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Anomalous gauge boson couplings in thee¿eÀ\ZZ process
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We discuss experimental aspects related to thee1e2→ZZ process and to the search for anomalousZZV
couplings (V5Z,g) at CERN LEP2 and futuree1e2 colliders. We present two possible approaches for a
realistic study of the reaction and discuss the differences between them. We find that the optimal method to
study doubleZ resonant production and to quantify the presence of anomalous couplings requires the use of a
complete four-fermion final-state calculation.

PACS number~s!: 12.60.Cn, 13.10.1q, 13.38.Dg
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INTRODUCTION

Pair production ofZ bosons is one of the new physic
processes to be studied at the CERNe1e2 collider LEP2
and at future high energye1e2 colliders. Although it is a
process with a rather low cross section~below 1 pb! and
experimentally difficult to observe~large and almost irreduc
ible backgrounds!, LEP2 gives the first opportunity to per
form a measurement and to look for deviations from
standard model~SM!. In addition, a good understanding o
the process is necessary, since it is one of the relevant b
grounds in the search for the Higgs particle. At futuree1e2

colliders, with luminosities of the order of 100 fb21, several
thousands of events will provide stringent tests of the SM

The study of triple-gauge-boson couplings is one of
key issues at present and future colliders. AnomalousZgV
couplings have been searched for at the Fermilab Teva
and at LEP@1#. The first experimental limits on anomalou
ZZZ couplings have been provided by the L3 Collaborat
@2#.

This paper is organized as follows. First, the SM amp
tude is presented and the effects of possible anomalousZZV
couplings at LEP2 and at futuree1e2 colliders are dis-
cussed. Second, we describe two reweighting approache
veloped for the search for anomalous couplings at LE
These approaches are compared and their differences
pointed out. Finally, the fitting techniques used to quan
the possible presence of anomalous couplings are briefly
sented.

STANDARD MODEL AMPLITUDE FOR THE e¿eÀ\ZZ
PROCESS

The diagrams contributing at first order to thee1e2

→ZZ process in the standard model are shown in Fig. 1.
will assume a collision in the center-of-mass system w
total energyAs and neglect the effect of the electron ma
The following notation is used:
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Electron four-momentumk and helicitys:

k5SAs

2
,
As

2
êzD

sP$21,1%.

Positron four-momentumk̄ and helicitys̄:

k̄5SAs

2
,
As

2
êzD

s̄P$21,1%.

Z four-momentumqZ1
and polarizationeZ1

:

qZ1
5~E,AE22MZ1

2 q̂!, E5
As

2
1

MZ1

2 2MZ2

2

2As

eZ1
[eZ1

~lZ1
!, lZ1

P$21,0,1%.

Z four-momentumqZ2
and polarizationeZ2

:

qZ2
5~E8,2AE822MZ2

2 q̂!,

E85
As

2
1

MZ2

2 2MZ1

2

2As

eZ2
[eZ2

~lZ2
!, lZ2

P$21,0,1%

where the electron is assumed to collide along the1z axis
(êz), and theZ —with massMZ1

— goes along the direction

given by q̂5(sinuZcosfZ ,sinuZsinfZ ,cosuZ). The masses
MZ1

and MZ2
are not assumed to be equal to the on-sh

massmZ because in the following they will be consider a
virtual particles decaying into fermions.

The matrix element for thee1e2→ZZ reaction is deter-
mined by the same method followed in@3#. It reads
©2000 The American Physical Society06-1
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MZZ~s,s̄,lZ1
,lZ2

!

52~gs
Ze1e2

!2As ds,2s̄ FS~eZ2
* ,qZ1

,eZ1
* ,s!

22~kqZ1
!1MZ1

2

1
S~eZ1

* ,qZ2
,eZ2

* ,s!

22~kqZ2
!1MZ2

2 G . ~1!

The functionsS(ea ,qb ,eb ,s) are given by

S~ea ,qb ,eb ,1 !5 S ea
11 i ea

2 , 2ea
02ea

3D

3S As2qb
02qb

3 , 2qb
11 iqb

2

2qb
12 iqb

2 , 2qb
01qb

3 D
3S eb

02eb
3

2eb
12 i eb

2D ~2!

