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Abstract

We search for anomalous ZZ and Z couplings with the L3 detector at LEP.

The analysis is based on the study of the process e+e� ! Z at center-of-mass

energies in the range 161 GeV <
p
s < 183 GeV. No evidence for anomalous e�ects

is found. Limits at the 95% con�dence level are set on the values of the eight possible

anomalous couplings. Depending on the type of coupling new physics scales below

213 GeV to 1083 GeV are excluded.
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1 Introduction

Deviations from the Standard Model expectation in the process e+e� ! Z are a clear sign

of new physics [1, 2]. E�ects arising from ZZ and Z couplings are extremely small in the

Standard Model [1, 3], but can be enhanced in compositeness models [4, 5] or if new particles

enter in higher order corrections. The Standard Model cross section decreases rapidly as a

function of the center-of-mass energy whereas anomalous contributions do not. The fact that

the Z boson and the photon are produced far above threshold at current LEP energies is an

additional advantage in sensitivity with respect to Z pole energies and with respect to other

anomalous triple boson couplings [6]. Previous limits on ZZ and Z anomalous couplings

have been published by the Tevatron [7{9] and LEP [10, 11] experiments.

The e+e� ! Z Standard Model process at lowest order takes place through electron-

exchange in the t-channel. For a collision in the center-of-mass reference frame the photon

is emitted with an energy E =
p
s

2
(1 � m2

Z

s
), where

p
s is the energy of the collision. The

main experimental signature of the e+e� ! Z process is thus the production of an almost

monoenergetic photon of very high energy.

Anomalous ZZ and Z couplings would manifest themselves as a global enhancement of

the number of Z events, especially when the photon is emitted at large angles with respect

to the beam axis. Another anomalous e�ect is an excess in the number of longitudinally

polarized Z bosons, which inuences the angular distributions of the fermions. CP-violating

couplings may produce asymmetric angular distributions. In particular, an asymmetric polar

angle distribution of the photon would be a direct signal of CP violation [12, 13].

In the following analysis the most sensitive channels, e+e� ! q�q() and e+e� ! ���(),

are used to set limits on anomalous ZZ and Z couplings. The data sample collected with

the L3 detector [14] comprises an integrated luminosity of 74 pb�1 at center-of-mass energies

between 161 GeV and 183 GeV.

2 Event selection

The selection of Z events requires the presence of an energetic photon in the event. This

photon is identi�ed as a cluster in the BGO calorimeter with more than 90% of its energy

deposited in a 3� 3 crystal matrix and satisfying 80 GeV < (s� 2E

p
s)1=2 < 110 GeV.

This requirement ensures a recoil against a system of invariant mass consistent with a Z.

It implies photon energies between 43 GeV and 74 GeV for the center-of-mass energy range

covered by this analysis. Speci�c cuts for q�q and ��� events are presented in the following

subsections.

In the estimation of signal and background processes the following Monte Carlo generators

have been used: PYTHIA [15] for e+e� ! q�q(), e+e� ! Z=�  ! q�q, KORALZ [16]

for e+e� ! ���(), EXCALIBUR [17] for e+e� ! q�q`�, e+e� ! e�e`�`, PHOJET [18] for

e+e� ! e+e� hadrons and BHAGENE [19], TEEGG [20] for e+e� ! e+e�(). All generated

events are passed through a simulation of the L3 detector response [21] and through the same

analysis program used for the data. The detector response as a function of time is taken into

account.
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p
s( GeV) L (pb�1) � (%) Events � (pb) �SM (pb)

161 9.95 37.0 � 0.6 117 30.2 � 3.0 27.6

170 0.97 33.4 � 0.5 7 20.4 � 7.1 25.0

172 8.48 35.1 � 0.6 59 18.7 � 2.3 23.3

183 55.30 30.9 � 0.2 410 22.3 � 1.2 21.6

Table 1: Measured cross sections � of the process e+e� ! q�q() at center-of-mass energies in

the range 161 GeV to 183 GeV. L indicates the integrated luminosity. Quoted cross sections and

acceptances � correspond to generated events with one radiated photon with energy greater than

20 GeV and a polar angle in the range 5� < � < 175�. The Standard Model cross sections [15]

�SM are listed in the rightmost column.

