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ABSTRACT 

We study the effects of dimension-eight operators giving rise to anomalous neutral triple gauge boson interactions in Z"" and Z"Z vertices through the !!" production at HL/HE-LHC and FCC-hh. 
The analysis is performed using transverse momentum of photon in the final state including a realistic detector effects for the future hadron colliders. The sensitivity to CP-conserving        and CP-
violating CBB couplings are obtained at 95% C.L. The results are compared to the current experimental limits from ATLAS results.
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CROSS SECTIONS 

The Lagrangian in the framework of an effective field theory for neutral Triple Gauge 
Couplings (nTGC) imposing local U(1)EM and Lorentz symmetry can be written as [1] Figure 1 : Feynman diagrams for

pp → !!" process contributing
in the SM and anomalous ZZγ,
Zγγ vertices.

I. INTRODUCTION

The gauge boson self-interactions represented by the non-Abelian SU(2)L⇥U(1)Y gauge

group of the electroweak sector in the Standard Model (SM) are great interest since it

provides valuable information to test the predictions at the TeV energy scale. The triple

couplings between the photon and Z boson (Z�� and Z�Z) vanish at tree level in the SM.

Any deviations of these couplings from SM predictions within the experimental precision can

give crucial clues about new physics beyond the SM. A method to parameterize these new

physics effects at higher energies is Effective Field Theory (EFT) approach which reduces

to the SM at low energies.

The Lagrangian in the framework of an effective field theory for neutral Triple Gauge

Couplings (nTGC) imposing local U(1)EM and Lorentz symmetry are can be written as [1]

L
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X
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The coefficients of these four dimension-eight operators describing anomalous Neutral Triple

Gauge Couplings (aNTGC) are CP-conserving C eBW and CP-violating CBB, CBW , CWW .

They are related to dimension-six operators aNTGC as described in Ref. [1]. The 95%

C.L. current limits on dimension-eight operators converted from coefficients of dimension-

six operators for the process pp ! ZZ ! l
+
l
�
l
0+
l
0� at

p
s=13 TeV and Lint =36.1 fb�1 from

2
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Event generation by 

MadGraph5_aMC@NLO [2]

signal and all background process

Parton Shower and Hadronization
by 

PYTHIA 8 [3]

Fast Simulation
by Delphes 3.4.1 [4] with FCC-hh.tcl
and CMS_phaseII_140PU_conf4.tcl 

All events are analyzed 
by ExRootAnalysis [5] utility

• MET  
• Nγ > 0
•
•
#$ < 2.5

)*+ > -.. /01 &	MET > 400 GeV

Table I: Obtained the number of signal events and �2 results for various coupling value of C eBW /⇤4

after applied kinematic cuts using cos⇥⇤
l distributions with Lint = 1 ab�1

C eBW /⇤4 (TeV�4) Number of events �2(� = 0) �2(� = 5%) �2(� = 10%)

2.0 3716.56 (7776.9) 1295.55 (759.12) 209.26(49.80) 59.53 (13.09)

4.0 8770.83 (14078.8) 21583.05 (12330.53) 3486.18(808.92) 991.68 (212.70)

6.0 17090.2 (24396.2 ) 108559.43 (61371.67) 17534.97(4026.18) 4988.00 (1058.63)

of final state particles of signal and background processes are used effectively since the shape

of signal is different from background process. In Fig. 4, we display cos⇥⇤
l distributions of

signal for C eBW/⇤4 (left panel), CBB/⇤4 (right panel) couplings and SM background. Here,

cos⇥⇤
l is the polar angle in the l

+
l
� rest frame with respect to the l

+
l
� direction in the

l
+
l
�
� rest frame.

