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Abstract

We study the anomalous WWγ couplings at the Compact Linear Collider through the processes 
e+e− → W+W−, e−e+ → e−γ ∗e+ → e+νeW

− and e−e+ → e−γ ∗γ ∗e+ → e−W+W−e+ (γ ∗ is the 
Weizsacker–Williams photon). We give the 95% confidence level limits for unpolarized and polarized elec-
tron (positron) beam on the anomalous couplings for various values of the integrated luminosities and 
center-of-mass energies. We show that the obtained limits on the anomalous couplings through these pro-
cesses can highly improve the current experimental limits. In addition, our limits with beam polarization 
are approximately two times better than the unpolarized case.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The Standard Model (SM) has been so far successful in describing the below the electroweak 
scale with high precision. Therefore, electroweak interactions are known very well in this model. 
Self-interactions of the gauge bosons are outcomes of the SUL(2) × UY (1) gauge symmetry 
of the SM. Determination of these type of interactions plays an important role to test the non-
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Abelian gauge symmetries of the electroweak sector. Searching that kind of interactions can 
generate extra confirmation of the SM with a higher sensitivity or reveal some information for 
new physics beyond the SM. Any measurement which conflicts with the SM expectations would 
lead to the existence of new physics.

The traditional approach to investigate new physics effect to WWγ interactions is introduced
in a model independent way by means of the effective Lagrangian method. The theoretical mo-
tivations of such a method would be based on the guess that at higher energy regions beyond the 
SM, there is a main physics which reduces to the SM at lower energy regions. Such a procedure is 
quite general and independent of the details of the model. Hence, this method is generally known 
model independent analysis. The effective Lagrangian for WWγ interaction which conserves 
charge and parity can be given as follows [1,2],

iL

gWWγ

= g
γ

1 (W †
μνW

μAν − WμνW †
μAν) + κW †

μWνA
μν + λ

M2
W

W †
ρμWμ

ν Aνρ. (1)

Here gWWγ = e , Vμν = ∂μVν −∂νVμ (Vμ = Wμ, Aμ), gγ

1 , κ , λ are the dimensionless anoma-
lous parameters. They are related to magnetic dipole and electric quadrupole moments of W
boson. In the SM, the couplings are obtained gγ

1 = 1, κ = 1 and λ = 0 at the tree level. The 
g

γ

1 = 1 value is fixed for on-shell photons at tree level by electromagnetic gauge invariance to its 
SM value. Then, the Feynman rule for the anomalous vertex can be found from Eq. (1),
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where all of momentums are incoming the vertex.
However, after the recent discovery of a new particle which is consistent with the SM Higgs 

boson, then new physics is described in terms of a direct extension of the ordinary SM formal-
ism; i.e. using a linear realization of the symmetry. Considering CP-conserving interactions of 
dimension six, eleven independent operators can be constructed. Among them the three operators 
which do not affect the gauge boson propagators at tree-level, but give rise to deviations in the 
charge and parity conserving WWγ gauge couplings. Denoting the corresponding couplings as 
αWφ , αBφ , and αW , the WWγ couplings inducing effective Lagrangian can be given by [3]

L = ig′ αBφ

m2
W

(Dμ�)†Bμν(Dν�) + ig
αWφ

m2
W

(Dμ�)†−→τ .
−→
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+ 9
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ν .(
−→
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ρ × −→
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ρ ) (3)

Replacing the Higgs doublet field by its vacuum expectation value in the above equation, 
nonvanishing anomalous WWγ gauge couplings in Eq. (1) can be expressed as
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Table 1
Experimental limits at 95% C.L. on κ and λ.

ATLAS CMS D0 CDF LEP

κ [−0.135;0.190] [−0.210;0.220] [−0.158;0.255] [−0.460;0.390] [−0.099;0.066]
λ [−0.065;0.061] [−0.048;0.037] [−0.036;0.044] [−0.180;0.170] [−0.059;0.017]

κγ = αWφ + αBφ, λγ = αW . (4)

There are a lot of phenomenological studies for WWγ interactions at the linear and hadron col-
liders [4–11]. The experimental sensitivity limits on anomalous WWγ couplings κ = κ − 1
and λ are obtained by the LEP [12], Tevatron [13] and LHC [14–16]. The obtained results have 
been shown in Table 1 at 95% confidence level. The best stringent limits on anomalous WWγ

couplings have been obtained by the LEP. However, WWγ couplings can not be well distin-
guished from the WWZ couplings in this experiment. The constraints of the LHC bounds on 
anomalous couplings are significantly greater than that of the Tevatron due to the higher center-
of-mass energy and higher WW events. These limits are also comparable to the LEP results.

