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polarization are presented in Figs. 3 and 4 (Figs. 5 and 6), respectively. It
is clear from these figures that the polarization (Pe = �0.8) enhances the
cross sections according to the unpolarized case.

The cross sections depending on anomalous couplings �Z and �Z of
the process ep ! ⌫ZqX for Ee = 60 GeV (140 GeV) with (Pe = ±0.8) and
without (Pe = 0) electron beam polarization are presented in Figs. 7 and 8
(Figs. 9 and 10), respectively.

Fig. 1. Representative Feynman diagrams for subprocess eq ! ⌫e�q0.

Fig. 2. Representative Feynman diagrams for subprocess eq ! ⌫eZq0.
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Lagrangian:

Processes:



Results for LHeC (Ee=60 GeV):
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Fig. 22. The same as Fig. 20 but for Pe = �0.8.

The difference of the upper and lower bounds on the anomalous couplings
�V and �V (where V = �, Z) can be written as

��V = �upperV ��lowerV , ��V = �upper

V � �lower

V . (3)

The current limits on anomalous couplings and the difference of the up-
per and lower bounds for electron beam energies of Ee = 60 and 140 GeV
with integrated luminosities L

int

= 10 fb�1 and 100 fb�1 at LHeC with the
unpolarized (polarized) electron beam are given in Tables III–VI. We have
obtained two-parameter limits on ��� and ��� which can be compared to
the ATLAS and CMS results. However, the current limits on ��Z is found
to be much more sensitive at the LHeC.

TABLE III

The 95% C.L. current limits on the anomalous couplings and the difference of the
upper and lower bounds for electron beam energy of Ee = 60 GeV with Lint =

10 fb�1 for polarized and unpolarized electron beam.

Pe �� ��� �� ���

�0.8 [�0.366, 0.899] 1.265 [�0.085, 0.148] 0.233
0 [�0.421, 0.940] 1.361 [�0.094, 0.159] 0.253
0.8 [�0.641, 1.177] 1.818 [�0.141, 0.208] 0.349

Pe �Z ��Z �Z ��Z

�0.8 [�0.152, 0.471] 0.623 [�0.016, 0.033] 0.049
0 [�0.180, 0.498] 0.677 [�0.018, 0.035] 0.053
0.8 [�0.293, 0.611] 0.904 [�0.027, 0.044] 0.071

The difference of the upper and lower bounds on the 
anomalous couplings 

∆κV and λV (where V = γ, Z) can be written as

1960 I.T. Cakir et al.

TABLE IV

The same as Table III but for Lint = 100 fb�1.

Pe �� ��� �� ���

�0.8 [�0.237, 0.771] 1.008 [�0.061, 0.124] 0.185
0 [�0.257, 0.777] 1.034 [�0.064, 0.128] 0.192
0.8 [�0.356, 0.893] 1.249 [�0.087, 0.153] 0.240

Pe �Z ��Z �Z ��Z

�0.8 [�0.088, 0.405] 0.493 [�0.011, 0.027] 0.038
0 [�0.104, 0.412] 0.516 [�0.012, 0.028] 0.040
0.8 [�0.147, 0.465] 0.612 [�0.016, 0.032] 0.048

TABLE V

The 95% C.L. current limits on the anomalous couplings and the difference of
the upper and lower bounds for electron beam energy of Ee = 140 GeV with
Lint = 10 fb�1 for polarized and unpolarized electron beam.

Pe �� ��� �� ���

�0.8 [�0.255, 0.865] 1.120 [�0.049, 0.088] 0.137
0 [�0.288, 0.895] 1.183 [�0.052, 0.092] 0.144
0.8 [�0.255, 1.035] 1.120 [�0.070, 0.109] 0.179

Pe �Z ��Z �Z ��Z

�0.8 [�0.208, 0.207] 0.415 [�0.003, 0.010] 0.013
0 [�0.350, 0.170] 0.520 [�0.005, 0.012] 0.017
0.8 [�0.407, 0.373] 0.780 [�0.008, 0.014] 0.022

TABLE VI

The same as Table V but for Lint = 100 fb�1.

