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Experimental effects of the off-shell structure in anomalous neutral triple gauge vertices
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CERN, 1211 Gene`ve 23, Switzerland
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We discuss differences between on-shell and off-shell treatments in the search for anomalous neutral triple
gauge couplings ine1e2 collisions. We find that the usual on-shell framework represents an optimal starting
point, covering all scenarios in which a reasonable experimental sensitivity is expected. We show that off-shell

effects lead to negligible deviations at the experimental level, provided thate1e2→ f f̄ g ande1e2→ f f̄ f 8 f̄ 8

analyses are performed in regions whereZ* → f f̄ , f 8 f̄ 8 production is dominant. For consistency reasons, we
advocate the use of a natural extension of the on-shell definitions, which takes into account the correct off-shell
dependences. Contrary to what has been recently suggested in the literature, we find that no
SU(2)L3U(1)Y constraints among neutral triple gauge couplings can be imposed in a general case.

DOI: 10.1103/PhysRevD.65.075020 PACS number~s!: 12.60.Cn, 13.10.1q, 13.38.Dg
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INTRODUCTION

The measurement of triple gauge boson couplings is
of the main items in the physics program of present a
future colliders@1#. In this context, anomalous neutral trip
gauge couplings~NTGC!, which are not present in the stan
dard model~SM! at the tree level, constitute an interestin
possibility for new physics@2#. Fermilab Tevatron@3,4# and
CERN e1e2 collider ~LEP! experiments@5–8# have carried
out systematic searches forZVV couplings, whereV denotes
any of the two SM neutral gauge bosons (Z or g).

Recently it has been claimed@9,10# that off-shell effects
in anomalous couplings cannot be ignored, and that the s
trum of possible coupling structures may be larger. L
analyses on the search for anomalous off-shell coupli
have followed@6#. The aim of this paper is to clarify the
situation concerning the different NTGC sets and conv
tions, and the implications of these choices on present
perimental limits.

The study is organized as follows. The first section int
duces the usual convention employed in the search
anomalous NTGCs. Next we present a general discussio
NTGCs arising at the lowest order inAs/L, whereL repre-
sents the scale of new physics. A new convention for
NTGC structures will be suggested at this stage. It will
shown that the new convention should lead to no change
present experimental results@3–8#. A different approach will
be used in order to build up the off-shell dependences for
remaining ~higher order! NTGCs. The study will be com-
pleted with a short discussion on the experimental con
quences of imposingSU(2)L3U(1)Y SM symmetry con-
straints. The conclusions are presented in the last sectio

THE STANDARD CONVENTION: ON-SHELL
ANOMALOUS COUPLINGS

The usual definition of anomalous NTGCs is obtain
from the vertex structures~see Fig. 1!:
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GZgV
abm5 ie

qV
22mV

2

mZ
2 H h1

V~qg
mgab2qg

agbm!

1h2
V

qV
a

mZ
2 ~qgqVgbm2qg

mqV
b!1h3

Veabmrqgr

1h4
V

qV
a

mZ
2

embrsqVrqgsJ ~1!

for the e1e2→Zg case, and

GZ1Z2V
abm 5 ie

qV
22mV

2

mZ
2 $ f 4

V~qV
agbm1qV

bgma!

1 f 5
Veabmr~qZ1r2qZ2r!% ~2!

for thee1e2→ZZ case. The momenta of the particles in t
vertex are denoted byqV ~ingoing! andqZ ,qg ,qZ1

,qZ2
~out-

going!. The electromagnetic coupling,e5A4pa, and theZ
mass,mZ , appear as arbitrary constant factors.

FIG. 1. Anomalous vertex structures forZgV ~left! and ZZV
~right! anomalous couplings.
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The anomalousZgV couplingsh1
V ,h2

V (V5Z,g) corre-
spond toCP violating terms, whereash3

V ,h4
V are related to

CP conserving ones. The anomalousZZV couplingsf 4
V lead

to CP violating interactions, whereasf 5
V are associated to

CP conserving structure. All terms violate charge conjug
tion.