The linear e+e− collider with high energy and high luminosity can give opportunity to higher 
precision than the hadron collider. One of the possibilities of new type linear collider is the 
Compact Linear Collider (CLIC). CLIC energies span from 0.5 to 3 TeV and luminosity up to 
590 fb−1 and we have taken these parameters to conform with [17–19]. The linear colliders may 
have an another option that polarized beam collisions. These types of collisions give new per-
spectives such as on the hadronic structure and high precision measurements on the electroweak 
mixing angle [20]. Beam polarization could be important role in the next linear colliders as well 
as RHIC and HERA. It is expected that 80% polarization of lepton beam can be achievable at the 
future linear colliders [21]. In this work, we take into account one beam can be ±80% polariza-
tion (+80% means that eighty of percent are right polarized) and one beam can be −60% (this 
means that sixty of percent are left polarized).

After high energy linear colliders have been constructed, its operating modes of eγ and γ γ

[22,23] are expected to be made. Here real photons are obtained by Compton backscattering 
mechanism. However, γ ∗γ ∗ and eγ ∗ interactions can appear spontaneously with respect to γ γ

and eγ interactions [24–27]. Therefore, γ ∗γ ∗ and eγ ∗ collisions are more realistic than the 
Compton backscattering procedure search for the new physics beyond the SM. These reactions 
occur with quasi-real photons are emitted from one (or two) of the lepton beams. These processes 
can be defined by the Weizsacker–Williams approximation (WWA) [28,29]. In this approxima-
tion, the virtuality of the photons are very small. Therefore, scattered angels of the emitting 
photons from the leptons trajectory along the actual beam path should be very small. The use 
of the WWA provides a lot of benefits. With simple formulas, it let to obtain simple numerical 
estimations [30]. Also, this method provides a facility in the experimental studies since it al-
lows to give events number for γ ∗γ ∗ → X process approximately through the examination of 
the e−e+ → e−Xe+ scattering [30]. Moreover, these processes have a very clean experimental 
environment, since they have no interference with weak and strong interactions.

There are many phenomenological and experimental analysis about the WWA at the LEP, 
Tevatron and LHC colliders [31–63]. Furthermore, many studies on new physics beyond the SM 
using the WWA at the CLIC in the literature have been phenomenologically investigated. These 
searches involve: gauge boson self-interactions, excited neutrino, the electromagnetic moments 
of the tau lepton (neutrino), doubly charged Higgs bosons and so forth [64–72].
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Fig. 1. Tree-level Feynman diagrams for the subprocess e+e− → W+W− .

Fig. 2. Tree-level Feynman diagrams for the subprocess e−γ ∗ → W−νe .

Fig. 3. Tree-level Feynman diagrams for the subprocess γ ∗γ ∗ → W+W− .

In this study, we search for e−e+ → W+W−, e−e+ → e−γ ∗e+ → W−vee
+, e−e+ →

e−γ ∗γ ∗e+ → e−W−W+e+ processes to investigate WWγ anomalous couplings. One of the 
advantages of γ ∗γ ∗ and γ ∗e processes is that they can isolate WWγ couplings from WWZ

couplings in e−γ ∗ → W−ve, γ ∗γ ∗ → W−W+ processes.
There are several terms in tree-level cross section. These are proportional to κ2, λ2, κ , 

λ and κλ additional to the SM cross section. In the effective Lagrangian, the energy depen-
dence of κ and λ terms are different as seen from Eq. (1). Especially, limits on λ are stronger 
than κ (see Table 1). Furthermore, it can be seen from Table 1 obtained limits on κ from the 
hadron colliders are much weaker than lepton colliders. For this reason, lepton colliders open 
new opportunities to search these anomalous WWγ and WWZ couplings.

All numerical calculations related to anomalous WWγ interaction vertices can be evaluated 
via CalcHEP [73,74]. This new model can be added five new files by hand into CalcHEP by writ-
ing a set of pure text model files which contain all the details of the model including the properties 
of its particles, parameters and vertex rules. These files are Lagrangian, Variables, Composite, 
Constraints and Particles that appearing in the model files of CalcHEP. Firstly, the anomalous 
WWγ vertices defined through the effective Lagrangian given with Eq. (1) are replaced with SM 
WWγ vertices in Lagrangian file according to the interaction vertex rules in Refs. [73,74]. Sub-
sequently, κ , and λ couplings in this effective Lagrangian are defined in Variables file. Other 
files are not be any change. Finally, routine of the rules given in Refs. [73,74] are performed 
numerical calculations for the three processes including new physics beyond the SM.