Pe �� ��� �� ���

�0.8 [�0.182, 0.793] 0.975 [�0.039, 0.079] 0.118
0 [�0.192, 0.798] 0.990 [�0.041, 0.081] 0.122
0.8 [�0.251, 0.844] 1.095 [�0.047, 0.086] 0.133

Pe �Z ��Z �Z ��Z

�0.8 [�0.143, 0.142] 0.285 [�0.001, 0.008] 0.009
0 [�0.273, 0.089] 0.362 [�0.003, 0.009] 0.012
0.8 [�0.253, 0.215] 0.468 [�0.004, 0.010] 0.014

The 95% C.L. current limits on the anomalous couplings and the 
difference of the upper and lower bounds with Lint = 100 fb−1 for 
polarized and unpolarized electron beam. 
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from two-parameter analysis at 95% C.L. Two-parameter 95% C.L. on anom-
alous couplings �Z and �Z are given as (�0.045, 0.045) and (�0.063, 0.063),
respectively.

According to the CMS Collaboration, the current limits for one-param-
eter 95% C.L. are (�0.210, 0.220) and (�0.048, 0.048) for �� and �� from
W� production process at

p
s = 7 TeV and L

int

= 5 fb�1 [8]. From
two-parameter contours, the upper and lower limits for �� and �� are
(�0.250, 0.250) and (�0.050, 0.042) at the 95% C.L., while one-parameter
95% C.L. on �Z and �Z are (�0.160, 0.157) and (�0.048, 0.048) from
W+W� production process at

p
s = 7 TeV. Here, the relation �Z =

�gZ
1

� �� tan

2 ✓W is used to extract some of the current limits in the
LEP scenario. The results from the ATLAS and CMS experiments based on
two-parameter analysis of the anomalous couplings are given in Table II.

TABLE II

The available 95% C.L. two-parameter bounds on anomalous couplings (�� , ��)
and (�Z ,�Z) from the ATLAS and CMS experiments. The difference of the upper
and lower bounds are shown in the last two columns.

ATLAS [7] CMS [8] ATLAS (upper–lower) CMS (upper–lower)

�� [�0.420, 0.480] [�0.250, 0.250] 0.900 0.500
�� [�0.068, 0.062] [�0.050, 0.042] 0.130 0.092
�Z [�0.045, 0.045] [�0.160, 0.180] 0.090 0.340
�Z [�0.063, 0.063] [�0.055, 0.055] 0.126 0.110

In this study, we examined the ep ! ⌫eq�X and ep ! ⌫eqZX processes
with anomalous WW� and WWZ couplings at the high energy electron–
proton collider LHeC. This collider is considered to be realised by accel-
erating electrons 60–140 GeV and colliding them with the 7 TeV protons
incoming from the LHC. We take into account the possibility of the electron
beam polarization at the LHeC which extends the sensitivity to anomalous
triple gauge boson couplings. The anticipated integrated luminosity is taken
at the order of 10 and 100 fb�1 [9].

2. Anomalous couplings

The WW� and WWZ interaction vertices are described by an effective
Lagrangian with the coupling constants gWW� and gWWZ , and dimensionless
parameter pairs (� ,��) and (Z ,�Z),

The available 95% C.L. two-parameter bounds on anomalous couplings (∆κγ, 
λγ) and (∆κZ ,λZ ) from the ATLAS and CMS experiments. The difference of the 
upper and lower bounds are shown in the last two columns. 

[7]  ATLAS Collaboration, Phys. Rev. D87, 112001 (2013); D87, 112003 (2013). 

[8]  CMS Collaboration, Eur. Phys. J. C73, 2610 (2013); Phys. Rev. D89, 092005 (2014). 
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Fig. 13. The same as Fig. 11 but for Pe = �0.8.
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Fig. 14. Two dimensional 95% C.L. contour plot anomalous couplings in the
��–�� plane for the integrated luminosity of 10 fb�1 and 100 fb�1 at electron
beam energy Ee = 140 GeV with polarization Pe = 0.8.
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Fig. 15. The same as Fig. 14 but for Pe = 0.

