A. Schumm, ' A. Seiden, S. Sen, V. V. Serbo, 3 M. H. Shaevitz, "

J.T. Shank, G. Shapiro, ' S.L. Shapiro, D. J. Sherden, K. D. Shmakpv, 8 C. Sjmopoulos, N. B. Sinev, o

S.R. Smith, J.A. Snyder, P. Stamer, H. Steiner, ' R. Steiner, ' M. G. Strauss, ' D. Su, F. Suekane,
A. Sugiyama, ' S. Suzuki, ' M. Swartz, A. Szumilo, ' T. Takahashi, F.E. Taylor, ' E. Torrence, ' J.D. Turk,

T. Usher, J. Va'vra, C. Vannjnj, E. Vella, 7 J.P. Venutj, R. Verdjer 16 P. G. Verdjni, S.R. Wagner,
A. P. Waite, S.J. Watts, A. W. Weidemann, 8 E.R. Wejss, ' J.S. Whitaker, 3 S.L. White, ~ F.J. Wickens,

D. A. Williams, D. C. Williams, ' S.H. Williams, S. Willocq, R. J. Wilson, 9 W. J. Wisnjewski, M. Woods,
G. B. Word, J. Wyss, ' R. K. Yamamoto, ' J.M. Yamartjno, '6 X. Yang 20 S.J. Yellin, C. C. Young, H. Yuta,

G. Zapalac, R. W. Zdarko, C. Zeitlin, Z. Zhang, ' and J. Zhou 0

(SLD Collaboration)
'Adelphi University, Garden City, ¹wYork 11530

Istituto Nazionale de Fisica Nucleare Sezione di Bologna, I-40126 Bologna, Italy
Boston University, Boston, Massachusetts 02215

Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom
California Institute of Technology, Pasadena, California 91125

University of California at Santa Barbara, Santa Barbara, California 93106
University of California at Santa Cruz, Santa Cruz, California 95064

University of Cincinnati, Cincinnati, Ohio 45221
Colorado State University, Fort Collins, Colorado 80523

'0 University of Colorado, Boulder, Colorado 80309
"Columbia University, New York, New York 10027

' Istituto Nazionale de Fisica Nucleare Laboratori Nazionali di Frascati, I-00044 Frascati, Italy
' University of Illinois, Urbana, Illinois 61801

' Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720
'6Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

' University of Massachusetts, Amherst, Massachusetts 01003
' University of Mississippi, University, Mississippi 38677

' Nagoya University, Chikusa-ku, Nagoya 464 Japan
OUniversity of Oregon, Eugene, Oregon 97403

'Istituto Nazionale de Fisica Nucleare Sezione di Padova and Universita di Padova, I-35100 Padova, Italy

0031-9007/95/75(23)/4173(5)$06. 00 1995 The American Physical Society 4173



VOLUME 75, NUMBER 23 PHYSICAL REVIEW LETTERS 4 DECEMBER 1995

Istituto Nazionale de Fisica Nucleare Sezione di Pisa and Universita di Pisa, I-56100 Pisa, Italy
Rutgers University, Piscataway, New Jersey 08855

Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 OQX, United Kingdom
Sogang University, Seoul, Korea

7Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309
~s University of Tennessee, Knoxville, Tennessee 37996

Tohoku University, Sendai 980, Japan
Vanderbilt University, Nashville, Tennessee 37235

'University of Washington, Seattle, Washington 98195
3 University of Wisconsin, Madison, Wisconsin 53706

Yale University, New Haven, Connecticut 06517
(Received 31 August 1995)

We present the first measurement of the correlation between the Z spin and the event-plane
orientation in polarized Z decays into three jets in the SLAC Linear Collider Large Detector experiment
at SLAC utilizing a longitudinally polarized electron beam. The CP-even and T-odd triple product
Sz (k~ X kq), formed from the two fastest jet momenta k~ and kq and the Z polarization vector Sz,
is sensitive to physics beyond the standard model. We measure the expectation value of this quantity
to be consistent with zero and set 95% C.L. limits of —0.022 ( P ( 0.039 on the correlation.

PACS numbers: 13.38.Dg, 11.30.Er, 12.15.Lk, 13.88.+e

Polarization is an essential tool in investigations of fun-
damental symmetries in particle physics. Parity violation
was first discovered in P decays from polarized 6 Co, and
T, CP, and CPT violations were searched for using po-
larized neutrons [1] and positronium [2]. The recent de-
velopment of high-polarization electron sources based on
strained-lattice GaAs photocathodes [3], in conjunction
with the high luminosity achieved at the SLAC Linear
Collider (SLC), has allowed production of highly polar-
ized Z bosons by e+e annihilation, enabling investiga-
tions of symmetries at the Z resonance.