III. RESULTS OF THE ANALYSIS

To obtain 95% C.L. limits we use the cos⇥⇤
l distribution applying �

2 criterion with and

without a systematic error. The �
2 function is defined as follows

�
2 =

nbinsX

i
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N
B
i �i

◆2

(9)

where N
NP
i is the total number of events in the existence of effective couplings (S), N

B
i

is total number of events of the corresponding SM backgrounds in ith bin of the icos⇥⇤
l

distributions, �i =
q
�2sys +

1
NB

i
is the combined systematic (�sys) and statistical errors in

each bin. The number of signal event number and �
2 results for C eBW/⇤4=2.0, 4.0, 6.0 TeV�4

are given in Table I, for CBB/⇤4=1.0, 2.0, 3.0 TeV�4 are given in Table II. In these tables,

we present numerical results taking into account systematic errors, 5% and 10% systematic

errors for p�T > 400 GeV and for p�T > 300 GeV in the parenthesis at an integrated luminosity

of 1 ab�1. However, the event number of SM background is 1098.57. A prediction on the

couplings constraints at 95% C.L. on the dimension-8 aNTG couplings at Lint = 1 ab�1

using a fit are extracted from �
2 results are given in Table III
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The current limits on dimension-8 aNTG couplings            and CBB  from ATLAS collaboration (Ref.[6])  compared with our expected limits at 95% 
C.L. for HL-LHC with Lint = 3 ab−1 , HE-LHC with Lint = 15 ab−1 and FCC-hh with Lint = 3 ab−1 .
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Fig. 2. Feynman diagrams for pp → νν̄γ process contributing in the SM and anomalous ZZγ , Zγ γ vertices.

Fig. 3. The signal cross sections of a) pp → l−l+γ and b) pp → νν̄γ depending on dimension-eight couplings at 
FCC-hh.

and ZZγ couplings, while the others for SM contributions in Fig. 1. In Fig. 2, the first diagram 
consists of anomalous Zγ γ and ZZγ couplings and the others comes from SM electroweak 
processes. In order to calculate the effects of dimension-eight operators on pp → l+l−γ and 
pp → νν̄γ processes, we use MadGraph5_aMC@NLO [16] after implementation of the opera-
tors Eqs. (2)–(5) through Feynrules package [17] as a Universal FeynRules Output (UFO) module 
[18 ]. In the next section, we give details of the simulation and discuss for the determination of 
the limits on the dimension-eight Zγ γ and ZZγ couplings at 95% C.L.

2. Analysis and simulation details

The cross sections of the pp → l+l−γ and pp → νν̄γ process as a function of mentioned 
four dimension-eight couplings are shown in Fig. 3. In this figure, only one coupling at a time is 
varied from its SM value. The cross section is calculated with a set of generator level cuts;

i) for the process pp → l+l−γ , photon transverse momentum pγ
T > 100 GeV and pseudo-

rapidity |ηγ | < 2.5, charged lepton transverse momentum pl
T > 20 GeV and pseudorapidity 

|ηl | < 2.5. A charged lepton–photon separation in the pseudorapidity-azimuthal angle plane is 
defined as follows

$R(l,γ ) =
[
($φl,γ ])2 + ($ηl,γ ])2

]1/2
(9)

We also imposed the cuts on $R(l, γ ) > 0.7. A large separation cut not only suppress photon 
radiation from the final state lepton but also impose the lepton–photon separation sharply peaks 
at small value in radiative Z decays due to the collinear singularity associated with diagrams. The 
invariant mass of final state charged leptons mll cut is mll > 50 GeV.
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radiation from the final state lepton but also impose the lepton–photon separation sharply peaks 
at small value in radiative Z decays due to the collinear singularity associated with diagrams. The 
invariant mass of final state charged leptons mll cut is mll > 50 GeV.
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BA C

Fig. 3: The distributions (top) and MET distributions (bottom) of the signal
for coupling and corresponding SM background of
process. Columns correspond to FCC-hh, HL-LHC and HE-LHC, respectively.