Both parametrizations were proposed for the first time
@11#. For thee1e2→Zg case, the original proposal had to b
modified @12# ~an extrai factor was included! in order to
work with Hermitian Lagrangians for real values of th
anomalous couplings.

The previous vertex expressions are the most general
preserving Lorentz and electromagnetic gauge invarian
assuming that the bosons in the final state are on shell. Le
comment on some features related to the arbitrary factor
the convention:

The strength of the coupling is assumed to be electrom
netic, but it should be substituted in general by a couplingg,
of order one:

e→gA4p.

h1
V ,h3

V , f 4
V , f 5

V are accompanied by amZ
22 factor. They cor-

respond to vertices arising from Lagrangians of dimens
six or higher. It is convenient to reinterpret them in terms
the new physics scaleL:

e

mZ
2
→ gA4p

L2
.

h2
V ,h4

V are accompanied by amZ
24 factor, and only appea

via Lagrangian terms of dimension eight or higher. Similar
the previous case, themZ

24 dimensional factor could be sub
stituted byL24:

e

mZ
4
→gA4p

L4
.

Since this is just a matter of convention, adopted by
experiments until now, we are not proposing a redefinition
terms of scales of new physics. We just point out that if
sensitivities toh1

V ,h3
V and h2

V ,h4
V at center-of-mass energie

As*mZ turn out to be quite similar this is an artifact of th
mZ

2 factors in the convention. The actual sensitivity to t
new physics scaleL is reduced in general for the highe
dimension terms associated withh2

V ,h4
V .

In general, all these couplings behave as complex fo
factors, with a dependence onAs. That is the case of the SM
and of the minimal supersymmetric standard model~MSSM!
close to the electroweak scale@2,10#. In the case of new
physics at a scaleL@As the imaginary parts andAs depen-
dences can be ignored, since they are suppressed by po
of (s/L2)n.
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OFF-SHELL COUPLINGS

At the lowest dimension~six!, only the following opera-
tors contain sensible1 ZVV vertex information:

O 6
A5Z̃mn~]rZrm!Zn ~3!

O 6
B5F̃mn~]rZrm!Zn ~4!

O 6
C5Z̃mn~]rFrm!Zn ~5!

O 6
D5F̃mn~]rFrm!Zn ~6!

Õ6
A5Zmn~]rZrm!Zn ~7!

Õ6
B5Fmn~]rZrm!Zn ~8!

Õ6
C5Zmn~]rFrm!Zn ~9!

Õ6
D5Fmn~]rFrm!Zn ~10!

whereFmn andZmn are the tensor fields associated with t
photon and the Z particle, respectively, andF̃mn

[emnrdFrd . These terms give rise to anomalous vertic
which we will parametrize as follows:

GZZZ
abm→ ie

f 5
Z

mZ
2 @q1

2eabmr~q2r2q3r!1q2
2eabmr~q3r2q1r!

1q3
2eabmr~q1r2q2r!# ~11!

GZgZ
abm→ ie

h3
Z

mZ
2 @~q3

22q1
2!eabmrq2r# ~12!

GZZg
abm→ ie

f 5
g

mZ
2 @q3

2eabmr~q1r2q2r!# ~13!

GZgg
abm→ ie

h3
g

mZ
2 @q3

2eabmrq2r2q2
2eabmrq3r# ~14!

GZZZ
abm→ ie

f 4
Z

mZ
2 @2q1

2~q1
bgma1q1

mgab!

2q2
2~q2

agbm1q2
mgab!2q3

2~q3
agbm1q3

bgma!#

~15!

GZgZ
abm→ ie

h1
Z

mZ
2 @~q3

22q1
2!~gabq2

m2gbmq2
a!# ~16!