The Z bosons produced using longitudinally polar-
ized electrons have polarization along the beam direc-
tion Az —(P, —A, )/(1 —— P, A, ), where -P, is the-
electron-beam polarization, defined to be negative for a
left-handed beam, and A, = 2v, a, /(v, + a, ) with v,
and a, the electroweak vector and axial vector coupling
parameters of the electron, respectively. Since 1993 the
SLC has run with a strained-lattice GaAs electron source;
an electron-beam polarization at the e+ e interaction point
of approximately 0.77 in magnitude was achieved in the
1994—95 run, yielding Az = —0.83(+0.70) for P,
—0.77(+0.77) and sin28 = 0.23. The electron spin di-
rection was randomly reversed pulse by pulse, reducing
systematic effects on polarization-dependent asymmetries.
For polarized Z decays to three hadronic jets one can de-
fine the triple product:

Sz. ki Xk2, 1

which correlates the Z boson polarization vector Sz with

the normal to the three-jet plane defined by k& and k2, the
momenta of the highest- and second-highest energy jets,
respectively. Here we report the first experimental study
of this quantity.

The triple product (1) is even under C and P reversals,
and odd under T~, where T~ reverses momenta and spin
vectors without exchanging initial and final states. Since

T~ is not a true time-reversal operation, a nonzero value
does not signal CPT violation and is possible in a the-
ory that respects CPT invariance [4]. Similar observables
were first proposed for direct experimental observation of
the non-Abelian character of QCD in e+e ~ Y ~ ggg
[5] and in e+e ~ qqg [6], where a sizable signal is
expected at c.m. energies +s below 40 GeV; no experi-
mental measurements have been performed since a longi-
tudinally polarized electron beam is required.

The differential cross section for e+e ~ qqg for
massless quarks may be written [6,7]

1 der 9 ( 1
l 1 ——coz'ra) + P&z cocci

o dcosco 16 & 3

where co is the polar angle of the vector normal to the
event plane with respect to the electron-beam direction.
With ~PAz~ representing the magnitude [8], the second
term is proportional to the Ttv-odd triple product (1) and
appears as a forward-backward asymmetry of the event
plane normal relative to the Zo polarization axis. The
sign and magnitude of this term are different for the two
beam helicities.

Recently, Brandenburg, Dixon, and Shadmi have in-
vestigated standard model T~-odd contributions of the
form (1) at the Zo resonance [7]. The triple product
vanishes ident.'cally at tree level [4], but nonzero contri-
butions arise from higher-order processes such as those
shown in Fig. 1: (a) QCD rescattering of massive quarks
[6], (b) QCD triangle of massive quarks [9], and (c) elec-
troweak rescattering via 8' and Z exchange loops. Be-
cause of various cancellations, these contributions are
found to be very small at the Z resonance and yield
values of the correlation parameter )P~ ~ 10 [7]. be-
cause of this background-free situation, measurement of
the cross section (2) is sensitive to physics processes be-
yond the standard model that give P 4 0.
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tions of each polar angle segmentation, the total detected
energy was expressed as the weighted sum [12]

Edetect p (aiEem + I i Ehad) . (3)

The a; and b; correction factors were determined by
minimizing the sum

, Z

events

(Edetect Ec.m. )
Q 2 (4)

FIG. 1. Representative Feynman diagrams of higher-order in-
teractions with nonvanishing contributions to the triple product:
(a) QCD rescattering (mq 4 0 is required), (b) triangle dia-
gram via quark annihilation (m 4 0 is required), and (c) elec-
troweak rescattering.

The measurement was performed with the SLC Large
Detector (SLD) using approximately 50000 Zo decays
into multihadrons collected in 1993 and 100000 decays
collected in 1994—95, for which the magnitude of the
average electron-beam polarization was 0.63 and 0.77,
respectively. A general description of the SLD can
be found elsewhere [10]. In the present analysis the
hadronic event selection and three-jet reconstruction were
based on the topology of energy depositions in the
liquid argon calorimeter (LAC), taking advantage of its
large solid-angle coverage. The LAC is a lead liquid
argon sampling calorimeter composed of barrel and end-
cap sections, covering the angular ranges

~
cos8~ ( 0.82

and 0.82 ~
~
cos0[ ~ 0.98, respectively. It is segmented

radially into projective towers of constant solid angle with
192 azimuthal and 96 polar-angle segmentations. The
longitudinal segmentation comprises two electromagnetic
sections with a combined thickness of 21 radiation lengths
and two hadronic sections, giving a total thickness of
2.8 interaction lengths.