2.1 Selection of e+e� ! q�q() events

In addition to the presence of a photon recoiling to the Z, high multiplicity and energy-

momentum balance are required to select e+e� ! q�q() events:

� The polar angle of the photon must satisfy 14� < � < 166�.

� The number of tracks in the event must be greater than 6 and the number of calorimetric

clusters must exceed 11.

� The transverse and longitudinal energy imbalances in the event must be less than 15%

and 20% of the visible energy, respectively.

With these criteria 593 events are selected in the center-of-mass energy range from 161 GeV

to 183 GeV. The acceptance of these cuts is estimated with the PYTHIA Standard Model

e+e� ! Z=�  ! q�q generator [15]. Due to the redundancy of multiplicity and energy

triggers, the trigger ine�ciency is estimated to be negligible.

Two backgrounds were found to have a non-negligible contribution: a) e+e� ! q�q e �, where

the electron fakes a photon, giving a 1:5% contamination in the data sample and b) e+e� !
q�q() events, mainly due to misidenti�ed �0 which contribute 0:5%. Using the measured

luminosities, the number of selected events and the estimated acceptance we obtain the cross

sections shown in Table 1. The quoted cross sections and acceptances correspond to generated

events with at least one radiated photon with energy greater than 20 GeV and its polar angle in

the range 5� < � < 175�. The measured cross sections are in agreement with the expectations

from the Standard Model.

Figures 1a and 1b show the recoiling mass distribution and the polar angle of the photons,

respectively. The distribution of the thrust polar angle of the q�q system in its rest frame is

shown in Figure 2a. The distribution of the q�q invariant mass, shown in Figure 2b, is consistent

with the value of the Z mass and with the calorimetric resolution of the L3 detector. Good

agreement between data and Standard Model is observed.

2.2 Selection of e+e� ! ���() events

In addition to the presence of a photon the selection criteria for the e+e� ! ���() channel

take into account low multiplicity, large energy imbalance, rejection of cosmic rays and the

absence of charged tracks in the event:
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p
s( GeV) L (pb�1) � (%) Events � (pb) �SM (pb)

161 10.32 28.5 � 0.7 31 10.5 � 2.2 8.2

170 0.99 28.2 � 0.7 1 3.6 � 2.6 7.0

172 8.79 28.7 � 0.7 22 8.7 � 2.1 6.9

183 52.55 31.9 � 0.4 99 5.9 � 0.6 5.5

Table 2: Measured cross sections � of the process e+e� ! ���() at center-of-mass energies in

the range 161 GeV to 183 GeV. L indicates the integrated luminosity. Quoted cross sections and

acceptances � correspond to generated events with one radiated photon with energy greater than

20 GeV and its polar angle in the range 5� < � < 175�. The Standard Model cross sections [16]

�SM are listed in the rightmost column.

� The polar angle of the photon must satisfy 16� < � < 164�.

� The number of reconstructed tracks in the event must be zero and the number of calori-

metric clusters cannot exceed 10. The number of hits collected in the tracking chamber

associated to a calorimetric cluster must not exceed 40% of the expected number of hits

for a charged track.

� The transverse and total energy imbalances in the event must be greater than 20% and

95% of the visible energy, respectively.

� The scintillator counters should provide signals in coincidence with the beam crossing

time and should be associated to calorimetric clusters.

With these requirements 153 events are selected in the range from 161 GeV to 183 GeV.

The acceptance of these cuts is estimated with the KORALZ Standard Model e+e� ! ���()

generator [16]. The trigger e�ciency is estimated to be above 99.7%.

All possible sources of background have been found to be negligible. Measured cross sections

within the �ducial region de�ned in the previous section for the q�q sample are shown in Table

2. They are in agreement with the expectations from the Standard Model. Figures 3a and 3b

show the distributions of the recoil mass and the polar angle of the photons, respectively. Good

agreement between data and Standard Model Monte Carlo is observed.