1958 I.T. Cakir et al.

10/fb 100/fb

-0.08 -0.06 -0.04 -0.02  0  0.02  0.04  0.06  0.08

λZ

-0.8

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0.8

∆
κ

Z

Fig. 19. The same as Fig. 17 but for Pe = �0.8.
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Fig. 20. Two-dimensional 95% C.L. contour plot of anomalous couplings in the
�Z–�Z plane for the integrated luminosity of 10 fb�1 and 100 fb�1 at electron
beam energy Ee = 140 GeV with polarization Pe = 0.8.
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Fig. 21. The same as Fig. 20 but for Pe = 0.

Two dimensional 95% C.L. contour plot of 
anomalous couplings for the integrated 
luminosity of 10 fb−1 and 100 fb−1 with 
polarization Pe = -0.8. 



Dataset Coupling Expected Observed

13 TeV
�gZ

1 [-0.017; 0.032] [-0.016; 0.036]
�Z1 [-0.18; 0.24] [-0.15; 0.26]
�Z [-0.015; 0.014] [-0.016; 0.015]

8 and 13 TeV
�gZ

1 [-0.014; 0.029] [-0.015; 0.030]
�Z1 [-0.15; 0.21] [-0.13; 0.24]
�Z [-0.013; 0.012] [-0.014; 0.013]

Table 3: Expected and observed one-dimensional 95% CL intervals for the anomalous coupling parameters using
⇤co = 1.

aTGC Intervals at 95% C.L.

0.05− 0 0.05 0.1 0.15 0.2 0.25

0.1×Zκ∆
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Zg∆

ATLAS Preliminary
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-1 = 8 TeV, 20.3 fbs ATLAS 
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  ∞ = coΛ

Z±W → ℓ′νℓℓ

Figure 5: Comparison of one-dimensional intervals at 95% CL for the anomalous coupling parameters using a cuto↵
scale of ⇤co = 1 and obtained from the analysis of W±Z events at di↵erent centre-of-mass energies by the ATLAS
experiment [3, 4]. The confidence intervals for �Z parameter are scaled down by factor of 10.
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of the limit). In contrast, due to their different contributions to the separate signal regions, cB
can be distinguished from the other two couplings, corresponding to the departure from an
elliptic shape in the limits including cB. While the current limits cannot supersede the results
from the LHC Run I [3], it is expected that limits will substantially improve with accumulating
luminosity.

Table 4: Expected and observed limits at 95% C.L. on single anomalous couplings (other cou-
plings set to zero).

aTGC expected limit observed limit

EF
T

pa
ra

m
. cWWW

L2 ( TeV�2) [-8.73 , 8.70] [-9.46 , 9.42]
cW
L2 ( TeV�2) [-11.7 , 11.1] [-12.6 , 12.0]
cB
L2 ( TeV�2) [-54.9 , 53.3] [-56.1 , 55.4]

Ve
rt

ex
pa

ra
m

. l [-0.036 , 0.036] [-0.039 , 0.039]
DgZ

1 [-0.066 , 0.064] [-0.067 , 0.066]
DkZ [-0.038 , 0.040] [-0.040 , 0.041]
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2. Probing Anomalous WW γ and WWZ Couplings with Polarized Electron 
Beam at the LHeC and FCC-ep Collider**
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Two-dimensional 95% C.L contour plot of anomalous couplings in the λZ 
−ΔκZ plane for the integrated luminosity of 10 fb-1 and 100 fb-1  at FCC-ep 
with electron beam energy Ee=80 GeV with polarization P=-0.8.

Two dimensional 95% C.L contour plot anomalous couplings in the λγ
−Δκγ plane for the integrated luminosity of 10 fb-1 and 100 fb-1 at FCC-
ep with electron beam energy Ee =80 GeV with polarization P =−0.8 . 

Results for FCC-ep (Ee=80 GeV):

 

 

without (Pe=0) electron beam polarization are presented in 

Figs. 9 and 10. It is clear from these figures that the 
polarization (Pe=−0.8) enhances the cross sections according to 

the unpolarized case.  
 