The calorimetric analysis must distinguish Z events
from backgrounds; in addition, it should remove any
background hits coincident with Z events. The domi-
nant source of beam-related backgrounds in the LAC was
high-energy muons produced in the SLC that were char-
acterized by small amounts of energy in a large number
of towers parallel to the beam direction. An algorithm
was used to identify this characteristic signal, and back-
ground hits were removed before the hadronic event se-
lection [11].

Although the LAC offers a uniform energy response
over most of its solid-angle coverage, the response is de-
graded around

~
cosO~ = 0.82, where the barrel and end-

cap sections meet. In order to achieve a uniform response
over the whole acceptance in 0, the detected energy of
each tower was corrected. Using the recorded energies
F.,' and Eh, d in the electromagnetic and hadronic sec-

where F, is the e+ e collision energy corrected
for the detector acceptance and for the undetectable
energy carried by neutrinos, and o. is the measured LAC
energy resolution for hadronic Z events as a function
of thrust axis polar angle O'"'"". The sum was taken
over recorded back-to-back two-jet events that form a
statistically independent sample to the three-jet events
used for this study.

After applying the energy-response correction,
calorimeter towers were grouped into clusters. A
cluster was selected if at least two towers contributed,
its energy E,&„,t„was at least 100 MeV, and the
energy correlation in the electromagnetic section
4E, tmE e2m/(E etm+ E,m2) ~ 0.1, where E, t and

E, 2 are the energies in the front and back elec-
tromagnetic sections, respectively [13]. Using the
selected clusters the total visible energy F.„.„nor-
malized energy imbalance E; b

=
) g E,t„„,„~/E„„

number of selected clusters N, ~„st„, and cosO'"~" were
calculated for each event. Multihadron events were
selected by requiring E„, ~ 20 GeV, F.; b ( 0.6, and

for ~coso'" '"~ ) 0.8. In total 50144 events from the
1993 run and 99 265 events from the 1994—95 run were
selected. The efficiency for selecting hadronic events
was estimated to be (92 ~ 2)%, with a background
in the selected sample of (0.4 ~ 0.2)%, dominated by
Z ~ 7-+~ and Z ~ e e events.

To measure the triple-product correlation for e+e qqg,
three-jet events were selected and the three-momentum
vectors of the jets were reconstructed. Although the
parton momenta are not directly measurable, at +s =
91 GeV the partons usually appear as well-collimated jets
of hadrons. Jets were reconstructed using the "Durham"
jet algorithm [14]. Planar three-jet events were selected
by requiring exactly three reconstructed jets to be found
with a jet-resolution parameter value of y, = 0.005, the
sum of the angles between the three jets to be greater than
358, and that each jet contain at least two clusters. A
total of 44683 events satisfied these criteria.

Such jet algorithms accurately reconstruct the parton
directions but measure the parton energies poorly [15].
Therefore the jet energies were calculated by using the
measured jet directions and solving three-body kinematics
assuming massless jets, and were then used to label the
jets such that F& ) F2 ~ F3. The energy of jet 1, for

4175
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example, is given by

Sin 023
FI = yS

sing&2 + sing23 + sgng3I

where 01,~ is the angle between jets k and t.
Since the energy and angular resolutions of the jet recon-

struction procedure determine the sensitivity of the present
measurement, a Monte Carlo simulation of hadronic Z
decays [16] combined with a simulation of the detector
response was used to study the quality of the jet re-
construction. To account properly for beam-related
backgrounds in the simulation, real calorimeter hits taken
by a random trigger were overlaid on the simulated Z
events. These events were then subjected to the same
reconstruction, hadronic event selection, and three-jet
analysis procedures as the real data. For those events
satisfying the three-jet criteria, exactly three jets were
reconstructed at the parton level by applying the jet
algorithm to the parton momenta. The three parton-level
jets were associated with the three detector-level jets
by choosing the combination that minimized the sum of
the angular differences between the corresponding jets.
The directions and energies of jets at the parton level
were then compared with those for the corresponding
jets at the detector level. Although the detector-
jet energies were much degraded, the reconstructed
energies agreed well with the parton-jet energies; the
average angles between the parton-jet and detector-jet
directions were 2.9, 4.0, and 7.2, and the rms energy
difference between parton and reconstructed jets was 2.8,
5.2, and 5.2 GeV for the highest, medium, and lowest
energy jets, respectively.

