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Abstract

We search for anomalous trilinear gauge couplings in the ZZy and Zvyy vertices using data collected with the L3
detector at LEP at a centre-of-mass energy Vs = 189GeV. No evidence is found and limits on these couplings and on new
physics scales are derived from the analysis of the process e e~ — Zy. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The process e"e” — Zy is interesting to test the
existence of new physics [1]. In particular, the exis-
tence of anomalous couplings between neutral gauge
bosons can be probed by means of this reaction.
Effects coming from ZZy and Zvyy couplings are
expected to be very smal in the Standard Model
[1,2], but can be enhanced in compositeness models
[3,4] or if new particles enter in higher order correc-
tions.
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Assuming only Lorentz and U(1),,,, gauge invari-
ance, the most general form of the ZZy and Zyy
vertices can be parametrized by means of eight
anomalous couplings. The couplings are: hY (i =
1to4,V = v,Z), where a V superscript corresponds
to a ZVy vertex. The couplings hY and h% are CP
violating whereas hj and h}; are CP conserving. The
anomalous couplings contribution to the Zy cross
section increases with the centre-of-mass energy, Vs,
while the Standard Model contribution decreases. All
these couplings are zero at tree level in the Standard
Model, and only the CP conserving ones receive a
small contribution (= 10~*) at the one loop level
[1,2]. An dternative parametrization, which intro-
duces the energy scales of new physics A, is[5]:

Vah? 1

m% = A_-ZV, i = 1,3, (1)
Vah' 1
m‘é = A_-4V, i=24. (2)

The anomalous couplings hY cannot get arbitrar-
ily large values due to unitarity constraints, and
should vanish when s— o« [6,7]. For hadron collid-
ers, this means that a form factor dependence should
be used [7-10], because the effective centre-of-mass
energy of the collision is variable. For e" e~ collid-
ers, the centre-of-mass energy is fixed and no form
factors are needed [11]. Therefore, the results are
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model independent and no hypothesis about the be-
haviour close to the new physics scale is made
[11,12]. The main effects of anomalous ZZy and
Zvyvy couplings are an increase of the Z+y total cross
section and a modification of the differential spec-
trum of the photon, mainly at large polar angles.
Limits on ZZ+y and Zyy couplings have been pub-
lished at the Tevatron [8—10] and LEP [13,14].

Data collected by the L3 detector [15] in 1998 at
Vs = 189GeV, amounting to 176 pb~* of integrated
luminosity, are used to study the anomalous cou-
plings ZZy and Zyy in the channels ee™ — qgy
and ee” - vwy. In this article, a new caculation
[11] is used.®2 The results presented in this paper
supersede our previous results [13] due to the higher
Vs and integrated luminosity, which improve the
sensitivity, and to the new calculation used.

2. Event selection

The main signature of the process ete™ - Zy is
the production of a photon of high energy, E . A
photon candidate is identified as a shower in the
BGO electromagnetic barrel or end-cap calorimeters
with more than 90% of its energy deposited in a
3 X 3 crystal matrix. The mass of the system recoil-
ing against the photon, m, =(s—2Eys)"?, is
required to satisfy 80GeV <m, < 110GeV, and
thus is consistent with that of a Z. For the Vs value
considered, the cuts on the recoiling mass correspond
to an energy of the photon between 62GeV and
78GeV.

In the estimation of signal and background pro-
cesses the following Monte Carlo generators have
been used: KK2F [17] for ete™ — gy, e"e” — qq,
KORALZ [18] for e"e” — vvy, EXCALIBUR [19]
for four fermion fina states, DIAG36 [20] for e* e~
—e"e e'e”, BHWIDE [21] and TEEGG [22] for
efe" > e"e y(y). All generated events are passed
through a simulation of the L3 detector response [23]
and through the same analysis procedure used for
data. Time dependent inefficiencies are taken into
account in the simulation procedure.

Cross sections and efficiencies are quoted within
the following phase space cuts: at least one photon

of energy greater than 20GeV with polar angle in
the range 5° < 6, < 175°.

2.1. Section of e*e” — gy events

In addition to a photon candidate recoiling against
a Z, high multiplicity and energy-momentum balance
are required to select e"e” — gy events:

- The event must have more than 6 tracks and more
than 11 calorimetric clusters.

- The transverse energy imbalance must be less
than 15% of the visible energy, and the longitudi-
nal energy imbalance less than 20% of the visible
energy.