 
Fig. 9 The cross section depending on anomalous coupling Δκγ of the 
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Fig. 11 The cross section depending on anomalous ΔκZ coupling of 
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The cross sections depending on anomalous couplings ΔκZ 
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in Figs. 11 and 12.  
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VI. ANALYSIS FOR FCC-EP 
The contour plots of anomalous couplings in Δκγ- λγ plane 

for the integrated luminosities of 10 fb-1 and 100 fb-1 at 
electron beam energies Ee=80 GeV are given in Fig. 13. For 

the process ep→νeqZX, we make analysis of the signal and 

backgrounds when Z decays leptonically, Z→l+l− where l=e, μ. 
The contour plots of anomalous couplings in ΔκZ-λZ plane for 

the integrated luminosities of 10 fb-1 and 100 fb-1 at electron 
beam energies of Ee=80 GeV are presented in Fig. 14. 
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without (Pe=0) electron beam polarization are presented in 

Figs. 9 and 10. It is clear from these figures that the 
polarization (Pe=−0.8) enhances the cross sections according to 

the unpolarized case.  
 

 
Fig. 9 The cross section depending on anomalous coupling Δκγ of the 

process ep→νeqγX at Ee=80 GeV for different electron beam 
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Fig. 10 The cross section depending on anomalous λγ coupling of the 

process ep→νeqγX for Ee=80 GeV 

 
Fig. 11 The cross section depending on anomalous ΔκZ coupling of 
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Fig. 13 Two dimensional 95% C.L contour plot anomalous couplings 
in the λγ−Δκγ plane for the integrated luminosity of 10 fb-1 and 100 

fb-1 at electron beam energy Ee=80 GeV with polarization Pe=−0.8 

 

 
Fig. 14 Two-dimensional 95% C.L contour plot of anomalous 

couplings in the λZ−ΔκZ plane for the integrated luminosity of 10fb-1 

and 100 fb-1 at electron beam energy Ee=80 GeV with polarization  

VII. CONCLUSION 
The WWγ and WWZ anomalous interactions through the 

processes ep→νeqγX and ep→νeqZX can be studied 

independently at the LHeC and FCC-ep. We obtain two-
parameter accessible ranges of triple gauge boson anomalous 
couplings at LHeC and FCC-ep with the polarized electron 
beam at the energies Ee=140 GeV and Ep=7 TeV, and Ee=80 

GeV and Ep=50 TeV, respectively. Our limits compare with 
the results from two-parameter analysis given by ATLAS and 
CMS Collaborations [10]-[13]. We find that the sensitivities to 
anomalous couplings ΔκV (V=γ, Z) will be of the order of 10-1, 

which is an order of magnitude larger than the SM loop level 
sensitivity of 10-2, however a measurement of these couplings 
above 10-2 would offer a possible new physics signal. We 
conclude that the anomalous couplings λγ and λZ can be well 

constrained with the sensitivity of the order of 10-2 and 10-3 at 
the FCC-ep with polarized electron beam. The LHeC and 
FCC-ep could give complementary information about 
anomalous couplings compared to Tevatron and LHC.  
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Fig. 13 Two dimensional 95% C.L contour plot anomalous couplings 
in the λγ−Δκγ plane for the integrated luminosity of 10 fb-1 and 100 

fb-1 at electron beam energy Ee=80 GeV with polarization Pe=−0.8 

 

 
Fig. 14 Two-dimensional 95% C.L contour plot of anomalous 

couplings in the λZ−ΔκZ plane for the integrated luminosity of 10fb-1 

and 100 fb-1 at electron beam energy Ee=80 GeV with polarization  
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At the FCC-ep with electron beam polarization, we obtain the results for the 
difference of upper and lower bounds as (1.101, 0.065) and (0.320, 0.002) 
for the anomalous (          ) and   (           )   couplings, respectively at an 
integrated luminosity of Lint=100 fb-1. 
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Two-dimensional 95% C.L contour plot of anomalous couplings in the λZ 
−ΔκZ plane for the integrated luminosity of 10 fb-1 and 100 fb-1  at FCC-ep 
with electron beam energy Ee=60 GeV with polarization P=-0.8.

Two dimensional 95% C.L contour plot anomalous couplings in the λγ
−Δκγ plane for the integrated luminosity of 10 fb-1 and 100 fb-1 at FCC-
ep with electron beam energy Ee =60 GeV with polarization P =−0.8 . 
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1 Introduction

The recent discovery of the Higgs boson has increased the confidence in the validity of

the Standard Model (SM). On the other hand, the remaining issues of the SM like the

absence of a dark matter candidate claim for new physics. This dilemma can only be solved

experimentally by either directly searching for new particles or by looking for deviations

from the SM predictions. In this article, we use the well motivated effective field theory

(EFT) approach to pin down the expected first deviations from heavy new physics on the

neutral triple gauge couplings (nTGC).