1]mZm terms are ignored. They are only relevant for off-shell d

cays into very massive fermions, likeZ* →t t̄ @11#.
0-2
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GZZg
abm→ ie

f 4
g

mZ
2 @2q3

2~gbmq3
a1gmaq3

b!# ~17!

GZgg
abm→ ie

h1
g

mZ
2 @q2

2~q3
bgma2q3

agbm!1q3
2~q2

mgab2q2
agbm!#

~18!

where the introduction of theh1
V ,h3

V , f 4
V , f 5

V parameters will
be justified later. The~always outgoing! four-momentaqj
( j 51,3) refer to the particles appearing in the positionj of
the V1V2V3 label. The following index correspondence
assumed: 1↔a, 2↔b, 3↔m. Terms proportional toq1

a , q2
b

andq3
m are neglected.

When particles 1 and 2 are assumed to be on-shell bos
the previous expressions become

GZZZ
abm→ ie

f 5
Z

mZ
2 @~qV

22mZ
2!eabmr~q1r2q2r!# ~19!

GZgZ
abm→ ie

h3
Z

mZ
2 @~qV

22mZ
2!eabmrq2r# ~20!

GZZg
abm→ ie

f 5
g

mZ
2 @qV

2eabmr~q1r2q2r!# ~21!

GZgg
abm→ ie

h3
g

mZ
2 @qV

2eabmrq2r# ~22!

GZZZ
abm→ ie

f 4
Z

mZ
2 @~qV

22mZ
2!~gbmqV

a1gmaqV
b!# ~23!

GZgZ
abm→ ie

h1
Z

mZ
2 @~qV

22mZ
2!~gabq2

m2gbmq2
a!# ~24!

GZZg
abm→ ie

f 4
g

mZ
2 @qV

2~gbmqV
a1gmaqV

b!# ~25!

GZgg
abm→ ie

h1
g

mZ
2 @qV

2~gabq2
m2gbmq2

a!# ~26!

whereqV[2q3 ~ingoing four-momentum!.
No new terms are found when the final on-shell partic

are assumed to be 1 and 3, or 2 and 3.2 Structures~19!–~26!
exhaust all the on-shell possibilities among neutral ga

2The surviving terms differ by trivial interchanges of identic
bosons indices.
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bosons. Now the reason for introducingh1
V , h3

V , f 4
V and f 5

V

becomes evident: all terms lead to the usual convention
Eqs. ~1!,~2! in the on-shell limit. This feature was also no
ticed in @9,10#.

As commented before,h2
V andh4

V couplings do not appea
here because they are associated with Lagrangians of hi
dimension. Concerning the most general off-shell ver
structures~11!–~18!, some important comments are nece
sary:

~a! The introduction of thehj
V and f j

V couplings in this
context implies a redefinition of the convention in prese
e1e2→ZZ and e1e2→Zg analyses. However, the nex
sections will show that off-shell and on-shell expressio
lead to similar results at the experimental level.

~b! The inclusion of off-shell structures is theoretical
well motivated, but it does not imply that experiments shou
search for anomalous effects in regions with dominant o
shell boson production. The maximal sensitivity is alwa
provided by the analysis ofe1e2→Z* g→ f f̄ g and e1e2

→Z* Z* → f f̄ f 8 f̄ 8 events in the vicinity of theZ resonances,
corresponding to a sensible signal definition ofZg and ZZ
final states. There, in addition, ‘‘signal’’ statistics is high an
non-sensitive backgrounds are reduced.

~c! The standarde1e2→Zg and e1e2→ZZ analyses
cover all reasonable types of vertex structures. No additio
samples are required in order to complete a search
anomalous effects at the lowest dimension~six!. And these
terms are guaranteed to be the ones which provide the lar
effects from new physics lying above the center-of-mass
ergy of the collision:L.As.

ON-SHELL VERSUS OFF-SHELL
AT THE EXPERIMENTAL LEVEL

Comparing Eqs.~11!–~18! and Eqs.~19!–~26!, the fol-
lowing conclusions are obtained:

The on-shell and off-shell vertex functions associa
with f 5

g and f 4
g are identical.