3 Anomalous ZZ and Z couplings

The most general Lorentz invariant vertex functions in the presence of anomalous couplings are

given in reference [22]. Deviations from the Standard Model are quanti�ed in terms of eight

anomalous couplings: hVi (i = 1; 4;V = ;Z), where a V superscript identi�es a ZV  anomalous

coupling. Compared to the Standard Model, all anomalous contributions to the cross section

increase rapidly with the center-of-mass energy. In addition, hV1 and hV2 lead to CP-violating

e�ects. In the Standard Model all eight couplings hVi are zero at tree level. At one loop level,

only the CP conserving couplings hV3 and hV4 are nonzero and of order 10�4 [1, 3].

An alternative choice of parameters is the following [12]:
p
� hVi
m2

Z

� 1

�2
iV

; i = 1; 3 (1)

p
� hVi
m4

Z

� 1

�4
iV

; i = 2; 4 (2)
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In general, Lagrangians of dimension N lead to couplings ��(N�4). The couplings hV1 and

hV3 receive contributions from operators of dimension 6, whereas hV2 and hV4 originate from

operators of at least dimension 8 [22]. Limits on hVi and �iV are presented in the following

subsections.

Due to unitarity constraints, the anomalous couplings hVi cannot get arbitrarily large values

and should vanish in the limit s!1 [2,23]. For experiments with variable s in the elementary

collisions, a conventional choice for large values of the center-of-mass energy is to assume the

following form-factor dependence [2, 7{9]:

hVi =
hVi0

(1 + s
�2 )3

; i = 1; 3 (3)

hVi =
hVi0

(1 + s
�2 )4

; i = 2; 4 (4)

Form factors are not necessary in the case of e+e� colliders under the assumption that the

scale of new physics, �, is above the energy of the collision,
p
s. We will therefore assume

hVi � hVi0. In this way results are model independent and we also avoid hypotheses on the

unknown behaviour when approaching energies close to the new physics scale � [24]. Limits on

hVi0 for the scale � = 750 GeV are determined below for comparison with other experiments.

3.1 Analysis procedure

A e+e� ! f�f event is described by the following �ve phase space variables: the photon energy

E , its polar and azimuthal angles � , � , and the angles of the fermion f in the center-of-

mass frame of the Z system: �CMf , �CMf . The Z system is de�ned by a boost along the photon

direction, with velocity:

vZ =
pZ

EZ

=
Ep
s� E

(5)

We compute the Standard Model amplitude MSM and the anomalous coupling amplitudes

MAC(hVi ), (i = 1; 4; V = ;Z) of the process e+e� ! f�f following the formalism used in

reference [22]. E�ective Z couplings, non-resonant contributions like e+e� ! �  ! f�f and t-

channel W-exchange corrections in e+e� ! �e��e are also taken into account. Our calculations

are in good agreement with those of reference [2]. Distributions in the presence of anomalous

couplings can be obtained from the corresponding Standard Model distributions at generator

level by reweighting every event by the scale factor w(E; � ; �; �
CM
f ; �CMf ; hVi ):

w(E; � ; �; �
CM
f ; �CMf ; hVi ) =

j (MSM +MAC)(E ; �; �; �
CM
f ; �CMf ; hVi ) j2

j MSM(E; � ; �; �
CM
f ; �CMf ) j2 (6)

Additional initial state radiation e�ects are taken into account by evaluating the expression at

the center-of-mass of the Z system. Monte Carlo studies show that the energy of additional

photons is in most cases within the Z width and that changes in the event kinematics are not

relevant.

The reweighting procedure is applied on reconstructed variables since the angular and energy

detector resolutions do not modify signi�cantly the ratio (6). For the e+e� ! ���() case,

the neutrino angular variables need to be integrated out in both numerator and denominator.

For the e+e� ! q�q() process, the angles �CMf and �CMf are substituted by the angles of the
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thrust axis in the Z center-of-mass frame and the square of the amplitudes is symmetrized

under the interchange q $ �q. The e�ect of this angle substitution is similar to the one studied

in reference [25]. Compared to the present accuracy of the measurement, the possible bias on

the �nal result is negligible.

Using the variables from the data sample allows the use of unbinned maximum-likelihood

�ts in the �ve-dimensional phase space. In order to quantify the possible contributions due

to the anomalous couplings, we determine the value of a given anomalous coupling hVi that

maximizes the following likelihood function:

L(hVi ) =
N(hVi )

N

o exp(�N(hVi ))

No!

