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Diboson Final State

Wγ

SM Tests:
Test SM production predictions

•  Cross sections (ΔRlγ> 0.7)
• σ(ETγ>7 GeV) = 18.0 ± 2.8 pb 

(CDF)
• SM: 19.3 ± 1.4 pb

• σ(ETγ>8 GeV) = 14.8 ± 2.1 pb (D0)
• SM: 16.0 ± 0.4 pb

• Radiation Amplitude Zero

Wγ Production

Look for “anomalous couplings”
• CP-conserving effective Lagrangian 

parameters: Κγ and λγ
• ΔΚγ= 1 − Κγ = 0 &  λγ = 0 in SM

• 0.49 < Κγ < 1.51  (D0)
• -0.12 < λγ < 0.13 (D0)

PRL 100, 241805 (2008)



4

Wγ Production
Radiation amplitude 0

predicted in 1979
observed by D0 in 2008

PRL 43, 746(1979)

PRD 50, 1917(1994)

Dashed:pT(γ) > 10 GeV
Dash-dotted: no pT(l) or MEt cuts

PRL 100, 241805
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Generalized Zγ Couplings

Parameterization from G.J. Gounaris et al. PRD 62, 073012.

CP Violating:
h1

V and h2
V

CP Conserving:
h3

V and h4
V

Z dipole moments: Z quadrupole moments:
Physical Quantities

V is Z or γ

Form factor Λ:



Anomalous Couplings
 Non-zero ATGC (Anomalous Triple-Gauge Couplings)

 increase Zγ cross section
stiffen ETγ distribution
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Anomalous Coupling 
due to a new particle

Additional cross section 
due to non-zero ATGC

From Baur & Berger, PRD 47, 4889 (1993).



Tevatron Experiments
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Zγ Production
 Search for Z γ with 

Z->e+e-, µ+µ-, νν

 SM Z γ production:
Initial-state radiation 

(ISR)
Final-state radiation 

(FSR)

 No direct Z-γ coupling 
in Standard Model
Anomalous coupling 

produce excess 
events at high ET γ

FSR (Mllγ~MZ)

Anomalous 
Coupling 
(Mll~MZ)

ISR (Mll~MZ)

l+l-γ:	 Low backgrounds

ννγ:	 higher branching fraction



ZγAnalysis
 Select Z-> l+l-

 Standard lepton selection
• Et1 > 20 GeV, Et2 > 10 GeV

 76 < Mll < 106 GeV/c2

 then look for standard γ

 Select Zγ-> ννγ
  γ;	 ET > 50 GeV
 no jets or high-Et tracks

 Anomalous Couplings 
produce excess high-Et γ
 use low-Et photons for control 

regions
 look for ATGC in high-Et γ 9

13

Figure 9: Comparison of data to expectation in our control region. The band covers
the systematic uncertainty on our expectation from all sources
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Zγ Invariant Mass
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Data
 = 0 (SM) template! ZZ3h

 = -0.08 template! ZZ3h

 = +0.08 template! ZZ3h
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lepton fake distn
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ATGC Signal Region
Use MC to generate Etγ templates

function of Anomalous Triple-Gauge Couplings
use to look for & set limit on ATGC’s

11
Phys. Lett. B 653, 378 (2007)
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l+l-γ

ET γ

ZγData 
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PRL 102, 201802 (2009)



ATGC Limits (Λ=1.5 TeV)
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ZγAnomalous Coupling Limits
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Existing limits:
• | hγ,Z3 | < 0.033  (D0, Λ=1.5 TeV)
• | hγ,Z4 | < 0.0017 (D0 , Λ=1.5 TeV)

• | hZ3| < 0.083  (CDF,  Λ=1.2 TeV)  < 0.050
• | hγ3| < 0.084  (CDF, Λ=1.2 TeV) < 0.051
• | hγ,Z4| < 0.0047 (CDF, Λ=1.2 TeV) < 0.0034

New CDF limits: Includes 5fb-1 e, µ, ν

Includes  1 fb -1 e, µ, and 3.6 fb -1 ν

Includes  1 fb -1 e and 2 fb -1 µ add 2 fb-1 ν

Λ=1.2 TeV Λ=1.5 TeV

hγ3 (-0.022, 0.021) (-0.017, 0.016)

hγ4 (-0.0009, 0.0010) (-0.0006, 0.0006)

hZ3 (-0.018, 0.020) (-0.017, 0.016)

hZ4 (-0.0009, 0.0009) (-0.0006, 0.0005)