- Events are rejected if the photon candidate is
isolated from the two jets and is associated with a
track. This requirement eliminates a substantial
contamination of e'e” — Wev — qferv and
ete - (et e events.

- The polar angle of the photon, 6,, must be in the

1 'yl
range |cosf, | < 0.74 or 0.82 <|cosé, | < 0.97.

Using these criteria, 899 events are selected. The
trigger inefficiency is estimated to be negligible due
to the redundancy of subtriggers involved in trigger-
ing this fina state.

Three backgrounds are found to contribute: e*e”
- qfev and e'e — qgete, where one of the
electrons fakes a photon, giving 0.5% and 0.4%
contamination respectively, and e*e” — qg events,
contributing to a 1.2% contamination, mainly due to
photons from 7 °.

The measured cross section for e e — qgy is
shown in Table 1 and is in agreement with the
Standard Model expectation. Figs. 1 and 2 show the

Tablel

Integrated luminosities, ., efficiencies, €, of the selection, num-
ber of selected events and measured cross sections. The error on
the efficiencies accounts for Monte Carlo statistics. The corre-
sponding Standard Model cross sections o, [17,18] are aso
listed

Process <z € Events o 4

SM
(pb™H (%) (pb) (pb)
ete —»qfy 1721 289+ 01 899  181+06 17.9

ete" > wvpy 1756 336+ 02 288 48+03 50
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Fig. 1. Distribution of the mass recoiling from the photon candi-
date in et e~ — gy events. The points are data and the his-
togram is the Standard Model Monte Carlo prediction.

recoiling mass distribution and the polar angle of the
photon.

2.2. Section of e*e” - vvy events

In addition to the presence of a photon the selec-
tion criteria for the e* e~ — vy channel require low

160

L3+

140

A

0
-t
N
()

T

=y

o

o
T

Number of events/
(2] [}
o o
T T

cos OY

Fig.2. Polar angle distribution from the photon candidates in
et e” — gy events. The points are data and the histogram is the
Standard Model Monte Carlo prediction.

activity in the detector and large energy-momentum
imbalance.

- The event cannot have more than 10 calorimetric
clusters. The number of hitsin the tracking cham-
ber associated to a calorimetric cluster must not
exceed 40% of the expected number of hits for a
charged track.

- The polar angle of the photon candidate must
satisfy |cos6, | < 0.74 or 0.82 < |cosé, | < 0.96.

- The energy imbalance transverse to the beam
direction must be more than 20% of the visible
energy, and the energy of the photon must be
more than 95% of the visible energy.

- To suppress cosmic ray background, there must
be at least one scintillator time measurement
within +5 ns of the beam crossing time. The
scintillator signals must be associated to calori-
metric clusters.

A total of 288 events are selected. The trigger
efficiency is estimated to be 93.5%, using an inde-
pendent sample of data events.

The background in the selected sample is found to
be negligible. The measured cross section for e*e”
— vvy isshown in Table 1. It isin agreement with
the Standard Model expectation. Fig. 3 shows the

40

20 -

Number of events/2 GeV

10

¢

80 90 100 110
M, .. (GeV)

Fig.3. Distribution of the mass recoiling from the photon candi-
date in et e~ — vvy events. The points are data and the his-
togram is the Standard Model Monte Carlo prediction.
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40 ® Data L3
5 — MC
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S 30
?
s +
o 20 |
Q
€
=
Z
10 +
AU,
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-1 -0.5 0 0.5 1

cos 6Y

Fig.4. Polar angle distribution from the photon candidates in
et e” — vpy events. The points are data and the histogram is the
Standard Model Monte Carlo prediction.

recoiling mass distribution and Fig. 4 shows the
polar angle of the photon.

3. Reaults

The analysis is performed by means of the ‘ Opti-
mal Variables [24] approach. The differential cross
section of the process ete™ — Zy is written as a
function of the anomalous couplings:

do 4
Ezco(ﬂ)"' IS Cl,i(ﬂ)h\i/

i=1V=y2

+Y Y X X Cz,ij(ﬂ)h\i/h\jﬂa

i=1V=9yZj=1V'=y2Z
(3

where 2=(E,,0,,¢,,07,¢{). E .0, and ¢, are
the energy and angular variables of the photon, and
67,0 the angles of the fermion f in the Z rest
frame. For the e" e~ — vpy case, the neutrino angu-
lar variables are integrated out, leaving three vari-
ables in the calculation. As the couplings are small,
the quadratic term is neglected, and the optimal
variable for each coupling is defined as:

ci(4£2)
L= () (4)

This method profits from having a one-dimensional
parametrization which uses all the available kine-
matic information.