I. INTRODUCTION

The gauge boson self-interactions represented by the non-Abelian SU(2)L⇥U(1)Y gauge

group of the electroweak sector in the Standard Model (SM) are great interest since it

provides valuable information to test the predictions at the TeV energy scale. The triple

couplings between the photon and Z boson (Z�� and Z�Z) vanish at tree level in the SM.

Any deviations of these couplings from SM predictions within the experimental precision can

give crucial clues about new physics beyond the SM. A method to parameterize these new

physics effects at higher energies is Effective Field Theory (EFT) approach which reduces

to the SM at low energies.

The Lagrangian in the framework of an effective field theory for neutral Triple Gauge

Couplings (nTGC) imposing local U(1)EM and Lorentz symmetry are can be written as [1]

L
nTGC = L

SM +
X

i

Ci

⇤4
(Oi +O

†
i ) (1)

where i run over the label of the four operators are expressed as

OBW = iH
†
Bµ⌫W

µ⇢
{D⇢, D

⌫
} (2)

OWW = iH
†
Wµ⌫W

µ⇢
{D⇢, D

⌫
} (3)

OBB = iH
†
Bµ⌫B

µ⇢
{D⇢, D⌫} (4)

OB̃W = iH
†
B̃µ⌫W

µ⇢
{D⇢, D

⌫
} (5)

The following convention in the definitions of the operators are used:

Wµ⌫ = �
I(@µW

I
⌫ � @⌫W

I
µ + g✏IJKW

J
µW

K
⌫ ) (6)

Bµ⌫ = (@µB⌫ � @⌫Bµ) (7)

with
⌦
�
I
�
J
↵
= �

IJ
/2 and

Dµ ⌘ @µ � i
g
0

2
BµY � igwW

i
µ�

i (8)

The coefficients of these four dimension-eight operators describing anomalous Neutral Triple

Gauge Couplings (aNTGC) are CP-conserving C eBW and CP-violating CBB, CBW , CWW .

They are related to dimension-six operators aNTGC as described in Ref. [1]. The 95%

C.L. current limits on dimension-eight operators converted from coefficients of dimension-

six operators for the process pp ! ZZ ! l
+
l
�
l
0+
l
0� at

p
s=13 TeV and Lint =36.1 fb�1 from

2
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and corresponding SM of pp ! l�l + � process.
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Fig. 4: The distributions (top) and MET distribution (bottom) of the signal for
CBB coupling and corresponding SM background of process. Columns
correspond to FCC-hh, HL-LHC and HE-LHC, respectively.
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Figure 6: The MET distribution for pp ! ⌫⌫̄� process at HE-LHC.
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Figure 5: The p�T distribution of photon from for pp ! ⌫⌫̄� process at HE-LHC.
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Figure 6: The MET distribution for pp ! ⌫⌫̄� process at HE-LHC.
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Fig. 7. The pγ
T distribution (left panel) and MET distribution (right panel) for signal (CB̃W /"4) and corresponding SM 

background of pp → νν̄γ process.

We select the events with a photon and a large missing transverse energy (MET). The pT

distribution of the photon and MET distribution are given in Fig. 7. As can be seen from Fig. 7, 
the discrimination of signal from the SM background for all couplings well appears for pγ

T >
300 GeV and MET > 300 GeV. Therefore, we impose the following cuts for two parameters in 
the analysis; pγ

T > 400 (300) GeV, and MET > 400 GeV.

3. Results of the analysis

In the analysis, we use the angular distribution (cos$∗
l ) in the dilepton+photon channel and 

transverse momentum distribution of the photon (pγ
T ) in MET+photon channel for the signal 

and background. To obtain 95% C.L. limits on the couplings, we apply χ2 criterion with and 
without a systematic error. The χ2 function is defined as follows

χ2 =
nbins∑

i

(
NNP
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i

NB
i &i
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(10)

where NNP
i is the total number of events in the existence of effective couplings, NB

i is total 
number of events of the corresponding SM backgrounds in ith bin of the cos$∗

l and pγ
T distri-

butions, &i =
√

δ2
sys + 1

NB
i

is the combined systematic (δsys) and statistical errors in each bin. 