S~ea ,qb ,eb ,2 !5 S ea
01ea

3 , ea
12 i ea

2D

3S 2qb
01qb

3 , qb
12 iqb

2

qb
11 iqb

2 , As2qb
02qb

3D
3S eb

12 i eb
2

eb
02eb

3 D ~3!

where the components of the four-vectors are denoted
superscripts. The left-right effective couplings of fermions
neutral gauge bosons are given by

g1
Z f f̄522Qfsin2ūW~A2GmmZ

2!1/2 ~4!

g2
Z f f̄5g1

Z f f̄12I 3~A2GmmZ
2!1/2 ~5!

g1
g f f̄5Qf@4pa~Mg*

2
!#1/2 ~6!

g2
g f f̄5g1

g f f̄ ~7!

whereQf is the charge of the fermionf in units of the charge
of the positron, and the electromagnetic coupling cons
a(Mg*

2 ) is evaluated at the scale of the virtual photon m
Mg*

2 . I 3 is the third component of the weak isosp

(61/2), sin2ūW is the effective value of the square of the si
of the Weinberg angle andGm is the value of the Ferm
coupling constant. The effective couplings to theZ absorb
the relevant electroweak radiative corrections at the scal
the Z @4#. They are obtained by the substitutions

sin2uW→sin2ūW ~8!
07500
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e2

4 sin2uWcos2uW

→A2GmmZ
2 . ~9!

The experimental signature of ae1e2→ZZ process is a
final state with four fermions, due to the unstability of theZ
particle. A distinctive feature is that the invariant masses
the two pairs,f f̄ and f 8 f̄ 8, peak at theZ massmZ . The
angular distribution of the decay products keeps informat
on the average polarization of theZ boson. In addition, theZ
decay amplitude has to be included for a correct treatmen
spin correlations. Assuming that fermion masses are ne
gible compared withmZ , this amplitude is given in the res
frame of theZ by

MZi f f̄~lZi
,l,l̄ !

5gl
Z f f MZi

dl,2l̄ @eZi
~v12 ilv2!# ~10!

v15~0,cosu fcosf f ,cosu fsinf f ,2sinu f ! ~11!

v25~0,2sinf f ,cosf f ,0! ~12!

wherep̂5(sinufcosff ,sinufsinff ,cosuf) is the direction of
the fermion momentum andl,l̄ are the helicities of the fer-
mion and antifermion, respectively.

FIG. 1. Diagrams contributing at first order to thee1e2→ZZ
process in the standard model.

FIG. 2. Diagram with anomalousZZg andZZZ couplings con-
tributing to thee1e2→ZZ process.
6-2



ANOMALOUS GAUGE BOSON COUPLINGS IN THE . . . PHYSICAL REVIEW D 61 075006
FIG. 3. Effect of non-standard
couplings in thee1e2→ZZ pro-
cess atAs5190 GeV. A collision
in the e1e2 center-of-mass sys-
tem is assumed. The angleuZ is
the polar angle of one of theZ
bosons andds/d cosuZ is the dif-
ferential cross section.
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ANOMALOUS COUPLINGS IN THE e¿eÀ\ZZ PROCESS

Anomalous gauge boson couplings lead to interaction
the type shown in Fig. 2. The couplingZZV, with V5Z or
g, does not exist in the standard model at the tree level. O
two anomalous couplings are possible if theZ bosons in the
final state are on shell, due to Bose-Einstein symmetry
principle, five more couplings should be considered if
least one of theZ bosons is off shell. However, as discuss
in the Appendix, the new terms must be of higher dimensi
ality and are suppressed by orders ofmZGZ /L2, whereL
denotes a scale related to new physics. We will concent
on the most general expression of the anomalous ve
function at lowest order@3#:

GZZV
abm5

s2mV
2

mrmZ
2 $ i f 4

V@~qZ1
1qZ2

!agmb1~qZ1
1qZ2

!bgma#

1 i f 5
Veabmr ~qZ1

2qZ2
!r%. ~13!

A non-zero value of f 4
V leads to a C-violating,

CP-violating process, while terms associated tof 5
V are P

violating, CP conserving. Using again the formalism fo
lowed in @3# we obtain the explicit expressions for th
anomalous contributions:
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M
AC

f 4
V

~s,s̄,lZ1
,lZ2

!52 ie f4
Vgs

Vee s

mZ
2

ds,2s̄@eZ1

0* ~eZ2

1*

1 iseZ2

2* !1eZ2

0* ~eZ1

1* 1 iseZ1

2* !#

~14!

M
AC

f 5
V

~s,s̄,lZ1
,lZ2

!52 ie f5
Vgs

Vee
As

mZ
2

ds,2s̄ ~e1abr

1 ise2abr!eZ1a* eZ2b* ~qZ1r

2qZ2r!. ~15!