Anomalous neutral gauge couplings have been actively searched for at LEP [1–3],

at the Tevatron [4, 5] and at the LHC [6, 7]. The constraints are given following the

parametrization of the anomalous vertices for the neutral gauge bosons [8–11]

ieΓαβµ
ZZV (q1, q2, q3) =

−e(q23 −m2
V )

M2
Z

[
fV
4 (qα3 g

µβ + qβ3g
µα)− fV

5 ϵµαβρ(q1 − q2)ρ
]
, (1.1)

ieΓαβµ
ZγV (q1, q2, q3) =

−e(q23 −m2
V )

M2
Z

{
hV1 (q

µ
2g

αβ − qα2 g
µβ) +

hV2
M2

Z

qα3 [(q3q2)g
µβ − qµ2q

β
3 ]

−hV3 ϵ
µαβρq2ρ −

hV4
M2

Z

qα3 ϵ
µβρσq3ρq2σ

}
(1.2)

where V is a photon or a Z boson and is off-shell while the two other bosons are on-shell.

The parametrization of those vertices has been extended for off-shell bosons in ref. [10].

So far, the size of the fV
i and hVi coefficients is unknown. Since the vertices contain three

momenta, they are expected to arise from at least dimension-six operators. Therefore the

– 1 –

Dimension-6 vertices was studied at ep-collider[1,2]:

I. INTRODUCTION

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

gauge group of the electroweak sector in the Standard Model (SM). Precision measurements

of these interactions will be important for the test of the SM structure. The tree-level

couplings between the Z boson and the photon (ZZγ and Zγγ) vanish in the SM. Any

detected signals of these couplings being from the SM expectations within the experimental

precision would provide crucial clues for new physics beyond the SM. These new physics

effects are parametrized at higher energies via an effective Lagrangian which reduces to the

SM at low energies.

The most general anomalous trilinear ZγZ vertex function, being consistent with Lorentz

and U(1)em gauge invariance, is given by [1, 2]:

Γαβµ
ZγZ(p1, p2, p3) =

p23 − p21
m2

Z

[

hZ
1 (p

µ
2g

αβ − pα2 g
µβ) +

hZ
2

M2
Z

pα3

[

(p3 · p2)gµβ − pµ2p
β
3

]

+hZ
3 ϵ

µαβρp2ρ +
hZ
4

m2
Z

pα3 ϵ
µβρσp3ρp2σ

]

(1)

where mZ denotes the Z-boson mass. Formalism of this vertex is depicted in Fig.1 where e

is the charge of the proton. Further, the photon and Z boson in the final state are on-shell

while the Z boson in the initial state is off-shell. The most general Zγγ vertex function can

FIG. 1: Feynman rule for the ZZγ vertex.

be obtained from Eq.(1) with the replacements:

p23 − p21
m2

Z

→
p23
m2

Z

, hZ
i → hγ

i , i = 1, ..., 4 (2)

Here the overall factor p23 in the Zγγ vertex function results in electromagnetic gauge invari-

ance, while the factor p23 − p21 in the ZγZ vertex function (Eq.(1)) ensures Bose symmetry.

2

Probing dimension-8 operators for anomalous neutral triple gauge 
boson interactions at FCC-he and LHeC

[2] I.Turk Çakır, Probing anomalous triple gauge boson couplings in 
gamma p ---> Z b X process, Acta Phys.Polon. B40 (2009) 
309-318,

[1] Y.A. Coutinho, A.J. Ramalho, R. Walsh, S. Wulck, Bounds on the ZγZ 
anomalous couplings from radiative ep scattering at the Very Large 
Hadron Collider, Phys.Rev. D64 (2001) 115008 J

H
E
P
0
4
(
2
0
1
5
)
1
6
4

ferential Zγ cross section for events with no accompanying central jets was presented. The

inclusive and exclusive cross sections for pγT > 15GeV are measured to be:

σincl = 2063± 19 (stat)± 98 (syst)± 54 (lumi) fb,

σexcl = 1770± 18 (stat)± 115 (syst)± 46 (lumi) fb.