Since in this analysis the vector normal to the jet
plane is determined by the two highest energy jets,
reconstruction of the correct jet-energy ordering is
essential. For a three-jet event whose jets are labeled
according to the parton-jet energy ordering, six detector-
jet energy orderings are possible. For the three cases
where the energy ordering of any two jets does not
agree between parton and detector levels, the direction
of the jet-plane normal vector is opposite between
the parton level and detector level, and cosa' will be
measured with the wrong sign. The probability of
this, P;, (~ cosa'~), was determined from Monte Carlo
studies. Although the three-jet rate was largest for
y, = 0.002, the misassignment probability Pm;, was
found to be smallest for y, = 0.012. The experi-
mental sensitivity to the T~-odd contribution was found
highest for the y, value of 0.005 used in this analysis.
For this y, value P;, was 0.25 around cosa' = 0, 0.21
as

~
cos~) ~ 1, and averaged =0.22.

For each event the reconstructed jet vectors were used
to determine the vector normal to the jet plane and its
polar angle cu, from which the measured distribution
of cosa' was derived. A bin-by-bin correction factor
e(I cosa' ~), for detector acceptance and initial-state radi-
ation, was determined from Monte Carlo simulations by

4176

taking the ratio of the distribution at the parton level for
an event sample generated without initial-state radiation to
the distribution at the detector level for an event sample
generated with initial-state radiation. Figure 2 shows the
corrected cosa' distribution separately for (a) left- and (b)
right-handed beam events in the 1994—95 data sample. A
T~-odd contribution would appear as a forward-backward
asymmetry of opposite sign between (a) and (b); no asym-
metry is apparent. The distributions may be described by

1 de
0 d COSM

9 f 1
I 1 ——cos co

i16 k 3
+ PAz[1 —2P~;, (i coscu I)]cosa'

(6)

—0.022 ( P ( 0.039 @ 95% C.L. (8)

A number of systematic checks were performed. The
analysis was performed on two samples of Monte Carlo
events; one sample in which no T~-odd effect was simu-
lated, yielding p consistent with zero within 0.010, and
another sample, in which a T~-odd effect was simulated by
weighting events according to the parton-level cross sec-
tion Eq. (2) with p = 0.1, yielding a measured p consis-
tent with the input value within the statistical error. The
dependence on the jet-resolution parameter was studied by
varying y, between 0.001 and 0.03. The analysis was also
performed using the JADE jet algorithm [17]and y, = 0.01.
While P;, was somewhat larger than the value for the
Durham algorithm, 0.25 averaged over

~
cosnJ ~, the experi-
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FIG. 2. Polar-angle distribution of the jet-plane normal with
respect to the electron-beam direction for the 1994—95 data
sample with (a) left-handed and (b) right-handed electron
beams. The solid curve is the best fit to the combined 1993
and 1994—95 data samples.

We performed a maximum-likelihood fit of Eq. (6)
simultaneously to the cosa' distributions from the 1993
and 1994—1995 left- and right-handed event samples,
with the relevant values of Az, and allowing the parameter

P to vary. We found

P = 0.008 ~ 0.015, (7)
where the error is statistical only. The result of this fit
is shown in Fig. 2; the y is 26.0 for 20 data points.
The T~-odd contribution is consistent with zero within
the statistical error, and we calculate limits of
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mental sensitivity was comparable as a result of the larger
three-jet rate. Finally, the analysis was performed using
only charged tracks measured in the central drift chamber
(CDC). While the event sample was reduced to about 50%
of the calorimetric sample as a result of the smaller solid-
angle coverage of the CDC, the charged tracks provided an
independent basis for selecting and reconstructing three-jet
events. In each case, the T~-odd contribution was found
to be consistent with zero within the statistical error.

In conclusion, we have made the first measurement of
the Tz-odd correlation in polarized Zo decays to three
jets. We find the correlation to be consistent with zero and
set 95% C.L. limits on beyond-the-standard-model Tz-
odd contributions to Zo decays to three jets of —0.022 ~
P & 0.039.
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