Note that no (s2mV
2) factors are present in the final expre

sions. Compared to the SM amplitude all anomalous con
butions increase with the center-of-mass energy of the c
sion. We want to bring the attention to the fact that the
anomalousZZg couplings are different from those consid
ered in thee1e2→Z g anomalous process@3#. Therefore,
not only the two anomalousZZZ couplings, but all four
anomalous parameters remain essentially unconstraine
present.

AnomalousZZV couplings manifest in three ways:
~i! A change in the observed total cross sectione1e2

→ZZ.
~ii ! A modification of the angular distribution of theZ.
~iii ! A change in the average polarization of theZ bosons.
6-3
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FIG. 4. Effect of non-standard
couplings in thee1e2→ZZ pro-
cess atAs5500 GeV. A collision
in the e1e2 center-of-mass sys-
tem is assumed. The angleuZ is
the polar angle of one of theZ
bosons andds/d cosuZ is the dif-
ferential cross section.
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The effect of anomalous couplings in thee1e2→ZZ pro-
cess at Born level is illustrated in Figs. 3 and 4 for the cen
of-mass energies ofAs5190 GeV andAs5500 GeV, re-
spectively. The anomalous distributions are determined
the valuesf i

V53, i 54,5, V5Z,g. Both CP-violating and
P-violating couplings are found to produce a global enhan
ment in the number of events. This increase is very clea
As5500 GeV. There are moderate changes in the ang
shape atAs5190 GeV. At As5500 GeV the situation is
different. The copious anomalous production at large po
angles starts to compensate for the huge peaks of the
differential cross section at low polar angles. The SM div
gent behavior happens in the limitmZ!As, where the pro-
cess tends to at-channel process with production of massle
bosons.

Anomalous couplings also modify the average polari
tions of theZ bosons, as shown in Figs. 5, 6 and 7. AtAs
5190 GeV the observed change depends on the partic
size and type of the anomalous coupling under considera
For CP-violating couplings there is always an increase of
production of bosons with different polarizations~longitudi-
nal versus transverse!. At As5500 GeV all couplings show
a similar behavior: an enhancement of longitudin
transverse production and a suppression of transve
transverse production. This is an interesting feature, since
SM process has the opposite behavior. The fraction of st
in which the two bosons are longitudinally polarized is b
low 0.5% at these energies, both for SM and for anomal
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production. What is physically observable is a modificati
of the angular distributions in the center-of-mass frame
the Z→ f f̄ decays: in the absence of anomalous couplin
bothZ decays will proceed preferentially along the directi
of the Z momenta, whereas one of the decays will prefer
tially occur at 90° if the process is highly anomalous.

Summarizing, at energies close to the threshold ofZZ
production the sensitivity to anomalous couplings is we
For an integrated luminosity of 200 pb21, tens of events are
expected to be selected. The main anomalous effect is
increase in the cross section, and one expects small impr
ments from the variations in the angular distributions.
higher energies, with luminosities of the order of 100 fb21,
all anomalous effects contribute coherently to enhance
sensitivity: a huge increase in the cross section, especial
large polar angles, and a clear correlation between the a
lar distributions of theZ decay products.

INCLUSION OF ANOMALOUS COUPLINGS:
REWEIGHTING PROCEDURE

In order to take into account anomalous effects with s
ficient accuracy, the correct matrix element structure ha
be implemented. In many cases, and from a practical poin
view, the generation of events for different values of anom
lous couplings is not convenient. A more attractive method
to set up a procedure to obtain the Monte Carlo anomal
distributions as a function of a single set of generated eve
6-4
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FIG. 5. Proportion of events in
which both Z are longitudinally
polarized~top left!, bothZ are po-
larized transversely~top right! or
one is longitudinally and the othe
is transversely polarized~bottom!
in a e1e2→ZZ process atAs
5190 GeV. Longitudinal and
transverse polarizations are de
noted by the labels ‘‘L’’ and ‘‘T,’’
respectively. Predictions for SM
~solid line! and anomalousZZZ
~dashed lines! couplings are
shown. A collision in thee1e2

center-of-mass system is assume
The angleuZ is the polar angle of
one of theZ bosons.
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This is the role of reweighting methods.
Let us consider a set of events generated according to

standard model differential cross section. New distributio
taking into account the anomalous couplings are obtai
when every event is reweighted by the factor

WZZ~s,l,l8;V̄!

[

U (
lZ1

,lZ2

~MZZ1MAC! MZ1f f̄ MZ2f 8 f 8̄U2

U (
lZ1

,lZ2

MZZ MZ1f f̄ MZ2f 8 f 8̄U2 .