A binned maximum likelihood fit of the expected
optimal variable distribution to the data is performed.
A reweighting technique is used to compute the
expected number of events in the presence of anoma-
lous couplings. In these fits, only one coupling is
fitted each time, keeping al the other couplings at
zero. The distributions of the optimal variables for
the couplings h? and h} are shown as an example in
Figs. 5 and 6, respectively.

No deviations from the Standard Model expecta-
tions are found. Both gy and vy samples lead to
the same results. The limits on the anomalous cou-
plings a 95% confidence level (CL) coming from
both samples are:

—0.26 < hZ < 0.09,
—0.10 < hZ < 0.16,
—0.26 < h% <0.21,
—0.11 < hf <0.19,

—0.20 < hy < 0.08,
—0.11 < hy < 0.1,
—0.11 < h} < 0.03,
—0.02 < h} < 0.10.

An independent analysis using a maximum likeli-
hood fit in the five-dimensional phase space, de-

ety LR L3
300 - "+'—+ ® Data
[ — sMm
S' h% = +0.5
%_’200 - -~ hi=-05
0
>
1T

O_. | T I
-0.4 -0.2 0 0.2 0.4

Optimal Variable for h’

Fig.5. Distribution of the optimal variable for the CP violating
coupling hZ. Data are shown, together with the expectations for
the Standard Model (SM) and for anomalous couplings, h? =
+0.5.
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150 -_ @® Data L3
i MC, h% = +0.5 [
Ll = MC,h%=-05 i_!._éw
— SMm i~
100 S

Events / 0.1

50

PR YO YN N NN T ST ST ST TS N ST S
-1 -0.5 0 0.5
Optimal Variable for h},

1

MRS B
-2 -1.5

Fig.6. Distribution of the optimal variable for the CP conserving
coupling h}. Data are shown, together with the expectations for
the Standard Model (SM) and for anomalous couplings, h} =
+0.5.

scribed in our previous publication [13] is also per-
formed as a cross check. The results obtained using
this method are compatible with those obtained with
the optimal variables.

Fits to the two-dimensiona distributions of the
optimal observables are performed to determine the
pairs of the CP-violating and CP-conserving cou-
plings, keeping in each case the other couplings
fixed at zero. Results at 95% CL are shown in Table
2. There exists a strong correlation between the fitted
values of the CP-violating couplings (hY,hy) or CP-

Table2
Results for two-dimensiond fits at Alog( Likelihood) = 3. In each
fit all other six parameters are kept at zero

Fitted Negative  Positive  Correlation
Parameter  vaue limits limits coefficient
h? -017 -072 0.45 0.94
h3 —0.09 —0.49 0.36
h3 -001 -0.76 0.67 0.95
h% 0.00 —0.49 0.49
hy -0.07 —0.36 0.24 0.88
hy —0.04 —-0.25 0.17
hy 0.03 —0.36 0.26 0.96
h) —0.00 -0.23 0.25

conserving couplings (h4,hY ). Contours for 95% CL
two-dimensional limits on each pair of couplings,
for ZZy and Zvyvy, are shown in Figs. 7 and 8.

The main sources of systematic uncertainties are
considered. The influence of the angular resolution
for jets and photons is found to be negligible. The
uncertainty in the trigger efficiency for the e*e”
— vyy channel has a negligible impact on the lim-
its. The systematic error due to the limited Monte
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Fig.7. Limits at 95% CL on the CP-violating coupling parameters,
h3 versus h? and h} versus h}. The Standard Model predictions
are indicated by the points. The regions outside the contours are
excluded.
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Fig.8. Limits at 95% CL on the CP-conserving coupling parame-
ters, hi versus h3 and h} versus h}. The Standard Model
predictions are indicated by the points. The regions outside the
contours are excluded.

Carlo statistics is computed to be 0.02 for limits on
individual couplings and 0.03 for two-dimensional
limits. The systematic uncertainty coming from the
Monte Carlo modeling of detector inefficiencies and
the resolution in the photon energy is estimated to be
below 0.02. These effects are included in the limits
presented.