For the analysis of dilepton+photon channel, the number of signal events and one-parameter χ2

results for CB̃W/"4 = 2.0, 4.0, 6.0 TeV− 4 and CBB/"4 = 1.0, 2.0, 3.0 TeV− 4 are given in Ta-
ble 1 and Table 2, respectively. In these tables, only one coupling at a time is varied from its SM 
value. We also present numerical results taking into account systematic errors, δsys = 5% and 
δsys = 10% for pγ

T > 400 GeV (pγ
T > 300 GeV in the parenthesis) at an integrated luminosity 

of 1 ab− 1. Here, the number of SM background events is 1098.57 (2076.41). For the analysis of 
MET+photon channel, the number of signal events and one-parameter χ2 results for the same 
coupling values of CB̃W/"4 and CBB/"4 are given in Table 3 and Table 4, respectively. For the 
same pγ

T cuts, the number of SM background events is 22761 (27213).
The 95% C.L. intervals are obtained by allowing pairs of CB̃W/"4 and CBB/"4 couplings to 

vary, while setting the others to zero. The results from two-parameter χ2 analysis of the CB̃W/"4
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13 TeV LHC [ATLAS] Lint =36 fb-1

14 TeV HL-LHC Lint =3 ab-1

27 TeV HE-LHC Lint =15 ab-1

Table I: Event selection criteria and applied kinematic cuts used for the analysis at three energy

stages of CLIC

Couplings Limit 95% C.L.

(TeV�4) ZZ ! 4` [9] Z� ! ⌫⌫̄� [10]

CB̃W /⇤4
�5.9,+5.9 �1.1, +1.1

CWW /⇤4
�3.0,+3.0 �2.3, +2.3

CBW /⇤4
�3.3,+3.3 �0.65,+0.64

CBB/⇤4
�2.7,+2.8 �0.24,+0.24

Table II: Event selection criteria and applied kinematic cuts used for the analysis at three energy

stages of CLIC

Couplings (TeV�4) ATLAS HL-LHC HE-LHC FCC-hh

CB̃W /⇤4
�1.1, +1.1 �0.27,+0.36 �0.12,+0.12 �0.084,+0.084

CBB/⇤4
�0.24,+0.24 �0.20,+0.20 �0.085,+0.085 �0.072, 0.072

Recently, the production of Z boson in association with a high energy photon is studied

in the Z ! ⌫⌫̄ channel at
p
s = 13 TeV with an integrated luminosity of 36.1 fb�1 by the

ATLAS collaboration and set limits on the EFT parameters at the 95% C.L. [10].

The physics programme accessible at the HL-LHC and HE-LHC extends beyond the

LHC. This covers pp collisions at 14 TeV and 27 TeV with an integrated luminosity of 3/ab

15/ab each for the LHC experiments, respectively.

II. ANALYSIS AND SIMULATION DETAILS

The plots of the cross sections for process pp-> nu nu gamma (nu = e, m, tau) presented in

Fig. 2 have been produced by using Madgraph5 [16] and the events passed through Pythia 8

[19] and the results were generated with the simulated data passed through detector upgrade

card, namely CMS_phaseII_140PU_conf4.tcl within Delphes 3.4.1 [20]. The analysis of

at least one photon and met condition provided the resulting met and photon pt plots for

HL-LHC (14 TeV) and HE-LHC (27 TeV). Here, the plots for HL-LHC were normalized

with an integrated luminosity Lint = 3 / ab, while the plots for HE-LHC were normalized
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I. INTRODUCTION

The gauge boson self-interactions represented by the non-Abelian SU(2)L⇥U(1)Y gauge

group of the electroweak sector in the Standard Model (SM) are great interest since it

provides valuable information to test the predictions at the TeV energy scale. The triple

couplings between the photon and Z boson (Z�� and Z�Z) vanish at tree level in the SM.