~16!

The weightWZZ(s,l,l8;V̄) depends on the helicities o
the initial electron (s) and of the final fermions (l,l8). It
07500
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d

also depends on the kinematic variables defining the ph
space (V̄). For convenience we choose the following set

~i! The invariant masses of thef f̄ and f 8 f 8̄ systems:MZ1
,

MZ2
.

~ii ! The polar and azimuthal angles of thef f̄ system:uZ ,
fZ .

~iii ! The polar and azimuthal angles of the fermionf after
a Lorentz boost to the rest frame of thef f̄ system:u f , f f .

~iv! The polar and azimuthal angles of the fermionf 8
after a Lorentz boost to the rest frame of thef 8 f 8̄ system:
u f 8 , f f 8 .

The previous result can be extended to take into acco
other non-resonant diagrams likee1e2→Zg* → f f̄ f 8 f 8̄ and
e1e2→g* g* → f f̄ f 8 f 8̄. These diagrams cannot be n
glected for a correct analysis of doubleZ resonant production
@5#. The final weight is
WVV~s,l,l8;V̄![U11

DZ1
~MZ1

2 !DZ2
~MZ2

2 ! (
lZ1

,lZ2

MAC MZ1f f̄ MZ2f 8 f 8̄

(
V0 ,V08

DV0
~MZ1

2 !DV
08
~MZ2

2 ! (
lV0

,lV08

MV0V
08

MV0f f̄ MV
08 f 8 f 8̄
U 2

~17!

where a sum on all intermediateV0P$Z,g* % is assumed. The propagator factorsDV0
are defined as follows:
6-5
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FIG. 6. Proportion of events in
which both Z are longitudinally
polarized~top left!, bothZ are po-
larized transversely~top right! or
one is longitudinally and the othe
is transversely polarized~bottom!
in a e1e2→ZZ process atAs
5190 GeV. Longitudinal and
transverse polarizations are de
noted by the labels ‘‘L’’ and ‘‘T,’’
respectively. Predictions for SM
~solid line! and anomalousZZg
~dashed lines! couplings are
shown. A collision in thee1e2

center-of-mass system is assume
The angleuZ is the polar angle of
one of theZ bosons.
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DZ~q2!5
1

q22mZ
21 i GZ q2/mZ

~18!

Dg~q2!5
1

q2
~19!

where the imaginary component takes into account the
ergy dependence of theZ width around the resonance. Th
expressions forMZg* , Mg* g* , Mg* f f̄ are obtained by the
same method used forMZZ and MZ f f̄ . Explicitly, they can
be obtained by substitutingZ by g* where necessary:

eZ~lZ!→eg* ~lg! ~20!

MZ1
→Mg* ~21!

g1
Z f f̄→g1

g f f̄ ~22!

g2
Z f f̄→g2

g f f̄ . ~23!

Weights according toWVV(s,l,l8;V̄) have been imple-
mented in aFORTRAN program. The approach is well suite
for events generated with thePYTHIA e1e2→Z/g* Z/g*
→ f f̄ f 8 f 8̄ generator@6#. This implementation will be identi-
fied as the ‘‘NC08 approach,’’ because all eight neutral c
version diagrams are considered. Several checks have
07500
n-
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done in order to make sure that the calculations are corr
There is also agreement with the results obtained in@7# and
in @8#.

After reweighting, distributions according to given valu
of the anomalous couplingsf 4

V , f 5
V are obtained. Detector ef

fects are correctly taken into account if events are reweigh
at generator level.

INITIAL STATE RADIATION EFFECTS

There are several references providing valuable inform
tion on thee1e2→ZZ process. A specific SM generator fo
e1e2→Z/g* Z/g* (g)→ f f̄ f 8 f 8̄(g) without anomalous
couplings exists in PYTHIA@6#. The calculation reported in
the previous section is well suited for this Monte Carlo~MC!
generator, but initial state radiation~ISR! effects need to be
taken into account. We assume that the differential cr
section can be expressed as follows:

ds~s!

d~phase space!
5E ds8R~s,s8!

ds~s8!

d~phase space8!
~24!

wheres(s8) is the ~undressed! cross section evaluated at
scales8, ands(s) is the cross section after inclusion of IS
effects. The radiator factorR(s,s8) is a ‘‘universal’’ radiator,
that is, independent of specific details of the matrix eleme
With this assumption ISR effects are accounted for by eva
6-6
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ANOMALOUS GAUGE BOSON COUPLINGS IN THE . . . PHYSICAL REVIEW D 61 075006
FIG. 7. Proportion of events in
which bothZ are transversally po-
larized ~left!, or one is longitudi-
nally and the other is transversel
polarized ~right! in an e1e2