The on-shell and off-shell vertex functions associa
with h1

g andh3
g coincide in the case of real photon productio

(q2
250), i.e., in the relevant case ofe1e2→Z* g produc-

tion.
The on-shell and off-shell vertex functions associa

with hj
Z , f j

Z differ by additive terms of order (qZ
22mZ

2)/(qV
2

2mZ
2)'mZGZ /(s2mZ

2).
Therefore, the only relevant differences between the t

sets of expressions appear forf j
Z andhj

Z . These differences
are expected to be qualitatively small, but a quantitat
statement is absolutely necessary in order to assess th
lidity of present experimental searches.

In order to quantify the effects of an off-shell treatment
present LEP results@5–8#, 100000e1e2→(Z/g)* g→ f f̄ g

and e1e2→(Z/g)* (Z/g)* → f f̄ f 8 f̄ 8 events at a center-of
mass energy ofAs5200 GeV are generated. The valu
hj

Z , f j
Z50.25,0.5,1.0,2.0 are considered. A more realistic

perimental scenario is obtained by selecting events in wh
the two-fermion invariant masses,mf f̄ , are consistent with
0-3
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J. ALCARAZ PHYSICAL REVIEW D 65 075020
the Z mass,umf f̄2mZu,10 GeV. In addition, a cut on the
polar angle of photons,ucosugu,0.9, is applied.

For thehj
Z case, the study is performed by a reweighti

procedure according to thee1e2→(Z/g)* g→ f f̄ g anoma-
lous matrix element, either under off-shell@Eqs. ~11!–~18!#
or under on-shell@11# assumptions.

A first observable sensitive to anomalous couplings is
total cross section. The relative differences between off-s
and on-shell cases are reported in Table I. These extrem
small numbers are somehow expected, since off-shell de
tions have similar sizes but different signs above and be
the Z mass.

Even if the differences in the total rate are negligib
experiments frequently combine cross section measurem
and shape information in the full phase space. A powe
way to study the effect of the differences in shape is
analyzing the mean values of the optimal observables of
process. In the general case the differential cross sectio
the presence of an anomalous couplingh can be expressed a
follows:

d2s

dO1dO2
U

h

5
d2s

dO1dO2
U

h50

~11hO11h2O2! ~27!

where the variablesO1 and O2, also known asoptimal ob-
servables, are functions of the phase space variables of
event, with no explicit dependence onh. The previous equa
tion guarantees that the maximal information onh is ob-
tained by a study of the event density as a function of
variablesO1 andO2.

For smallCP-conserving couplings,h3
Z→0, only theO1

variable contributes. In fact, in the limit of vanishing co
plings the maximal sensitivity is obtained by a simultaneo
measurement of the total cross section and of the mean v
of O1. For CP-violating couplings likeh1

Z , O1 is not the
relevant variable, sinceCP-violating and CP-conserving

TABLE I. Relative difference in the number of expected even
DN/N, between off-shell and on-shell analyses atAs5200 GeV.
Different values of thehj

Z anomalous couplings are considere
Cuts on the fermion-pair invariant mass,umf f̄2mZu,10 GeV, and
on the photon polar angle,ucosugu,0.9, are applied.

Coupling value
DN

N

h1
Z50.25 (0.960.2)31025

h1
Z50.5 (3.160.5)31025

h1
Z51.0 (0.860.1)31024

h1
Z52.0 (1.460.2)31024

h3
Z50.25 (0.360.2)31025

h3
Z50.5 (2.160.5)31025

h3
Z51.0 (0.760.1)31024

h3
Z52.0 (1.360.2)31024
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~SM! terms do not interfere.3 In this case,O2 will be consid-
ered as the sensitive quantity.