NoY

j=1

wj(Ej; �j; �j; �
CM
fj ; �CMfj ; hVi )

N(hVi )
(7)

where, for each center-of-mass energy, No is the number of observed events and N(hVi ) is

the number of expected events, determined by reweighting a large Monte Carlo sample. The

expression wj=N(hVi ) is proportional to the probability density of the event j.

The systematic e�ect due to the use of reconstructed energies and angles is estimated on

the Monte Carlo sample by using reconstructed values instead of the generated ones. The

uncertainty on E changes the values of hVi by less than 0.02, due to the good L3 resolution

and to the soft dependence of the weights wj on E . The bias due to the angular resolution for

jets and photons is found to be an order of magnitude less signi�cant.

4 Results

4.1 Limits on hV
i

The data are found to be consistent with Standard Model expectations and hence with the

absence of anomalous couplings. When studied independently, both q�q and ��� samples

lead to the same conclusion. Most of the sensitivity to anomalous couplings comes from the

q�q channel alone, which has more statistics. The 95% con�dence level (CL) limits on the

parameters hVi from all q�q and ��� samples at center-of-mass energies between 161 GeV and

183 GeV are shown in Table 3.

95% CL Limits 95% CL Limits, � = 750 GeV

�0:54 < hZ1 < 0:17 �0:64 < hZ10 < 0:20

�0:11 < hZ2 < 0:37 �0:13 < hZ20 < 0:47

�0:50 < hZ3 < 0:36 �0:60 < hZ30 < 0:42

�0:12 < hZ4 < 0:39 �0:15 < hZ40 < 0:50

�0:25 < h

1 < 0:23 �0:30 < h


10 < 0:28

�0:18 < h

2 < 0:18 �0:23 < h


20 < 0:23

�0:33 < h

3 < 0:01 �0:39 < h


30 < 0:06

�0:02 < h

4 < 0:24 �0:02 < h


40 < 0:30

Table 3: Limits on the anomalous ZZ and Z couplings obtained by combining the processes

e+e� ! q�q() and e+e� ! ���() at center-of-mass energies between 161 GeV and 183 GeV.

The second column is obtained assuming form factors for a scale � = 750 GeV (equations 3

and 4). In all �ts, only one parameter is varied while the others are kept at zero.

The following sources of systematic errors are investigated:
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� The bias due to the use of reconstructed angles and energies in the likelihood �t is

estimated to be less than 0.02 (see section 3 above), both for the q�q and ��� samples.

� E�ects due to misidenti�cation of the photon in q�q events are studied on a large Monte

Carlo sample of Z ! q�q events. It is found to be 0.01.

� The contamination of q�qe� events in q�q events is studied by introducing a 1.5% back-

ground on the Monte Carlo signal. It changes the �t results by 0.02.

� An imperfect simulation of the detector could produce a bias in the analysis. The e�ect is

estimated to be below 0.02 by comparing the di�erences introduced when the simulation

is done neglecting all detector imperfections.

All these numbers are negligible compared to our present statistical sensitivity and do not

a�ect the limits presented.

4.2 Two-dimensional �ts

We have performed two-dimensional �ts for several pairs of anomalous couplings, keeping the

other six parameters �xed at zero. Allowed regions at the 95% CL are shown in Table 4. Within

pairs of the same CP parity, (hV3 ; h
V
4 ) or (hV1 ; h

V
2 ), the correlations are found to be strong. The

two-dimensional 95% limit contours for these pairs are shown in Figures 4 and 5. We also show

the limit obtained by D0 [9] for a value � = 750 GeV.

Other two-dimensional �ts show smaller correlations. This feature is con�rmed by studies

of Monte Carlo samples generated with non-zero CP-violating couplings. It indicates that

CP-violating and CP-conserving e�ects, if present, can be disentangled.

4.3 Limits on new physics scales

We interpret our data in terms of physics scales using formulae (1) and (2), substituting the

new parametrizations in the likelihood function (7). The results of the �t are shown in Table

5, together with the lower limits at the 95% CL on scales of new physics. To determine the

con�dence levels the probability distribution is normalized over the physically allowed range of

the parameters (� > 0) [26].