Any deviations of these couplings from SM predictions within the experimental precision can

give crucial clues about new physics beyond the SM. A method to parameterize these new

physics effects at higher energies is Effective Field Theory (EFT) approach which reduces

to the SM at low energies.

The Lagrangian in the framework of an effective field theory for neutral Triple Gauge

Couplings (nTGC) imposing local U(1)EM and Lorentz symmetry are can be written as [1]

L
nTGC = L

SM +
X

i

Ci

⇤4
(Oi +O

†
i ) (1)

where i run over the label of the four operators are expressed as

OBW = iH
†
Bµ⌫W

µ⇢
{D⇢, D

⌫
} (2)

OWW = iH
†
Wµ⌫W

µ⇢
{D⇢, D

⌫
} (3)

OBB = iH
†
Bµ⌫B

µ⇢
{D⇢, D⌫} (4)

OB̃W = iH
†
B̃µ⌫W

µ⇢
{D⇢, D

⌫
} (5)

The following convention in the definitions of the operators are used:

Wµ⌫ = �
I(@µW

I
⌫ � @⌫W

I
µ + g✏IJKW

J
µW

K
⌫ ) (6)

Bµ⌫ = (@µB⌫ � @⌫Bµ) (7)

with
⌦
�
I
�
J
↵
= �

IJ
/2 and

Dµ ⌘ @µ � i
g
0

2
BµY � igwW

i
µ�

i (8)

The coefficients of these four dimension-eight operators describing anomalous Neutral Triple

Gauge Couplings (aNTGC) are CP-conserving C eBW and CP-violating CBB, CBW , CWW .

They are related to dimension-six operators aNTGC as described in Ref. [1]. The 95%

C.L. current limits on dimension-eight operators converted from coefficients of dimension-

six operators for the process pp ! ZZ ! l
+
l
�
l
0+
l
0� at

p
s=13 TeV and Lint =36.1 fb�1 from

2
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Fig. 5: Obtained 42 as a function of (left column) and
CBB (right column) couplings for HL-LHC (top) and HE-LHC (bottom).
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I. INTRODUCTION

The gauge boson self-interactions represented by the non-Abelian SU(2)L×U(1)Y gauge

group of the electroweak sector in the Standard Model (SM) are of great interest since it

provides valuable information to test the predictions at the TeV energy scale. The triple

couplings between the photon and Z boson (Zγγ and ZγZ) vanish at tree level in the SM.

Any deviations of these couplings from SM predictions within the experimental precision can

give crucial clues about new physics beyond the SM. A method to parameterize these new

physics effects at higher energies is Effective Field Theory (EFT) approach which reduces to

the SM at low energies. Diboson productions at hadron colliders through EFT framework

have been studied in Ref. [1–6]. There are also studies (see for example ref.[7]) about the

enhancement for the sensitivity of diboson measurement at the LHC.

The Lagrangian in the framework of an effective field theory for neutral Triple Gauge

Couplings (nTGC) imposing local U(1)EM and Lorentz symmetry can be written as [8]

LnTGC = LSM +
∑

i

Ci

Λ4
(Oi +O†

i ) (1)

where i runs over the label of the four operators expressed as

OBW = iH†BµνW
µρ{Dρ, D

ν}H (2)

OWW = iH†WµνW
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ν}H (3)

OBB = iH†BµνB
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ν}H (4)

OB̃W = iH†B̃µνW
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ν}H (5)

where B̃µν is a dual B strength tensor. The following convention in the definitions of the

operators are used:
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The coefficients of these four dimension-eight operators describing anomalous Neutral Triple

Gauge Couplings (aNTGC) are CP-conserving CB̃W and CP-violating CBB, CBW , CWW .
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