Using the mean values ofO1 andO2 as inputs, the values
for the different couplings are extracted. The difference o
served between the measurements of a couplingh using off-
shell and on-shell approaches will be denoted byDh. It
quantifies the influence of discrepancies in the shapes
phase space distributions between the two treatments. As
served in Fig. 2, the absolute differences atAs5200 GeV
never exceeduDhu50.01 in the range under study, and a
negligible when compared to the present experimental un
tainties@13#.

For the f j
Z case, the study is performed by a reweighti

3This is strictly true at the same order of perturbative expans
In practice, some interference remains due to the presence ofimZGZ

terms in the amplitudes, originating from higher order terms.

,

FIG. 2. Differences,Dh, between off-shell and on-shell mea
surements of the anomalous gauge couplingsh1

Z ~left! and h3
Z

~right!. Measurements are derived from the mean values of theO2

distribution ~for h1
Z) and of theO1 distribution ~for h3

Z). The ana-

lyzed process ise1e2→(Z/g)* g→ f f̄ g at As5200 GeV.
0-4
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EXPERIMENTAL EFFECTS OF THE OFF-SHELL . . . PHYSICAL REVIEW D 65 075020
TABLE II. Relative difference in the number of expecte
events, DN/N, between off-shell and on-shell analyses atAs
5200 GeV. Different values of thef j

Z anomalous couplings ar
considered. A cut on the relevant fermion-pair invariant mas
umf f̄2mZu,10 GeV, is applied.

Coupling value
DN

N

f 4
Z50.25 (0.660.1)31025

f 4
Z50.5 (2.160.2)31025

f 4
Z51.0 (5.860.5)31025

f 4
Z52.0 (1.160.1)31024

f 5
Z50.25 (5.460.9)31025

f 5
Z50.5 (1.760.2)31024

f 5
Z51.0 (5.360.3)31024

f 5
Z52.0 (1.560.1)31023

FIG. 3. Differences,D f , between off-shell and on-shell mea
surements of the anomalous gauge couplingsf 4

Z ~left! and f 5
Z ~right!.

Measurements are derived from the mean values of theO2 distri-
bution ~for f 4

Z) and of theO1 distribution ~for f 5
Z). The analyzed

process ise1e2→(Z/g)* (Z/g)* → f f̄ f 8 f̄ 8 at As5200 GeV.
07502
procedure according to thee1e2→(Z/g)* (Z/g)* → f f̄ f 8 f̄ 8
anomalous matrix element, either under off-shell@Eqs.~11!–
~18!# or on-shell@14# assumptions. Again, the relative diffe
ences in cross section between the two approaches
extremely small~Table II!. Similarly to thehj

Z case, the mean
values of the optimal observables give access to the value
the f j

Z couplings. The differences between off-shell and o
shell treatments due to discrepancies in the shape of
phase space distributions are denoted byD f . Figure 3 shows
that the differences never exceeduD f u50.015, and are neg
ligible when compared to the present experimental uncert
ties @13#.

In order to investigate the implications for the next ge
eration of linear colliders, all previous exercises are repea
for a center-of-mass energy ofAs5500 GeV. Since the sen
sitivity at these energies is expected to be at least one o
of magnitude larger than atAs5200 GeV @14#, the values
hj

Z , f j
Z50.025,0.05,0.1,0.2 areconsidered. Cross sectio

differences are shown in Table III, and the shifts due to sh
distribution discrepancies are presented in Figs. 4 and 5.
evident that the differences between off-shell and on-s
treatments are extremely small in all cases.

Finally, we should investigate the effect of changing t
mass window cut around theZ mass. This concerns the hy
pothetical case of a LEP analysis with relaxed constra
and also thehj

V limits obtained at Tevatron@3,4#. At pp̄
colliders the requirements of consistency with theZ mass are
either loose~CDF! or somehow indirect~D0 andZ→nn̄).
We have estimated thehj

Z and f j
Z differences between on

shell and off-shell approaches for an invariant mass cu

s,

TABLE III. Relative difference in the number of expecte
events,DN/N, between off-shell and on-shell analyses atAs5500
GeV. Different values of thehj

Z and f j
Z anomalous couplings are

considered. Cuts on the fermion-pair invariant mass,umf f̄2mZu
,10 GeV, and on the photon polar angle,ucosugu,0.9, are applied.