→ZZ process atAs5500 GeV.
Longitudinal and transverse polar
izations are denoted by the labe
‘‘L’’ and ‘‘T,’’ respectively. The
two figures at the top~bottom! il-
lustrate the effect of possible
anomalousZZZ (ZZg) couplings.
The standard model prediction
are shown with a solid line,
whereas the anomalous predi
tions are shown with dashed lines
A collision in thee1e2 center-of-
mass system is assumed. Th
angleuZ is the polar angle of one
of theZ bosons. The case in which
both Z are longitudinally polar-
ized is not shown. It accounts fo
less than 0.5% of the total.
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ating the matrix element in the center-of-mass system of
four fermions, at the corresponding scales8.

In Ref. @7# a specifice1e2→ZZ(g)→ f f̄ f 8 f 8̄(g) genera-
tor for anomalous couplings studies is presented. It takes
account ISR effects with the Yennie-Frautschi-Suura~YFS!
approach@9# up to O(a2) leading logarithm. It has som
limitations, such as the absence of conversion diagrams
diated by virtual photons.

The standard model cross section (f 4
V5 f 5

V50) from @7#
shows agreement at the percent level with the one de
mined in Ref.@5#, where it is shown that all significant ra
diation effects come from ‘‘universal’’ radiator factors. Th
implies that an approach based on Eq.~24! is justified in
terms of the required precision.

COMPLETE e¿eÀ\f f̄ f 8 f̄ 8 PROCESS

Additional non-resonant diagrams are taken into acco
in SM programs for general four-fermion production, such
EXCALIBUR @10#. Under a reasonable set of kinematic cu
the relative influence of those diagrams can be reduced,
not totally suppressed. This is due to the low cross sec
for resonantZZ production. Typical examples are those i
volving charged currents~relevant in e1e2→nen̄ef f̄ ,
e1e2→ud̄dū, . . . ! or multiperipheral effects ine1e2

→e1e2 f f̄ . In addition, the influence of Fermi correlation
07500
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in final states with identical fermions (e1e2→ f f̄ f f̄ ) is un-
clear.

In order to include these effects, theEXCALIBUR program
has been extended. All matrix elements from conversion d
grams with two virtualZ particles MZZ

EXC(s,l,l8;V̄) are
modified in the following way:

DZZ~s,l,l8;V̄![

(
lZ1

,lZ2

MAC MZ1f f̄ MZ2f 8 f 8̄

(
lZ1

,lZ2

MZZ MZ1f f̄ MZ2f 8 f 8̄

~25!

MZZ
EXC~s,l,l8;V̄!→MZZ

EXC~s,l,l8;V̄!

3@11DZZ~s,l,l8;V̄!# ~26!

whereMZZ ,MAC ,MZ1f f̄ andMZ2f 8 f 8̄ are the same terms de
fined in the NC08 approach. Based on this modification i
straightforward to define an alternative reweighting. It w
be identified as the ‘‘FULL approach’’ in the following
More detailed studies are reported in the next section.

NC08 APPROACH VERSUS A FULL TREATMENT

All checks presented in this section require a precise d
nition of a ‘‘ZZ signal.’’ Channels involving electron o
6-7
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electronic neutrino pairs in the final state have a n
negligible contribution from non-conversion diagrams. Al
final states with fermions from the same isospin doub
„( l ,n l),(u,d),(c,s)… show a non-negligible charged curre
contribution. Therefore stringent cuts must be applied in
der to select a sensiblee1e2→ZZ experimental signal. Ou
signal definition implies the following cuts:

~i! The invariant masses of the two fermion-antifermi
candidate pairs must be in the range 70–105 GeV.

~ii ! In the final states with electrons, these electrons m
verify ucosueu,0.95.

~iii ! In the final states withWW contributions, the invari-
ant masses of the fermion pairs susceptible to come fromW
decay must be outside the range 75–85 GeV.

The SM cross sections within signal definition cuts
As5190 GeV are shown in Fig. 8 for the different fou
fermion channels. TheEXCALIBUR generator is used. Two
determinations are shown: one taking into account all
standard model diagrams and the other considering the
tral conversion diagrams only. Note that, in some cas
there are large differences between the two calculations.
already points to the convenience of using a full fou
fermion approach, even in the presence of strong cuts.

