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Constraints on the anomalousZgg and ZZg vertices at Next Linear Collider energies

R. Walsh* and A. J. Ramalho†

Instituto de Fı´sica, Universidade Federal do Rio de Janeiro, Caixa Postal 68528, Ilha do Funda˜o,
21945-970 Rio de Janeiro, RJ, Brazil

~Received 18 August 1997; revised manuscript received 16 December 1997; published 23 March 1998!

We study the effect of anomalousCP-conserving gauge boson couplings of theZgg andZZg vertices on
the reactione1e2→gZ*→gm1m2 at NLC energies. Limits on these trilinear couplings are obtained at the
95% confidence level for different form factor scales, assuming that any other neutral gauge boson couplings
vanish at the tree level.@S0556-2821~98!00309-9#

PACS number~s!: 12.60.Cn, 12.15.Ji
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I. INTRODUCTION

An important goal of the next generation of lineare1e2

colliders @Next Linear Collider~NLC!# is to search for pos-
sible deviations from the standard model of electroweak
teractions. Several collaborations are currently studying
physics potential and developing feasible designs for th
machines at test facilities. In particular, these colliders w
be very useful to investigate both the form and strength
the self-interactions of the electroweak gauge bosons, w
are determined in the standard model by an underly
SU(2)3U(1) gauge symmetry. Any deviation of these co
plings from their standard model values would point to n
physics. Anomalous gauge boson couplings have been ex
sively discussed in the literature@1#. Although the structures
of the WWg andWWZ vertices have received the most a
tention, some theorists have emphasized the importanc
measuring neutral boson self-couplings@2,3#, and over the
last years, considerable effort has been made by experim
talists to search for anomalousZgg and ZZg couplings
@4,5#.

In this paper we analyze theCP-conserving structure o
theZgg andZZg vertices through the differential cross se
tions for the processe2e1→gZ*→gm1m2 at NLC c.m.
energy As5500 GeV and an integrated luminosity o
10 fb21. The most general Lorentz and gauge invaria

FIG. 1. Neutral boson trilinear vertices.
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CP-conservingZZg vertex in momentum space is given b
@3#

VZgZ
abm~k,p,q!5 ie

q22k2

MZ
2 S h3

Z«mabrpr1
h4

Z

MZ
2

«mbrsqaqrpsD .

The index assignments and momentum flow are represe
in Fig. 1. The correspondingZgg vertex can be obtained
from the expression above by the substitutionsq22k2→q2

andh3,4
Z →h3,4

g . The anomalous couplingsh3
V andh4

V , where
V5g,Z, are form factors which vanish at asymptotical
high energies. Following Ref.@3#, we take these energy
dependent anomalous couplings to have the dipole form

hi
V~q2!5

hi0
V

~11q2/L2!ni
, i 53,4, V5g,Z,

where n353 and n454. L is some large energy scal
around which the new nonstandard physics would set in.
bounds on the anomalousZgg and ZZg couplings estab-
lished by the D0 Collaboration at the Fermilab Tevatronpp̄
Collider are the most stringent experimental limits curren
available@5#. For a form factor scaleL5750 GeV and com-
bining the decay modesZ→mm,ee,nn, the 95% C.L. limits
are uh30

g u,0.45, uh40
g u,0.06, uh30

Z u,0.44, anduh40
Z u,0.06.

FIG. 2. Feynman diagrams of the processe2e1→g,
Z*→gm1m2.
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II. CROSS SECTIONS AND LIMITS

In order to find distributions most sensitive to anomalo
Zgg and ZZg couplings, we carried out a Monte Car
simulation of the processe2e1→gZ*→gm1m2. The rel-
evant Feynman diagrams are shown in Fig. 2. The co
sponding amplitudes were written in a form suitable for n
merical evaluation. For the electroweak parameters we u
sin2uW50.23, MZ591.187 GeV, GZ52.49 GeV, and
a(MZ

2)51/128. To take into account typical detector acce
tances, we imposed a 5 GeV cut on the energy of the fina
state photon, and required that the photon emerge wi
polar angleug , measured with respect to the direction of t
incoming electron beam, in the range 5°,ug,175°. Figure
3 shows the total cross section of the process under dis
sion, as a function of the center-of-mass energy.
As5500 GeV the total event rates for models with anom
lous couplings are comparable to the rate in the stand
model, corresponding to a total number of events of the or
of 103 for a conservative integrated luminosity of 10 fb21.
Several kinematical distributions were calculated and
transverse momentum distribution of the photon was fou
to be the most sensitive to the anomalous couplings. In g
eral, the distributions are more sensitive toh4

V than toh3
V .

Figure 4 shows the transverse momentum distribut
ds/dxT in terms of the scaled variablexT[2kT /As, where
kT is the photon transverse momentum, both for the stand
model and for anomalous couplings. All nonstandard dis
butions were calculated withL51.5 TeV. The curves show
a peak aroundxT;0.1, which corresponds to contribution
from those events in which an energetic photon comes
with small angles. The position of this peak is determin
basically by the angular cut. The deviations from the st
dard model increase for moderate and large values of
photon transverse momentum, the more so in the presen
nonzero form factorsh4

V . In fact, at the energyAs5500 GeV
the sensitivity ofds/dxT to h3

V and h4
V depends essentiall

on the regionxT*0.8, and is not reduced by a more stringe
cut at the lower end of thexT spectrum.