To obtain limits, one-parameter sensitivity analysis we take into account χ2 test,

χ2 =
(

σSM − σ(κ,λ)

σSM δ

)2

(5)

where σ(κ, λ) is the total cross section including SM and new physics, δ = 1/
√

N ; 
N = σSMBR(W → lν)Lint . We have used that only one of the anomalous coupling is non-zero
at any given time, while the other one anomalous coupling is taken to zero. For the total cross 
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Fig. 4. The total cross section for process e+e− → W+W− as a function of κ at unpolarized case and various values 
of center-of-mass energy.

Fig. 5. The total cross section for process e+e− → W+W− as a function of λ at unpolarized case and various values of 
center-of-mass energy.

section of the e+e− → W+W− and γ ∗γ ∗ → W+W− processes, we assume that one of the 
bosons decays is hadronic and the other is leptonic. For these processes, we take into account 
BR = 0.145. For the process e−γ ∗ → W−νe, we assume hadronic decay channel BR = 0.67.

2. Numerical analysis

2.1. Anomalous couplings via the process e+e− → W+W−

We examine e+e− → W+W− → qq̄ ′lv (q; q ′ = u, d, s; l = e, μ) process at the CLIC ener-
gies search for anomalous WWγ couplings. We have made analysis for both the unpolarized 
and polarized electron and positron. In Figs. 4 and 5, we obtain the cross sections as functions 
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Fig. 6. The total cross section for process e+e− → W+W− as a function of κ at the 
√

s = 0.5, 1 and 3 TeV with 
P(e−) = 80% and P(e+) = 0% polarizations.

Fig. 7. The total cross section for process e−e+ → W−W+ as a function of κ at the 
√

s = 0.5, 1 and 3 TeV with 
P(e−) = 80% and P(e+) = −60% polarizations.

of the anomalous couplings κ and λ for the unpolarized cases with using three center-of-mass 
energies 

√
s = 0.5, 1.5 and 3 TeV. The cross sections seem highly depend on the center-of-mass 

energies and anomalous couplings. The cross-sections have a quadratic dependence on κ and 
λ since new physics contribution including κ2 and λ2 terms a lot more at high energy region. 
Therefore, although anomalous couplings are very small, the contribution proportional to the 
quadratic terms are not negligible. Moreover the cross sections are symmetric under the sign of 
the anomalous couplings. Therefore, the interference terms are not dominant.

For impose an idea about the effect of the unpolarized and polarized electron (positron) cases, 
we represent the total cross sections in Figs. 6 and 7 as functions of κ for 

√
s = 0.5, 1.5

and 3 TeV. We take the electron beam polarization P(e−) = 80%, positron beam polarization 
P(e+) = 0% in Fig. 6 and P(e−) = −80%, P(e+) = −60% in Fig. 7. In Fig. 1, there are three 
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Fig. 8. The total cross section for process e+e− → W+W− as a function of λ at the 
√

s = 0.5, 1 and 3 TeV with 
P(e−) = 80% and P(e+) = 0% polarizations.

Fig. 9. The total cross section for process e−e+ → W−W+ as a function of λ at the 
√

s = 0.5, 1 and 3 TeV with 
P(e−) = 80% and P(e+) = −60% polarizations.

diagrams at the tree level. Second of these includes WWγ vertex and it gives the most contribu-
tion to the total cross section. For the P(e−) = 80% and P(e+) = 0% polarization in Fig. 6, total 
cross section does not change significantly. The cause of this condition is that the second diagram 
contribution does not notable change, first and third diagrams contribution is less than the second 
one to the total cross section in this polarization state. For P(e−) = 80% and P(e+) = −60%
case, contribution of the diagram which includes new physics interactions is changed too large. 
It can be seen from Fig. 7 that polarization of the e+ (e−) beams strongly changes to the total 
cross section as a variation of κ . Similar behavior for the total cross section can be seen in 
Figs. 5, 8 and 9 for λ anomalous coupling.

In Figs. 10 and 11, we have shown that limits on anomalous couplings for different lumi-
nosities and center-of-mass energies for the unpolarized case. We have seen from these figures 
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Fig. 10. 95% C.L. sensitivity limits of the κ coupling for various values of integrated CLIC luminosities and center-
of-mass energies. e−e+ → W−W+ → qq̄ ′lv (q; q ′ = u, d, s; l = e, μ) processes with unpolarized beams have been 
considered.