The next study is devoted to the SM matrix elements.
the same set of neutral conversion diagrams, the results
tained byEXCALIBUR and by the NC08 approach are com
pared. The relative differences are shown in Fig. 9. T
groups are considered. The first group corresponds to all
cesses without Fermi correlations, that is, those in wh
there are no identical fermions in the final state. A perf

FIG. 8. Cross sections atAs5190 GeV for the different four-
fermion channels taking into account all the diagrams~histogram!
and only the neutral conversion ones~NC08!. Some cuts~described
in the text! have been applied in order to enhance theZZ resonant
contribution. Other diagrams are important when electrons, e
tronic neutrinos or fermions from the same isospin doublet
present in the final state.
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agreement is observed in this case. The second group
tains those processes in which there are identical particle
the final state. Let us note that no effort has been done in
NC08 approach to antisymmetrize the matrix element in
presence of identical fermions. Although the effect is und
stood and it can be trivially included, we want to show tha
is not totally negligible. It may exceed 10% for some pha
space configurations.

Figure 10 shows the distribution of weights atAs
5190 GeV for non-zero values of the anomalous couplin
The fact that the distributions are not extremely narrow
dicates the presence of effects other than just an exces
events. To compare the implementations in the presenc
anomalous couplings, the standard model distributions
reweighted according to the NC08 and FULL approach
Again, only neutral conversion diagrams are considered.
relative differences between the weights assigned by the
approaches are shown in Fig. 11. There is agreement a
percent level. Fermi correlations in the final state have
small effect on the weights. The reason could be related
the fact that the discrepancy factorizes in a similar way S
and anomalous terms.

The last study evaluates the influence of non-convers
diagrams in the presence of anomalous couplings. The a
ages of the reweighting factors for the FULL and the NC
approaches are compared in Tables I and II. The set of
defining theZZ resonant region is applied in all cases. T
differences are typically below 10%, but not negligible. Th
points again to the convenience of considering all poss
diagrams contributing to thee1e2→ f f̄ f 8 f 8̄ process.

c-
e

FIG. 9. Distributions of the relative difference,R, between the
SM squared matrix elements computed byEXCALIBUR and by the
NC08 approach. Only neutral conversion diagrams are taken
account. The plot~a! shows the case of final states without identic

fermions (f f̄ f 8 f 8̄) is shown in the plot. The plot~b! contains those

final states with identical fermions in the final state (f f̄ f f̄ ). The
effect of Fermi correlations~no effort has been done to includ
them in the NC08 approach! is visible as a tail in the distribution.
6-8
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MEASUREMENT OF ZZZ AND ZZg ANOMALOUS
COUPLINGS

To determine the values of the anomalous couplings fr
the data, the histogram of the most relevant variable for e
four-fermion channel may be used. The following binn
likelihood function is then maximized:

FIG. 10. Distributions of the reweighting factor,W, in the

e1e2→ZZ(g)→ f f̄ f 8 f 8̄(g) process for different values of anoma
lous ZZV couplings. The reweighting factors are obtained with t
FULL approach atAs5190 GeV. Only neutral conversion dia
grams are taking into account.

FIG. 11. Distributions of the relative difference,R, between the
weights computed with the FULL and the NC08 approaches.

process ise1e2→ZZ(g)→ f f̄ f 8 f 8̄(g) at As5190 GeV for differ-
ent values of anomalousZZV couplings. Only neutral conversio
diagrams are taking into account.
07500
ch

log~L!5 (
j 51

Nbin

@Ndata~ j !logNexpected~ j ; f i
V!

2Nexpected~ j ; f i
V!#. ~27!

The expected number of events is computed
Nexpected( j ; f i

V)5Nsignal( j ; f i
V)1Nbackground( j ). The back-

ground contribution does not depend on the anomalous c
plings. The signal contribution includes all four-fermion fin
states compatible with the exchange of twoZ bosons. It is
computed by reweighting the standard model distributio
with the FULL approach and taking into account thef i

V val-
ues of the anomalous couplings.

This method has been applied in the analysis ofe1e2

→ f f̄ f 8 f 8̄ final states by the L3 Collaboration@2#. The dis-
criminating variables are the invariant masses of the lep
pairs in leptonic decays and neural net outputs for hadro
decays. They obtain the following 95% confidence level li
its on the existence of anomalousZZV couplings:

21.9< f 4
Z<1.9, 25.0< f 5

Z<4.5, 21.1< f 4
g<1.2,

23.0< f 5
g<2.9.