Both values are compatible with the SM expectations of σmcfm
incl = 2100± 120 fb (σNNLO

incl =

2241 ± 22 fb) and σmcfm
excl = 1800 ± 120 fb, respectively. At high pγT the inclusive mea-

surement is well described by the NNLO calculation and also by the sherpa prediction

including up to two additional partons at matrix element level, while a clear excess is ob-

served with respect to the mcfm (NLO) calculation. This emphasizes the importance of

NNLO QCD corrections for this measurement. A similar excess is not observed for the

exclusive measurement.

Limits on the strengths of anomalous ZZγ and Zγγ couplings have been extracted.

The following one-dimensional limits at 95% CL have been obtained

−3.8× 10−3 < hZ3 < 3.7× 10−3

−3.1× 10−5 < hZ4 < 3.0× 10−5

−4.6× 10−3 < hγ3 < 4.6× 10−3

−3.6× 10−5 < hγ4 < 3.5× 10−5.

These limits are more stringent than previously published results on neutral aTGCs for the

charged lepton decays of the Z boson from LEP [38–41], Tevatron [42, 43] and the LHC

experiments [4, 5].

Acknowledgments

We thank Dirk Rathlev and Massimiliano Grazzini for providing us with the NNLO calcu-

lation of the cross section.

We congratulate our colleagues in the CERN accelerator departments for the excellent

performance of the LHC and thank the technical and administrative staffs at CERN and

at other CMS institutes for their contributions to the success of the CMS effort. In ad-

dition, we gratefully acknowledge the computing centers and personnel of the Worldwide

LHC Computing Grid for delivering so effectively the computing infrastructure essential

to our analyses. Finally, we acknowledge the enduring support for the construction and

operation of the LHC and the CMS detector provided by the following funding agencies:

the Austrian Federal Ministry of Science, Research and Economy and the Austrian Science

Fund; the Belgian Fonds de la Recherche Scientifique, and Fonds voor Wetenschappelijk

Onderzoek; the Brazilian Funding Agencies (CNPq, CAPES, FAPERJ, and FAPESP); the

Bulgarian Ministry of Education and Science; CERN; the Chinese Academy of Sciences,

Ministry of Science and Technology, and National Natural Science Foundation of China; the

Colombian Funding Agency (COLCIENCIAS); the Croatian Ministry of Science, Educa-

tion and Sport, and the Croatian Science Foundation; the Research Promotion Foundation,

Cyprus; the Ministry of Education and Research, Estonian Research Council via IUT23-4

and IUT23-6 and European Regional Development Fund, Estonia; the Academy of Finland,

– 18 –

J
H
E
P
0
4
(
2
0
1
5
)
1
6
4

Z
3h

0.01− 0.005− 0 0.005 0.01

Z 4h

0.1−

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

0.08

0.1
3−10×

E
xc

lu
si

o
n
 p

ro
b
a
b
ili

ty

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 (8 TeV)-1 channels, 19.5 fbγ and eeγµµ

CMSγZZ

Data best fit 

Data CL = 95% 

Expected CL = 68%

Expected CL = 95%

Expected CL = 99%

γ

3h
0.01− 0.005− 0 0.005 0.01

γ 4h

0.1−

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

0.08

0.1
3−10×

E
xc

lu
si

o
n
 p

ro
b
a
b
ili

ty

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 (8 TeV)-1 channels, 19.5 fbγ and eeγµµ

CMSγγZ

Data best fit 

Data CL = 95% 

Expected CL = 68%

Expected CL = 95%

Expected CL = 99%

Figure 10. Best fit of the combined muon and electron channels for models of anomalous ZZγ
(top) and Zγγ (bottom) couplings. No form factor is used. The light blue star indicates the
point of highest probability. The level of gray represents the exclusion probability and the black
line corresponds to the 95% CL limit. In addition, several expected contours from SM simulation
are shown.

8 Summary

A study of Zγ production in pp collisions at 8TeV using data collected with the CMS

experiment in 2012, corresponding to an integrated luminosity of 19.5 fb−1 was presented.