Coupling value
DN

N

h1
Z50.025 (0.460.1)31025

h1
Z50.05 (0.960.2)31025

h1
Z50.1 (1.560.3)31025

h1
Z50.2 (1.860.3)31025

h3
Z50.025 (0.360.1)31025

h3
Z50.05 (0.960.2)31025

h3
Z50.1 (1.460.3)31025

h3
Z50.2 (1.760.3)31025

f 4
Z50.025 2(0.860.9)31026

f 4
Z50.05 2(1.661.6)31026

f 4
Z50.1 2(2.162.0)31026

f 4
Z50.2 2(2.362.2)31026

f 5
Z50.025 (0.760.1)31025

f 5
Z50.05 (1.560.2)31025

f 5
Z50.1 (1.960.3)31025

f 5
Z50.2 (2.060.3)31025
0-5
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J. ALCARAZ PHYSICAL REVIEW D 65 075020
umf f̄2mZu,50 GeV. The results do not differ significantl
from those obtained forumf f̄2mZu,10 GeV. Table IV and
Fig. 6 show them for the coupling where the largest effec
found (f 5

Z). We conclude that the inclusion of final fermio
pairs away from theZ resonance region leads to margin
biases in the analysis.

So far, we have only considered the case in whichhj
V and

f j
V couplings are studied separately ine1e2→(Z/g)* g and

e1e2→(Z/g)* (Z/g)* events. However, once off-shell e
fects are included, combined searches may become a c
plicated issue. An example is the search forf j

V couplings in
the e1e2→(Z/g)* (Z/g)* sample. In this case deviation
due to the simultaneous presence ofhj

V couplings~affecting
the non-resonante1e2→Z* g* component! may arise.

Although tiny effects are expected in regions in which t

FIG. 4. Differences,Dh, between off-shell and on-shell mea
surements of the anomalous gauge couplingsh1

Z ~left! and h3
Z

~right!. Measurements are derived from the mean values of theO2

distribution ~for h1
Z) and of theO1 distribution ~for h3

Z). The ana-

lyzed process ise1e2→(Z/g)* g→ f f̄ g at As5500 GeV.
07502
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uM (e1e2→Z* g* )/M (e1e2→Z* Z* )u matrix element ratio
is small, a full off-shell treatment is advisable in general.

AN ALTERNATIVE VIEW: REDEFINITION OF THE h2
V

AND h4
V CONVENTION

Actually, the problem with the convention in Eqs.~1! and
~2! can be solved at the ‘‘construction’’ level, just by impo
ing Bose-Einstein symmetry and electromagnetic gauge
variance as constraints.

Let us first consider thef 5
Z case. What is relevant in th

definition is the basicP-violating structurei eabmrq1r . On it
we have to impose Bose-Einstein symmetry for the threZ
bosons. It can be seen that a symmetrization ofi eabmr(q1r

2q2r) leads to a trivial vanishing result. Therefore, one h
to multiply it by a momentum-dependent scalar factor~cor-

FIG. 5. Differences,D f , between off-shell and on-shell mea
surements of the anomalous gauge couplingsf 4

Z ~left! and f 5
Z ~right!.

Measurements are derived from the mean values of theO2 distri-
bution ~for f 4

Z) and of theO1 distribution ~for f 5
Z). The analyzed

process ise1e2→(Z/g)* (Z/g)* → f f̄ f 8 f̄ 8 at As5500 GeV.
0-6
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responding to a higher dimension term!:

ie f5
Zeabmr~q1r2q2r!

→ ie f5
Z

q3
2

mZ
2

eabmr~q1r2q2r!. ~28!