As an example of the use of more sensitive variables
higher energies we will consider the semileptonic proc

e

TABLE I. Average reweighting factors in the presence
anomalousZZZ couplings. The case with only neutral conversio
diagrams~NC08! is compared to the complete approach with
Feynman diagrams~FULL!.

f 4
Z51 f 5

Z51
Final state NC08 FULL NC08 FULL

qq̄qq̄ 1.128 1.123 1.023 1.022

qq̄nn̄ 1.131 1.150 1.019 1.024

qq̄l l̄ 1.105 1.091 1.013 1.006

l l̄ nn̄ 1.101 1.082 1.025 1.013

l l̄ l l̄ 1.128 1.054 1.024 1.007

nn̄nn̄ 1.084 1.170 1.022 1.036

TABLE II. Average reweighting factors in the presence
anomalousZZg couplings. The case with only neutral conversio
diagrams~NC08! is compared to the complete approach with
Feynman diagrams~FULL!.

f 4
g51 f 5

g51
Final state NC08 FULL NC08 FULL

qq̄qq̄ 1.350 1.336 1.041 1.041

qq̄nn̄ 1.339 1.385 1.047 1.050

qq̄l l̄ 1.273 1.235 1.032 1.026

l l̄ nn̄ 1.218 1.181 1.031 1.004

l l̄ l l̄ 1.380 1.161 1.033 1.019

nn̄nn̄ 1.254 1.463 1.071 1.082
6-9
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e1e2→ l 1l 2qq̄ at As5500 GeV. This channel is expecte
to provide a clean signature forZZ production if the Higgs
mass is away from theZ mass region. In order to enhance t
ZZ signal component, the invariant mass of the leptons
required to be in the 70–150 GeV range, the recoiling h
ronic mass has to be larger than 50 GeV and the polar a
of electrons and positrons,ue , must satisfyucosueu,0.8. The
differential cross section of the process in the presence o
anomalous couplingf can be expressed as follows:

d2s

d~O1!d~O2!
U f5

d2s

d~O1!d~O2!
U

f 50

~11 f O11 f 2 O2!.

~28!

The variablesO1 andO2 are functions of the phase spa
variables of an event. They are independent off. The previ-
ous equation guarantees that the maximal information onf is
obtained by a study of the event density as a function of
variablesO1 andO2. These variables are usually called ‘‘op
timal observables.’’ Given an event characterized by
phase space pointV̄, a simple expression for the optima
observables is

O1~V̄ !5
W~V̄; f 511!2W~V̄; f 521!

2
~29!

O2~V̄ !5
W~V̄; f 511!1W~V̄; f 521!

2
21 ~30!

whereW(V̄; f ) is the reweighting factor used to transfor
SM distributions into anomalous distributions atV̄ for an

FIG. 12. Distributions of the optimal variableO1 in the standard
model ~histogram! and in the presence of an anomalous coupl
f 5

Z50.01 ~points!. The process under consideration ise1e2

→ l 1l 2qq̄ at As5500 GeV and for an integrated luminosity o
100 fb21. The second plot shows the ratio between the anoma
and the SM distributions. A fit to the anomalous distribution lea
to the valuef 5

Z50.01060.002.
07500
is
-
le

an

e

e

anomalous couplingf. At As5500 GeV and for small val-
ues off the dominant term in theZZ differential cross sec-
tion is the one associated toO1. In real life, the exact values
of the phase space variables are unknown, but we may us
an approximation the phase space variables reconstructe
the detector. For this exercise we assume energy resolu
of 5% for quarks and leptons and a jet angular resolution
40 mrad. The weight is symmetrized under the intercha
of quark types, assuming that the quark flavor cannot
identified. The SM distribution of the variableO1 for an
integrated luminosity of 100fb21 is shown in Fig. 12, to-
gether with the effect of an anomalous couplingf 5

Z50.01.
Note that the ratio between the anomalous and the SM
tributions is not constant. This is a demonstration of the s
sitivity of the variable and of the existence of anomalo
effects different from a simple change in the total cross s
tion. From a likelihood fit to the anomalous distribution w
obtain a value off 5

Z50.01060.002. Note the increase i
sensitivity as compared to LEP2 present limits.
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APPENDIX: MOST GENERAL ANOMALOUS ZZV
COUPLINGS

The most general Lorentz invariant anomalous coupl
structure for theZZV vertex function is, similarly to the
WWVcase@3#:

GZ1Z2V
abm 5

s2mV
2

mZ
2 $ i f 4

V@~qZ1
1qZ2

!a gmb1~qZ1
1qZ2

!b gma#

1 i f 5
V eabmr ~qZ1

2qZ2
!r%

1
s2mV

2

mZ
2

~qZ1

2 2qZ2

2 !