Fig. 11. 95% C.L. sensitivity limits of the λ coupling for various values of integrated CLIC luminosities and center-of-
mass energies. e−e+ → W−W+ → qq̄ ′lv (q; q ′ = u, d, s; l = e, μ) and processes with unpolarized beams have been 
considered.

that limits on the anomalous couplings are improved for increasing luminosities and center-of-
mass energies. In addition to this result, our limits on κ anomalous coupling are weaker than 
λ coupling because of the energy dependencies of these couplings as seen from Eq. (1). It can 
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Fig. 12. 95% C.L. sensitivity limits of the κ coupling for various values of integrated luminosities and center-of-mass 
energies. e−e+ → W−W+ → qq̄ ′lv (q; q ′ = u, d, s; l = e, μ) processes with P(e−) = 80%, P(e+) = 0% polariza-
tions have been considered.

Fig. 13. 95% C.L. sensitivity limits of the κ coupling for various values of integrated luminosities and center-of-mass 
energies. e−e+ → W−W+ → qq̄ ′lv (q; q ′ = u, d, s; l = e, μ) processes with P(e−) = 80%, P(e+) = −60% polariza-
tions have been considered.

be seen from Figs. 10 and 11 that these limits are better with respect to the current experimental 
limits. We have also obtained the sensitivity limits of the anomalous couplings for different beam 
polarization cases. The limits obtained on κ anomalous coupling for different luminosities and 
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Fig. 14. 95% C.L. sensitivity limits of the λ coupling for various values of integrated luminosities and center-of-mass 
energies. e−e+ → W−W+ → qq̄ ′lv (q; q ′ = u, d, s; l = e, μ processes with P(e−) = 80%, P(e+) = 0% polarizations 
have been considered.

Fig. 15. 95% C.L. sensitivity limits of the λ coupling for various values of integrated luminosities and center-of-mass 
energies. e−e+ → W−W+ → qq̄ ′lv (q; q ′ = u, d, s; l = e, μ processes with P(e−) = 80%, P(e+) = −60% polariza-
tions have been considered.

center-of-mass energies with P(e−) = 80%, P(e+) = 0% and P(e−) = 80%, P(e+) = −60%
polarizations are presented in Figs. 12 and 13, respectively. We can notice from these figures that 
polarization of the leptons can improve the limits on the anomalous couplings. In Figs. 14 and 15, 
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Fig. 16. The total cross section for e−γ ∗ → W−νe processes as a function of κ coupling at unpolarized case and 
various values of center-of-mass energy.

Fig. 17. The total cross section for e−γ ∗ → W−νe processes as a function of λ coupling at unpolarized case and various 
values of center-of-mass energy.

limits on the λ anomalous coupling with beam polarization have been shown. Here, a similiar 
behavior for κ coupling has been observed.

2.2. Anomalous couplings via the process e−γ ∗ → W−νe

In this subsection, we examine the process e−γ ∗ → W−νe → qq ′νe through the WWA 
approximation at the linear collider’s energies. The eγ interactions would be appropriate for 
examining heavy gauge boson production processes [75,76], since the incoming photon ensures 
us with a possibility to detect directly the self-interactions of the gauge boson. There are two 
Feynman diagrams for the process e−γ ∗ → W−νe as seen from the Fig. 2. The first diagram 
allows the process suitable for examining the non-Abelian gauge structure of the theory since 
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Fig. 18. The total cross section for e−γ ∗ → W−νe processes as a function of κ at the 
√

s = 0.5, 1 and 3 TeV with 
P(e−) = −80% polarization.

Fig. 19. The total cross section for e−γ ∗ → W−νe processes as a function of λ at the 
√

s = 0.5, 1 and 3 TeV with 
P(e−) = −80% polarization.

it involves a triple gauge boson vertex. An other important feature of this process is that it is 
sensitive both γWW and ZWW couplings, therefore it is possible the distinguish the anoma-
lous coupling of the photon and the neutral gauge boson Z. The cross section of e−γ ∗ → W−νe

process approaches a constant value at high energies in SM. Any signal that conflicts with the 
SM would altered the good high energy behavior and induce to a violation of unitarity at some 
energy. At CLIC energies these deflection are expected to be small. Therefore, it will be difficult 
to detect this signal. However, these effects can raise up using polarized electrons. This process 
has been investigated for the Compton backscattering photons in [77,78].