5 Conclusions

We have performed a search for anomalous ZZ and Z couplings at LEP using the process

e+e� ! ���() and, for the �rst time, the process e+e� ! q�q(). The analysis method

exploits the full sensitivity of the di�erential cross section in both channels. Within this ap-

proach CP-violating e�ects are expected to be largely uncorrelated with CP-conserving ones

and then, if present, distinguishable. No evidence for anomalous couplings is found. This result

is quanti�ed in a set of limits.

These limits are comparable in sensitivity to the limits obtained at the Tevatron [8,9]. Since

there is no need of energy-dependent form factors at e+e� colliders, our limits are independent

of the coupling behaviour at energies larger than
p
s. We exclude new physics scales below 213

GeV to 1083 GeV, depending on the type of anomalous coupling.
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Fitted Lower Upper Correlation

Parameter value limits limits coe�cient

hZ1 �0:24 �1:06 0.99 0.93

hZ2 0:02 �0:61 0.78

hZ3 0:58 �0:68 1.25 0.81

hZ4 0:50 �0:34 0.97

h

1 �0:11 �0:72 0.63 0.96

h

2 �0:09 �0:55 0.49

h

3 �0:26 �0:72 0.54 0.95

h

4 �0:06 �0:45 0.48

hZ1 �0:27 �0:60 0.28 �0:05

h

1 0:03 �0:27 0.28

hZ2 0:16 �0:17 0.42 �0:04

h

2 �0:02 �0:21 0.20

hZ3 �0:02 �0:50 0.46 �0:25

h

3 �0:18 �0:36 0.08

hZ4 0:13 �0:23 0.41 �0:30

h

4 0:11 �0:07 0.26

hZ1 �0:25 �0:60 0.28 �0:24

hZ3 �0:13 �0:55 0.43

hZ2 0:14 �0:17 0.40 �0:21

hZ4 0:16 �0:21 0.43

h

1 �0:00 �0:27 0.25 0.04

h

3 �0:18 �0:36 0.06

h

2 �0:00 �0:20 0.20 0.02

h

4 0:12 �0:06 0.26

Table 4: Allowed regions at 95% CL for two-dimensional likelihood �ts. In every �t all other

six parameters are kept at zero.

Parameter Fitted Value Sensitivity

�1Z
1

�2

1Z

= (�0:27� 0:17)� 10�5 �1Z > 703 GeV

�2Z
1

�4

2Z

= (+0:20� 0:15)� 10�9 �2Z > 218 GeV

�3Z
1

�2

3Z

= (�0:18� 0:21)� 10�5 �3Z > 571 GeV

�4Z
1

�4

4Z

= (+0:22� 0:15)� 10�9 �4Z > 213 GeV

�1
1

�2

1

= ( 0:00� 0:12)� 10�5 �1 > 636 GeV

�2
1

�4

2

= ( 0:00� 0:12)� 10�9 �2 > 255 GeV

�3
1

�2

3

= (�0:19� 0:09)� 10�5 �3 > 1082 GeV

�4
1

�4

4

= (+0:15� 0:08)� 10�9 �4 > 244 GeV

Table 5: Limits on new physics scales producing anomalous ZZ and Z couplings. Fitted

values and limits are obtained by combining the processes e+e� ! q�q() and e+e� ! ���()

at center-of-mass energies between 161 GeV and 183 GeV. In all �ts, only one parameter is

varied while the others are kept at zero.
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Figure 1: Distributions of a) the mass recoiling against the photon Mrec = (s� 2E

p
s)1=2 and

b) the polar angle of the photon in e+e� ! q�q() events. Dots are data and the histograms

are the Standard Model Monte Carlo prediction.
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Figure 2: Distributions of a) the polar angle distribution of the hadronic thrust axis ��th and

b) the measured invariant mass Mq�q in e+e� ! q�q() events. The thrust angle is measured

in the rest frame of the q�q system, de�ned by a boost along the photon direction with velocity

vZ = E=(
p
s� E). 14
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2 . The Standard Model prediction is indicated by the dot.
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Figure 5: Contours at the 95% CL for the CP-conserving coupling parameters, hZ3 versus hZ4
and h


3 versus h


4 . For comparison the results obtained by D0 assuming form factors with

� = 750 GeV [9] are also shown. The Standard Model prediction is indicated by the dot.
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