PRL 102, 201802 (2009)

arXiv:1004.1140v1

http://arxiv.org/abs/1004.1140v1
http://arxiv.org/abs/1004.1140v1


2D ATGC Limits (Λ=1.5 TeV)
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ZZ Production

ZZ cross section is small
ZZ-> eeee, eeμμ,  μμμμ 

• low backgrounds
• small branching fraction

ZZ -> l+l-jj or l+l-νν
• larger branching fractions
• significant backgrounds

16

Diboson Final State

ZZ

New and standard physics contributions to anomalous Z and ! self-couplings

G. J. Gounaris
Department of Theoretical Physics, Aristotle University of Thessaloniki, Gr-54006, Thessaloniki, Greece

J. Layssac and F. M. Renard
Physique Mathématique et Théorique, UMR 5825, Université Montpellier II, F-34095 Montpellier Cedex 5, France

!Received 15 March 2000; published 12 September 2000"

We examine the standard and the new physics !NP" contributions to the ZZZ , ZZ# , and Z## neutral gauge
couplings. At the one-loop level, if we assume that there is no CP violation contained in NP beyond the
standard model !SM" one, we find that only CP conserving neutral gauge couplings are generated, either from
the standard quarks and leptons, or from possible new physics fermions. Bosonic one-loop diagrams never
contribute to these couplings, while the aforementioned fermionic contributions satisfy h3

Z!! f 5
# , h4

Z"h4
#

"0. We also study examples of two-loop NP effects that could generate nonvanishing h4
# ,Z couplings. We

compare quantitative estimates from SM, minimal supersymmetric standard model !MSSM", and some specific
examples of NP contributions, and we discuss their observability at future colliders.

PACS number!s": 12.15.!y, 12.60.Cn, 13.10.#q, 14.70.!e

I. INTRODUCTION

Recently there has been a renewed interest in the possible
existence of anomalous neutral gauge boson self-couplings.
This is due to the acquisition of new experimental results at
the CERN e#e! collider LEP2 $1% which, together with the
Fermilab Tevatron results $2%, begin to produce interesting
constraints on such couplings, which should further improve
in the future at the next colliders $3%.
This has led to a reexamination of the phenomenological

description commonly used for these couplings. The neces-
sity of certain corrections was discovered and their implica-
tions for ZZ and Z# production at e!e# and hadron collid-
ers were discussed $4%.
For what concerns the quantitative theoretical predictions

for each of these neutral couplings, very little has been said
up to now $5–8%, in contrast to the charged (ZWW and
#WW) self-couplings for which several types of predictions
have been given for a long time $9–11%. A reappraisal of the
theoretical expectations for these neutral couplings is still
lacking. Therefore, the purpose of this paper is to fill this
lack and study the standard model !SM" predictions for these
couplings, as well as the predictions arising from possible
new physics beyond it.
In Sec. II we first recall some general properties following

from Bose statistics, Lorentz symmetry, and SU(2)$U(1)
gauge invariant effective Lagrangians. The most notable of
them is that the neutral gauge couplings vanish whenever all
three gauge boson are on-shell. Thus, at least one of the
gauge bosons need to be off-shell, for such couplings to ap-
pear. Then, in Sec. III we consider the perturbative contribu-
tions to these couplings arising at one loop. When standard
vertices for the gauge boson interactions are used, and in
particular no CP violation in the photon- and Z couplings to
fermions is considered, then of course only CP conserving
neutral gauge self-couplings can arise. At the one-loop level,
such couplings can only be induced by a fermionic triangle
diagram, involving either new or SM fermions. We give the
exact expression of these contributions to the real and imagi-

nary parts of the neutral gauge couplings, in terms of the
fermionic ones (gv j , ga j) and the fermion masses M j , as
well as the squared mass s of the off-shell vector boson. To
elucidate the remarkable properties of these results, we study
both the high s behavior of these gauge couplings at fixed
fermion mass M j , as well as their high fermion-mass limit
(M j

2%s , mZ
2). As we will see, the behavior in these limits is

intimately related to the way the anomaly cancellation is
realized.
The quantitative aspects of these fermionic contributions

are discussed in Sec. IV, where we consider the SM contri-
butions to the real and imaginary parts of the couplings, as
well as the relative magnitude of the lepton, light quark, and
the top quark contributions. We observe that the anomaly
cancellation is intimately accompanied by considerable can-
cellation between the lepton and quark contribution to the
physical neutral gauge boson couplings at high energy. We
then consider the supersymmetric contributions due to the
charginos and neutralinos in the minimal supersymmetric
standard model !MSSM". And finally we discuss the possi-
bility of heavy fermions associated with some form of new
physics !NP" with a high intrinsic scale &NP .
Section V is devoted to contributions that could arise be-

yond the fermionic one-loop level, either though higher-
order perturbative diagrams or through nonperturbative ef-
fects. Finally, in Sec. VI, we summarize our results and their
consequences for the observability of neutral self-boson cou-
plings at present and future colliders.