If the data are interpreted in terms of new physics
scales using formulae (1) and (2), the following

limits (95% CL) to the new physics scales are ob-
tained:

Ay, > 867 GeV,
Ay, > 270 GeV,
Ay, > 652 GeV,
A,y > 256 GeV,

Ay, > 947 GeV,
A,, > 288 GeV,
A, > 1350 GeV,
Ay, > 309 GeV.

To obtain these results, the maximum of the
likelihood is taken at the Standard Model expecta-
tion. To determine the confidence levels the proba-
bility distributions are normalized over the physi-
cally allowed range of the parameters.

Acknowledgements

We wish to express our gratitude to the CERN
accelerator divisions for the excellent performance of
the LEP machine. We acknowledge the effort of the
engineers and technicians who have participated in
the construction and maintenance of the experiment.

References

[1] F.M. Renard, Nucl. Phys. B 196 (1982) 93.

[2] A. Barroso et al., Z. Phys. C 28 (1985) 149.

[3] F.M. Renard, Phys. Lett. B 126 (1983) 59.

[4] M. Claudson, E. Farhi, R.L. Jaffe, Phys. Rev. D 34 (1986)
873.

[5] P. Mery, M. Perrotet, F.M. Renard, Z. Phys. C 38 (1988)
579.

[6] H. Czyz, K. Kotodzigj, M. Kratek, Z. Phys. C 43 (1989) 97.

[7] U. Baur, E. Berger, Phys. Rev. D 47 (1993) 4889.

[8] CDF Collaboration, F. Abe et a., Phys. Rev. Lett. 74 (1995)
1941.

[9] DO Collaboration, S. Abachi et al., Phys. Rev. Lett. 78
(1997) 3640.

[10] DO Collaboration, B. Abbott et a., Phys. Rev. D 57 (1998)
3817.

[11] G.J. Gounaris, J. Layssac, F.M. Renard, Phys. Rev. D 61
(2000) 073013.

[12] J. Wudka, hep-ph/9606478, In: Collider, D. Burke, M.
Peskin (Eds). The meaning of anomalous couplings in
Physics and Technology of the Next Linear.

[13] L3 Collaboration, M. Acciarri et al., Phys. Lett. B 436 (1998)
187.

[14] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 423
(1998) 194.



64 M. Acciarri et al. / Physics Letters B 489 (2000) 5564

[15] L3 Collaboration, B. Adeva et al., Nucl. Instr. and Meth. A
289 (1990) 35; L3 Collaboration, M. Chemarin et al., Nucl.
Instr. and Meth. A 349 (1994) 345; L3 Collaboration, M.
Acciarri et a., Nucl. Instr. and Meth. A 351 (1994) 300; L3
Collaboration, A. Adam et a., Nucl. Instr. and Meth. A 383
(1996) 342.

[16] K. Hagiwara et al., Nucl. Phys. B 282 (1987) 253.

[17] S. Jadach et a., hep-ph/9912214, Comp. Phys. Comm.
accepted.

[18] S. Jadach, B.F.L. Ward, Z. Was, Comp. Phys. Comm 79
(1994) 503.

[19] F.A. Berends, R. Kleiss, R. Pittau, Nucl. Phys. B 424 (1994)
308; Nucl. Phys. B 426 (1994) 344; Nucl. Phys. (Proc.
Suppl.) B 37 (1994) 163; R. Kleiss, R. Pittau, Comp. Phys.
Comm. 85 (1995) 447; R. Pittau, Phys. Lett. B 335 (1994)
490.

[20] F.A. Berends, P.H. Daverfelt, R. Kleiss, Nucl. Phys. B 253
(1985) 441; Comp. Phys. Comm. 40 (1986) 285.

[21] S. Jadach, W. Placzek, B.F.L. Ward, hep-ph/9608412; S.
Jadach et a., Event Generators for Bhabha Scattering, in: G.
Altarelli, T. Sjostrand, F. Zwirner (Eds.), Physics at LEP2,
CERN, Geneva, 1996, Yellow Report CERN 96-01, vol. 2,
p. 229, hep-ph/9602393.

[22] D. Karlen, Nucl. Phys. B 289 (1987) 23.

[23] The L3 detector simulation is based on GEANT Version
3.15. R. Brun et a., GEANT 3, CERN-DD/EE/84-1
(Revised), 1987. The GHEISHA program (H. Fesefeldt,
RWTH Aachen Report PITHA 85/02 (1985)) is used to
simulate hadronic interactions.

[24] M. Diehl, O. Nachtmann, Z. Phys. C 62 (1994) 397.