L2 H f 1
V~qZ1

2qZ2
!mgab2

f 2
V

mZ
2~qZ1

2qZ2
!m~qZ1

1qZ2
!a~qZ1

1qZ2
!b1 f 3

V@~qZ1

1qZ2
!agmb2~qZ1

1qZ2
!bgma#

2 f 6
Veabmr~qZ1

1qZ2
!r2

f 7
V

mZ
2

3~qZ1
2qZ2

!meabrs~qZ1
1qZ2

!r~qZ1
2qZ2

!sJ .

~A1!

The global factor (s2mV
2)/mZ

2 is introduced by con-

s
s
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vention1 in order to preserve gauge invariance whenV5g
and Bose-Einstein symmetry forV5Z in the on-shell limit.
Note that only the terms associated withf 4

V and f 5
V survive in

the limit in which bothZ are on shell.
The ZZV vertex function must be symmetric under th

interchange (Z1 ,a)↔(Z2 ,b). For the terms associated wit
f 1

V , f 2
V , f 3

V , f 6
V and f 7

V this requirement forces the presen
of an additional Lorentz invariant factor: any antisymmet
function of (qZ1

2 2qZ2

2 ). Our minimal choice is (qZ1

2

2qZ2

2 )/L2, whereL is a scale related to new physics. Tw

comments are in order here:
~i! The anomalous couplingsf 1

V , f 2
V , f 3

V , f 6
V , f 7

V are neces-
sarily associated to Lagrangians of higher dimension t
those associated tof 4

V , f 5
V .

~ii ! The sensitivity to the anomalousf 1
V , f 2

V , f 3
V , f 6

V , f 7
V cou-

plings is further reduced due to the relatively small size
the Z width: (qZ1

2 2qZ2

2 )/L2'O(GZmZ /L2).

The existence of additional (qi
22mZ

2) factors when at
least one of the finalZ is off shell has also been noticed
Ref. @3#. For completeness, we provide the full expressio

for all possible anomalous couplings matrix elements,M
AC

f i
V

[M
AC

f i
V

(s,s̄,lZ1
,lZ2

):

M
AC

f 4
V

52 ie f4
Vgs

Vee s

mZ
2

ds,2s̄@eZ1

0* ~eZ2

1* 1 iseZ2

2* !

1eZ2

0* ~eZ1

1* 1 iseZ1

2* !# ~A2!

1The presence ofmZ in the denominator is arbitrary. It allows th
introduction of a dimensionless coupling constant without add
new unknown scale parameters. A physically more motiva
choice is to substitutemZ by a scale of new physics,L. In this way,
the unknown coupling is of the typef /L2, with f of order unity, but
the higher dimensionality of the term is exhibited.
.

07500
n

f

s

M
AC

f 5
V

52 ie f5
Vgs

Vee
As

mZ
2

ds,2s̄ ~e1abr

1 ise2abr!eZ1a* eZ2b* ~qZ1r2qZ2r! ~A3!

M
AC

f 1
V

52e f1
Vgs

Vee
As

mZ
2

~qZ1

2 2qZ2

2 !

L2
ds,2s̄~eZ1

* eZ2
* !

3@~qZ1

1 2qZ2

1 !1 is~qZ1

2 2qZ2

2 !# ~A4!

M
AC

f 2
V

5e f2
Vgs

Vee s3/2

mZ
4

~qZ1

2 2qZ2

2 !

L2
ds,2s̄eZ1

0* eZ2

0*

3@~qZ1

1 2qZ2

1 !1 is~qZ1

2 2qZ2

2 !# ~A5!

M
AC

f 3
V

52e f3
Vgs

Vee s

mZ
2

~qZ1

2 2qZ2

2 !

L2
ds,2s̄

3$@eZ1

0 ~eZ2

1 1 iseZ2

2 !#2@eZ2

0 ~eZ1

1 1 iseZ1

2 !#%

~A6!

M
AC

f 6
V

5e f6
Vgs

Vee s

mZ
2

~qZ1

2 2qZ2

2 !

L2

3ds,2s̄ ~e1ab01 ise2ab0! eZ1a* eZ2b* ~A7!

M
AC

f 7
V

5e f7
Vgs

Vee s

mZ
4

~qZ1

2 2qZ2

2 !

L2
ds,2s̄ @~qZ1

1 2qZ2

1 !

1 is~qZ1

2 2qZ2

2 !# eab0r

3~qZ1
2qZ2

!r eZ1a* eZ2b* . ~A8!
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