FIG. 3. Dependence of the total cross section on the c.m. en
As, for an input scaleL51.5 TeV. Curve~a! represents the stan
dard model prediction, while curves~b! and ~c! correspond to the
anomalous couplings (h30

V ,h40
V )5(1022,0) with V5Z and

V5g, respectively. Curves ~d! and ~e! correspond to
(h30

V ,h40
V )5(0,1023) with V5Z andV5g, respectively.
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From the photon transverse-momentum spectra the co
dence intervals for the form factors were determined by ax2

analysis. ThexT interval was divided intonB56 bins and the
x2 function defined as

x25(
i 51

nB S Ni
SM2Ni

AN

DNi
SM D 2

,

whereNi
SM and Ni

AN stand for the number of events in th
i th bin predicted by the standard model and in t
presence of anomalous couplings, respectively,
DNi

SM5ANi
SM1(Ni

SMd)2 represents the corresponding st
tistical and systematic errors added in quadrature. We c
sidered a systematic errord52% for a measurement.

FIG. 5. 95% C.L. contours in theh30
g 2h40

g andh30
Z 2h40

Z planes
both for L51.5 TeV andL50.5 TeV.

gy FIG. 4. Transverse momentum distribution for the photon,
an input scaleL51.5 TeV. ~a! represents the standard model pr
diction, while ~b! and ~d! correspond to the anomalous couplin
(h30

V ,h40
V )5(331022,0) with V5Z and V5g, respectively.

Curves ~c! and ~e! correspond to (h30
V ,h40

V )5(0,331023) with
V5Z andV5g, respectively.
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TABLE I. 95% C.L. bounds on the form factors forL50.5 TeV andL51.5 TeV. ~a! Concerns the
correlated limits derived from Fig. 5,~b! the correlated limits in the presence of both theZgg andZZg ~Figs.
6 and 7!, and~c! the one-degree-of-freedom constraints on the form factors.

Coupling L51.5 TeV L50.5 TeV

~a!

h30
g 25.8331022 15.9531022 23.4131021 13.4931021

h40
g 24.5331023 14.7731023 24.7831022 15.0331022

h30
Z 21.0131021 19.8631022 25.9131021 15.7531021

h40
Z 28.1131023 17.7331023 28.5131022 18.1231022

~b!

h30
g 21.4031022 11.4031022 28.2431022 18.1731022

h40
g 21.1031023 11.1131023 21.1531022 11.1631022

h30
Z 22.2431022 12.4631022 21.3131021 11.4431021

h40
Z 21.9531023 11.7631023 22.0331022 11.8431022

~c!

h30
g 21.2131022 11.1231022 27.0731022 16.5331022

h40
g 28.7531024 19.5131024 21.1131022 11.0031022

h30
Z 21.8931022 12.1031022 21.1031021 11.2331021

h40
Z 21.6531023 11.4831023 21.7331022 11.5531022
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First, we obtained theh30
V 2h40

V confidence regions for the
case where anomalous couplings arise either from theZgg
or from theZZg vertex. Figure 5 shows the 95% C.L. e
lipses in theh30

g 2h40
g andh30

Z 2h40
Z planes, both forL50.5

TeV andL51.5 TeV. Clearly, the sensitivity of the trans
verse momentum distribution to variation inh30

V andh40
V in-

creases withL. The correlated bounds derived from Fig.
are displayed in section~a! of Table I. We also computed
kinematic distributions using longitudinally polarized ele
tron beams and determined the 95% C.L. exclusion conto

FIG. 6. 95% C.L. contours for pairs of form factors, one
which comes from theZgg vertex while the other comes from th
ZZg for a scaleL51.5 TeV. The (6) signs beside the long el
lipses refer to the helicity of the incoming electrons.
rs

thereof. Considering the occurrence of only one anomal
vertex ~either Zgg or ZZg), the gains in sensitivity were
negligible and the 95% C.L. ellipses were found to be ess
tially the same as those in Fig. 5.

Next we analyzed the pairwise correlated limits for co
plings arising from theZgg andZZg vertices. In Figs. 6 and
7 the central ellipses result from the photonxT distribution
with unpolarized electron beams, whereas the larger ellip
were obtained from polarizedxT distributions. Here one see
that longitudinally polarized electron beams can be usefu
constrain even further the allowed regions in the param
spaces. The simultaneous presence ofZgg andZZg vertices
gives rise to important interference terms whose contri

FIG. 7. Same as Fig. 6 but for a form factor scaleL50.5 TeV.
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tions roughly cancel out in the unpolarized cross sectio
For definite-helicity electron beams, however, some of th
interference contributions survive, leading to the oblique
lipses in Figs. 6 and 7. The correlated bounds that result f
Figs. 6 and 7 are shown in section~b! of Table I. We also
varied each form factor, while keeping all the others at th
standard model values. These individual 95% C.L. c
-
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-
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e
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-

straints are presented in section~c! of Table I. They are at
least one order of magnitude more restrictive than the pre
experimental bounds.
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