II. GENERAL PROPERTIES OF NEUTRAL SELF-BOSON
COUPLINGS

Because of Bose statistics, the Z and # self-couplings
vanish identically, when all three particles are on-shell. The
general form of the couplings of one off-shell boson (V
"Z ,#) to a final pair of on-shell ZZ or Z# bosons, is

'ZZV
()*!q1 ,q2 ,P ""

i!s!mV
2 "

mZ
2 $ f 4

V!P(g*)#P)g*("

! f 5
V+*(),!q1!q2",% , !1"

PHYSICAL REVIEW D, VOLUME 62, 073013
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Parameterization from G.J. 
Gounaris et al. PRD 62, 073012.

!Z"V
#$%&q1 ,q2 ,P '!

i&s"mV
2 '

mZ
2 ! h1V&q2

%g#$"q2
#g%$'

#
h2
V

mZ
2 P

#(&Pq2'g%$"q2
%P$)

"h3
V*%#$+q2+"

h4
V

mZ
2 P

#*%$+,P+q2," ,
&2'

where the momenta are defined as in Fig. 1 and s-P2, is1
used. The expressions &1', &2' follow from the general forms
written in (12,13) and the corrections made in (4). The forms
associated with f 4

V , h1
V , h2

V are CP violating, whereas the
ones associated with f 5

V , h3
V , h4

V are CP conserving.
The CP conserving forms in Eqs. &1', &2' are C and P

violating and in this respect they are analogous to the ana-
pole ZW#W" and "W#W" vertices (13,12,10),

!W#W"V
#$% &q1 ,q2 ,P '!i

zV
mW
2 .*%#,+P,&q1"q2'+P$

"*%$,+P,&q1"q2'+P#/, &3'

as well as to the corresponding gauge boson-fermion anoma-
lous anapole coupling. None of these couplings exist at the
tree level in the standard model &SM'. At the one-loop SM
level though, as we will see below, such couplings do appear
and tend to be strongly decreasing with s.
Since the CP-violating couplings in Eqs. &1', &2' can

never be generated, if the NP interactions of Z and photon
conserve CP , we concentrate below on the CP conserving
couplings f 5

V , h3
V , h4

V . As already observed these are analo-
gous to the anapole ones. But the situation in this neutral
anapole sector is rather different from the one in the sector of
the general charged ZWW and "WW couplings. This can
been seen by comparing the results of the calculation of the
triangular graph of Fig. 2, with the generic expectations from
a dimensional analysis in the effective Lagrangian frame-
work. More explicitly, the contribution of a heavy fermion of
mass 0NP to the aforementioned one-loop triangular graph
results in an f 5

V or h3
V coupling, which may occasionally be-

have like (mW /0NP)2. On the other hand, when one writes
the effective Lagrangian in terms of SU(2)$U(1) gauge-

invariant operators in the linear representation (14), then at
the lowest nontrivial level of dim!6 operators several
anomalous ZWW and "WW couplings are generated
(15,16). However, at this level, neither the anapole ZWW
coupling of Eq. &3', nor any neutral gauge couplings ever
appear. These couplings require higher dimensional dim18
operators, which means that their magnitude should be de-
pressed by at least one more power of mW

2 /0NP
2 and behave

like2 (mW /0NP)4.
It is, therefore, interesting to examine more precisely the

conditions under which such couplings can be generated and
what type of NP effects determine their magnitude.

III. FERMION LOOP CONTRIBUTIONS

We have first looked at the perturbative ways in which the
neutral couplings in Eqs. &1', &2' could be generated. One
immediately observes that at the one-loop level the relevant
graphs are triangular ones of the type of Fig. 2. For scalars or
W% bosons running along the loop in such graphs, with stan-
dard ZWW and "WW couplings, we always get identically
vanishing contributions. In particular for the CP-conserving
couplings, the reason is that the *%2+, tensor can never be
generated from them. Only a fermionic loop &either with a
single fermion F j running along the loop, or with mixed F1 ,
F2 , . . . fermionic contributions', can generate such *%2+,

terms, through the axial Z coupling &see Fig. 2'. To describe
them, we use the standard definitions

L!"eQ jA%F̄ j"%F j"
e

2sWcW
Z%F̄ j&"%gv j""%"5ga j'F j

"
e

2sWcW
Z%F̄1&"%gv12""%"5ga12'F2, &4'

where Qj is the F j charge, while gv j , ga j and the mixed
couplings gv12 , ga12 determine the Z-fermion interactions. If
there are no CP-violating NP sources, then all these cou-
plings must be real, and hermiticity requires gv12!gv21 ,

1*0123!1.