It is the symmetrization of this last expression4 which
leads to the off-shell equation~11!. A second example con
cerns theh1

g coupling. In this case, we have to impose n
only Bose-Einstein symmetry, but electromagnetic gauge
variance on theP-conserving termi (q2

mgab2q2
agbm). This

last requirement readsq3mGZgg
abm5q2bGZgg

abm50, but, since
terms proportional toq2b ,q3m are neglected, the right ex
pressions to use areq2bGZgg

abm}q2
2 , q3mGZgg

abm}q3
2 . The two

constraints are satisfied by the following modification:

ieh1
g~q2

mgab2q2
agbm!

→ ieh1
g

q3
2

mZ
2 ~q2

mgab2q2
agbm!. ~29!

Again it is the symmetrization of this last expressi
which leads to the off-shell equation~18!.

Let us now discuss the issue of anomalous couplings
ceeding via higher dimension Lagrangians. Even if more
shell structures, not covered byh2

V and h4
V on-shell studies,

are possible in this case@9#, the experimental sensitivity to
those new terms is extremely low. Besides the fact that t
correspond to effects from terms of higher dimension, th
vanish exactly forZ,g on-shell production, whereas a re
sonable rate of off-shell boson production is required in
der to perform a sensible measurement. Let us also recall
the most general parametrization used in the search
WWVanomalous couplings@11# neglects terms vanishing i
the on-shell limit.

Therefore, only terms associated in the on-shell limit
h2

V and h4
V structures will be considered. Imposing Bos

Einstein symmetry and electromagnetic gauge invariance
following expressions are obtained:

GZgZ
abm→ ie

h2
Z

mZ
4 @q3

2q3
a~q2q3gbm2q2

mq3
b!

1q1
2q1

m~q2q1gab2q2
aq1

b!#1 ie
h2

Z

2mZ
2

3@~q3
22q1

2!~q2
mgab2q2

agbm!# ~30!

GZgg
abm→ ie

h2
g

mZ
4 @~q3

aq3
21q2

aq2
2!~q2q3gbm2q2

mq3
b!# ~31!

4Scalar factors like (q1
21q2

2) and (q1q2) lead to an equivalen
result.
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GZgZ
abm→ ie

h4
Z

mZ
4 @q3

2q3
aembrsq3rq2s1q1

2q1
meabrsq1rq2s#

1 ie
h4

Z

2mZ
2 @~q3

22q1
2!eabmrq2r# ~32!

GZgg
abm→ ie

h4
g

mZ
4 @~q3

aq3
22q2

aq2
2!embrsq3rq2s#. ~33!

In the on-shell limit the corresponding structures in E
~1! are obtained. Let us comment at this point that impos
Bose-Einstein symmetry on the original proposal forh2

Z and
h4

Z couplings forces the inclusion of redundant structures
the h1

Z and h3
Z type, as it can be easily confirmed by visu

inspection of Eqs.~30! and ~32!.

SU„2…LÃU„1…Y SYMMETRY

Given the good agreement between present data and
predictions, any signal of new physics from a large scaleL
will most probably manifest at the electroweak scale as
viations respecting the gauge symmetry of the SM. Conce
ing NTGCs, we must consider all terms containing neut
gauge bosons and Higgs fields in the linear realization of
SU(2)L3U(1)Y gauge symmetry. Eight operators manife
at the lowest dimension~eight!:

O 8
A5 iB̃mn~]sBsm!~F1DnF!1H.c. ~34!

O 8
B5 iB̃mn~]sWI

sm!~F1t ID
nF!1H.c. ~35!

O 8
C5 iW̃Imn~]sBsm!~F1t ID

nF!1H.c. ~36!

O 8
D5 iW̃Imn~]sWI

sm!~F1DnF!1H.c. ~37!

Õ8
A5 iBmn~]sBsm!~F1DnF!1H.c. ~38!

Õ8
B5 iBmn~]sWI

sm!~F1t ID
nF!1H.c. ~39!