Decays of the Z bosons into muons and electrons were used for the measurement of the

differential Zγ cross section as a function of pγT for a phase space defined by the kinematic

requirements on the final-state particles shown in table 1. In addition, the exclusive dif-
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Namely, none of the combinations Oi−O†
i contains vertices with three neutral gauge boson.

The Lagrangian for nTGC can therefore be written as

LnTGC = LSM +
∑

i

Ci

Λ4

(
Oi +O†

i

)
(3.1)

where i run over the label of the four operators from equations (2.20) to (2.23). In the

definitions of the operators we use the following convention:

Dµ ≡ ∂µ − i
g′

2
BµY − igwW

i
µσ

i (3.2)

and

Wµν = σI(∂µW
I
ν − ∂νW

I
µ + gϵIJKW J

µW
K
ν ) (3.3)

Bµν = (∂µBν − ∂νBµ) (3.4)

with
〈
σIσJ

〉
= δIJ/2.

The CP-conserving anomalous couplings for the production of two on-shell Z bosons

(see eq. (1.1)) are given by

fZ
5 = 0 (3.5)

fγ
5 =

v2M2
Z

4cwsw

C
B̃W

Λ4
(3.6)

and the CP-violating by

fZ
4 =

M2
Zv

2
(
cw2CBB

Λ4 + 2cwsw
CBW

Λ4 + 4sw2CWW

Λ4

)

2cwsw
(3.7)

fγ
4 = −

M2
Zv

2
(
−cwsw

CBB

Λ4 + CBW

Λ4

(
cw2 − sw2

)
+ 4cwsw

CWW

Λ4

)

4cwsw
(3.8)

For one on-shell Z boson and one on-shell photon (see eq. (1.2)), the CP conserving cou-

plings are

hZ3 =
v2M2

Z

4cwsw

C
B̃W

Λ4
(3.9)

hZ4 = 0 (3.10)

hγ3 = 0 (3.11)

hγ4 = 0 (3.12)
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and the CP-violating couplings are

hZ1 =
M2

Zv
2
(
−cwsw

CBB

Λ4 + CBW

Λ4

(
cw2 − sw2

)
+ 4cwsw

CWW

Λ4

)

4cwsw
(3.13)

hZ2 = 0 (3.14)

hZ1 = −
M2

Zv
2
(
sw2CBB

Λ4 − 2cwsw
CBW

Λ4 + 4cw2CWW

Λ4

)

4cwsw
(3.15)

hγ2 = 0. (3.16)

The anomalous couplings for off-shell bosons are given in appendix A. Many couplings are

zero because the CP-conserving ZAA and ZZZ vertices vanish. Those expressions implies

two relations between the non-vanishing couplings,

fγ
5 = hZ3 and hZ1 = −fγ

4 . (3.17)

C
B̃W

/Λ4 can be constrained using the mearsurements of fγ
5 and hZ3 . The limits on fγ

5 [6]

give the strongest constraint, i.e.

− 47 TeV−4 <
C
B̃W

Λ4
< 47 TeV−4 (3.18)

at 95% C.L. The coefficients on the CP-violating operators can be constrained from the

measurements of fZ
4 , fγ

4 [6] and hγ1 [18],

−96 TeV−4 <
CBB

Λ4
< 102 TeV−4 (3.19)

−114 TeV−4 <
CBW

Λ4
< 114 TeV−4 (3.20)

−47 TeV−4 <
CWW

Λ4
< 46 TeV−4. (3.21)

Only the constraints on anomalous couplings obtained without form factor have been used

to extract the limits on the coefficients of the dimension-eight operators. For order one

coefficients, the new physics scale is constrained to be above a few hundred GeV. Such

large coefficients require a strongly interacting new sector since the anomalous operators

arise at the loop level in a UV complete theory. Consequently, the coefficients are expected

to be smaller in a weakly coupled model and the mass limit lower. For example, fermions

with a non-zero axial coupling to the Z boson can generate the Levi-Civita tensor of the

CP-conserving operator at one-loop. The contribution such a heavy fermion implies [10]

C
B̃W

Λ4
=

e2QgAgV
2π2cwswM2

F v
2

(3.22)

where Q, gA, gV , MF are respectively the charge, the axial and vector couplings to the Z

boson and the mass of the fermion (see eq. 42 in [10] for the couplings convention). The

limit in eq. (3.18) forces the fermion mass to be of a few tens of GeV depending on its
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They are shown in Figure 17. No significant deviations from the SM are observed.