2The same conclusion should also be valid if the nonlinear Higgs
representation is used. In this later case the ZWW anapole coupling
can be generated at the dominant Dchiral!4 level; but the genera-
tion of neutral self-couplings still requires higher dimensional op-
erators (17).

FIG. 1. The general neutral gauge boson vertex V1V2V3.

FIG. 2. The fermionic triangle.

G. J. GOUNARIS, J. LAYSSAC, AND F. M. RENARD PHYSICAL REVIEW D 62 073013

073013-2

fγ,Z5 and  fγ,Z4 0 in SM
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ZZ ATGC Limits (1/fb)
D0 Results
4 leptons 

(eeee, eeµµ, µµµµ)
 1 event, 0.13 ± 0.03 bkg

anomalous couplings limits: 
• effective Lagrangian non-SM 

parameters: fγ,Z5 and  fγ,Z4
• 0 in SM

• - 0.26 < fγ4 < 0.26  (D0)
• - 0.28 < fZ4 < 0.28 (D0)
• - 0.30 < fγ5 < 0.28  (D0) 

• - 0.31 < fZ5 < 0.29  (D0)

Λ = 1.2 TeV
PRL 100, 131801 (2008)
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ZZ ATGC Limits (1.9/fb)
CDF Results
Search for 2 leptons and 

2 jets
sort results by PTll

Search for excess Z->jj 
cross section

Anomalous couplings Limits:
• effective Lagrangian non-SM 

parameters: fγ,Z5 and  fγ,Z4
• 0 in SM

• - 0.10 < fγ4 < 0.10  (CDF)
• - 0.12 < fZ4< 0.12  (CDF)
• - 0.11 < fγ5 < 0.11  (CDF) 

• - 0.13 < fZ5< 0.12  (CDF)

Λ = 1.2 TeV
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ZZ Production (1.7/fb)
D0 Results
4 leptons 

(eeee, eeµµ, µµµµ)
 3 events, 0.14+0.03 bkg

5.3 σ observation
 Combine with ZZ->l+l-νν

5.7 σ observation
σ(ZZ)=1.60 ±0.63+0.16 pb

-0.02

-0.17

PRL 101, 171803 (2008)

σ(ZZ)=1.4 ±0.1 pb (SM)
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ZZ Production (4.8/fb)
CDF Results
 Search for 4 leptons or 

2 leptons + 2 ν
4 leptons (eeee, eeµµ, 

µµµµ)
• clean, but small branching 

fraction
• increase acceptance 

wherever possible

5.7 σ observation
σ(ZZ)=1.56 +0.80 ±0.25 pb

5 events in
signal box:
• three 4-µ
• two ee µ µ

-0.63
σ(ZZ)=1.4 ±0.1 pb (SM)
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ZZ Production (6/fb)
CDF Results
 Search for 4 leptons

4 leptons (eeee, eeµµ,     

µµµµ)
• clean, but small branching 

fraction
• 76 < Mll < 106 GeV

• Mllll < 300 GeV
– will look for ZZ resonance 

above this

Normalize to σ(Z)
• σ(ZZ) =1.7+1.2 ± 0.2 pb

Could be used for new 
ATGC limits

4 events 
(3 new) in
signal box:
• one 4-µ
• two eeµµ
• one 4-e

-0.7

New Results
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Summary
Diboson production is well described by the Standard Model!

 All modes have been seen, including ZZ
 Couplings look like SM!

Λ=1.2 TeV Λ=1.5 TeV

hγ3 (-0.022, 0.021) (-0.017, 0.016)

hγ4 (-0.0009, 0.0010) (-0.0006, 0.0006)

hZ3 (-0.018, 0.020) (-0.017, 0.016)

hZ4 (-0.0009, 0.0009) (-0.0006, 0.0005)

fγ4 (-0.10, 0.10)

fγ5 (-0.11, 0.11)

fZ4 (-0.12, 0.12)

fZ5 (-0.13, 0.12)
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Backup



CDF ATGC Limits (Λ=1.2 TeV)
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CDF 2D ATGC Limits
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