Õ8
C5 iWImn~]sBsm!~F1t ID

nF!1H.c. ~40!

Õ8
D5 iWImn~]sWI

sm!~F1DnF!1H.c. ~41!

whereBmn andWI
mn (I 51,3) are the tensor field associate

to the U(1)Y and SU(2)L groups, respectively,t I are the
Pauli matrices,F is the Higgs field andD denotes the cova
riant derivative. The first four operators conserveCP and the
last four operators areCP-violating.

These eight operators give independent contributions
the h1

V ,h3
V , f 4

V , f 5
V couplings discussed in previous section

Therefore, noSU(2)L3U(1)Y constraints among NTGC
couplings can be imposed. Even under the extreme assu
tion of fully vanishing C-violating WWV couplings,
g4

Z ,g5
Z ,g4

g ,g5
g @11#, constraints among NTGCs are wea

since these four charged couplings compete with eight
ferent neutral effects. It can be shown that operatorsO 8

A and
0-7
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TABLE IV. Relative difference in the number of expecte
events,DN/N, between off-shell and on-shell analyses atAs5200,
500 GeV. Different values of thef 5

Z anomalous coupling are con
sidered. The cut on the fermion-pair invariant masses isumf f̄

2mZu,50 GeV.

Coupling value
As ~GeV! DN

N

f 5
Z50.25 200 (7.160.9)31025

f 5
Z50.5 200 (2.060.2)31024

f 5
Z51.0 200 (6.060.4)31024

f 5
Z52.0 200 (1.660.1)31025

f 5
Z50.025 500 (0.860.1)31025

f 5
Z50.05 500 (1.660.2)31025

f 5
Z50.1 500 (2.060.3)31025

f 5
Z50.2 500 (2.160.3)31025

FIG. 6. Differences,D f , between off-shell and on-shell mea
surements of the anomalous gauge couplingf 5

Z atAs5200 GeV and
As5500 GeV. Measurements are derived from the mean valu
the O1 distribution. The analyzed process ise1e2

→(Z/g)* (Z/g)* → f f̄ f 8 f̄ 8. A loose invariant mass cut,umf f̄2mZu
,50 GeV, is used.
07502
Õ8
A do not containWWV couplings, whereas the operato

O 8
B and Õ8

B have no effect onWWV couplings for on-shell
W bosons. This last feature follows trivially from the on-she

relation: ]sWsm52mW
2 Wm. If only O 8

A , O 8
B , Õ8

A and Õ8
B

are allowed, then the following constraints among NTG
are found:

f 5
Z5h3

Ztanuw ~42!

f 5
g5h3

g tanuw ~43!

f 4
Z5h1

Ztanuw ~44!

f 4
g5h1

gtanuw ~45!

whereuw is the Weinberg angle. Our conclusions are diffe
ent from those of Ref.@9#, where only operators containin
exclusivelyneutral gauge bosons and Higgs fields are con
ered as relevant and strong constraints among NTGCs
presented.

CONCLUSIONS

We have analyzed the experimental consequences o
cluding a proper off-shell treatment in the searches
anomalous NTGCs. We find that the quantitative differen
between on-shell and off-shell treatments are negligible, p
vided that thee1e2→Zg ande1e2→ZZ analyses are per
formed in regions whereZ resonant production is dominan
This conclusion is also valid for futuree1e2 studies at
higher energies. Present on-shell studies guarantee a c
age of all physics deviations for which a reasonable exp
mental sensitivity is expected. Just for theoretical cons
tency, and in order to avoid misleading results in o
resonance studies, we advocate the use of the new ve
functions presented in Eqs.~11!–~18! and ~30!–~33!. Con-
trary to what has been recently suggested in the literature@9#,
we find that only the additional assumption of vanishi
C-violating charged gauge couplings in thee1e2→W1W2

process may lead to someSU(2)L3U(1)Y constraints
among NTGCs.
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