Coupling strength Expected 95% CL
⇥ ⇥ 10�3⇤ Observed 95% CL

⇥ ⇥ 10�3⇤

f �4 �2.4, 2.4 �1.8, 1.8
f Z
4 �2.1, 2.1 �1.5, 1.5

f �5 �2.4, 2.4 �1.8, 1.8
f Z
5 �2.0, 2.0 �1.5, 1.5

Table 7: One-dimensional expected and observed 95% CL intervals on the aTGC coupling strengths. Each limit is
obtained setting all other aTGC coupling strengths to zero.

Confidence intervals are also provided for parameters of the e↵ective field theory (EFT) of Ref. [92],
which includes four dimension-8 operators describing aTGC interactions of neutral gauge bosons. The
coe�cients of the operators are denoted CB̃W/⇤

4, CBW/⇤4, CWW/⇤4, and CBB/⇤4, where ⇤ is the energy
scale of the new physics described by the EFT. They can be linearly related to the parameters f �4 , f Z

4 , f �5 ,
and f Z

5 as described in Ref. [93]. Thus Eq. 7 can be reformulated in terms of the EFT coe�cients and
confidence intervals set in the same way as for the coupling strengths. The resulting one-dimensional
EFT confidence intervals can be found in Table 8. Two-dimensional EFT confidence intervals are shown
in Figure 18.

EFT parameter Expected 95% CL
⇥
TeV�4⇤ Observed 95% CL

⇥
TeV�4⇤

CB̃W/⇤
4 �8.1, 8.1 �5.9 , 5.9

CWW/⇤4 �4.0, 4.0 �3.0 , 3.0
CBW/⇤4 �4.4, 4.4 �3.3 , 3.3
CBB/⇤4 �3.7, 3.7 �2.7 , 2.8

Table 8: One-dimensional expected and observed 95% CL intervals on EFT parameters using the transformation
from Ref. [93]. Each limit is obtained setting all other EFT parameters to zero.
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Figure 18: Observed and expected two-dimensional 95% CL intervals in planes of di↵erent pairs of EFT parameters
using the transformation from Ref. [93]. The EFT parameters other than those shown are set to zero. The black
straight lines indicate the observed one-dimensional confidence intervals at 95% CL.
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account for the anomalous 
Zγγ and ZZγ couplings,

the others depict the SM 
contributions.

+



4.0 34.73
6.0 34.74
8.0 34.75

C !BW /Λ4 (TeV −4 ) σ (pb)

2.0 34.73
4.0 34.74
6.0 34.75

CBW /Λ4 (TeV −4 ) σ (pb)

2.0 34.74
4.0 34.77
6.0 34.75

CWW /Λ4 (TeV −4 ) σ (pb)

2.0 34.70
4.0 34.73
6.0 34.71

CBB /Λ4 (TeV −4 ) σ (pb)

Total cross sections for                            process at FCC-he (Ee=60 Gev)e−q→ e−γ q

The cross sections of SM part is 34.60 pb 

MadGraph 2.4.2 version 

with nTGC effective theory model 



4.0 15.55
6.0 15.55
8.0 15.56

C !BW /Λ4 (TeV −4 ) σ (pb)

2.0 15.53
4.0 15.54
6.0 15.56

CBW /Λ4 (TeV −4 ) σ (pb)

2.0 15.55
4.0 15.54
6.0 15.54

CWW /Λ4 (TeV −4 ) σ (pb)

2.0 15.54
4.0 15.54
6.0 15.55

CBB /Λ4 (TeV −4 ) σ (pb)

Total cross sections for                            process at LHeC (Ee=60 Gev)e−q→ e−γ q

The cross sections of SM part is 15.52 pb 

MadGraph 2.4.2 version 

with nTGC effective theory model 



Next Steps:

1. Kinematic distributions of electron, photon and jet 

2. Signal and background cross section dependence on 
electron energy. 

3. Study for polarisation effect. 

4. Signal and background simulation. 

5. Comparison the result with current limits