We show the total cross section as a function of κ and λ anomalous couplings for three 
different center-of-mass energies at Figs. 16 and 17. It can be seen from these figures that total 
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Fig. 20. 95% C.L. sensitivity limits of the κ coupling for various values of integrated luminosities and center-of-mass 
energies. e−γ ∗ → W−νe → qq̄′νe where q; q ′ = u, d, s, processes with unpolarized beams have been considered.

Fig. 21. 95% C.L. sensitivity limits of the λ coupling for various values of integrated luminosities and center-of-mass 
energies. e−γ ∗ → W−νe → qq̄′νe q; q ′ = u, d, s, processes with unpolarized beams have been considered.

cross section increases with center-of-mass energy. For κ coupling, this increment is much less 
than λ due to the energy dependence of the coupling. The cross section is sensitive to the sign of 
the κ as seen from the Fig. 16. In the case of 500 GeV center of mass energy, the cross-section 
is less sensitive to the sign of κ . Thus, we see from the in Fig. 16 that deviation of the cross 
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Fig. 22. 95% C.L. sensitivity limits of the κ coupling for various values of integrated luminosities and center-of-mass 
energies. e−γ ∗ → W−νe → qq̄′νe where q; q ′ = u, d, s, processes with P(e−) = −80% polarization have been con-
sidered.

Fig. 23. 95% C.L. sensitivity limits of the λ coupling for various values of integrated luminosities and center-of-mass 
energies. e−γ ∗ → W−νe → qq̄ ′νe where q; q ′ = u, d, s, processes with P(e−) = −80% have been considered.

section of κ from linearity increases at higher energies. In Fig. 17 the cross section almost 
symmetric under the sign of the λ. Therefore, main contribution comes from the λ2 term of the 
cross section due to energy dependence of the λ.
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Fig. 24. The total cross section for γ ∗γ ∗ → W−W+ process as a function of κ coupling at various values of center-
of-mass energy.

Fig. 25. The total cross section for γ ∗γ ∗ → W−W+ process as a function of λ coupling at various values center-of-mass 
energy.

We also examine these couplings for polarized case. The behavior of the cross sections are 
not change as a function of κ and λ. However, it is clear from the Figs. 18 and 19 that the 
polarization (P(e−) = −80%) enhances the cross sections according to the unpolarized case. The 
main reason of these results can be seen from Fig. 2. There are two diagrams which contribute to 
the process and one of them includes WWγ interaction vertex. This diagram gives the maximum 
contribution to the total cross section. For P(e−) = −80% case, this contribution is dominant 
due to the structure of the Weνe vertex. We have seen from Figs. 20 and 21 that limits on the 
anomalous couplings are improved for increasing center-of-mass energies and these limits are 
better than the current experimental data. We also have shown from Figs. 22 and 23, there is no 
much effect of polarization on the limits.
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Fig. 26. 95% C.L. sensitivity limits of the κ coupling for various values of integrated luminosities and center-of-mass 
energies. γ ∗γ ∗ → W−W+ → qq̄ ′lv (q; q ′ = u, d, s; l = e, μ) processes with unpolarized beams have been considered.

Fig. 27. 95% C.L. sensitivity limits of the λ coupling for various values of integrated luminosities and center-of-mass 
energies. γ ∗γ ∗ → W−W+ → qq̄ ′lv (q; q ′ = u, d, s; l = e, μ) processes with unpolarized beams have been considered.

2.3. Anomalous couplings via the process γ ∗γ ∗ → W−W+

There is another contribution to W−W+ production via γ ∗γ ∗ → W−W+ → (qq ′lνl) pro-
cess with WWγ couplings (Fig. 3). The e+e− → W+W− and e−γ ∗ → W−νe processes in-
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Table 2
The best limits on the sensitivity bounds of the κ , λ coupling for various subprocesses, polarization stages, and center 
of mass energies.

Unpolarized e−e+ → W−W+ e−γ ∗ → W−νe γ ∗γ ∗ → W−W+
√

s = 0.5 TeV κ [−0.0083,0.1330] [−0.0029,0.0030] [−0.0214,0.0203]
λ [−0.0180,0.0321] [−0.0540,0.0541] [−0.0282,0.242]

√
s = 1.5 TeV κ [−0.0029,0.0151] [−0.0016,0.0015] [−0.0066,0.0064]

λ [−0.0046,0.0048] [−0.0168,0.0168] [−0.0066,0.042]
√

s = 3 TeV κ [−0.0011,0.0041] [−0.0010,0.0008] [−0.0032,0.0032]
λ [−0.0015,0.0015] [−0.0071,0.0071] [−0.00337,0.0103]

Polarized

P(e−) = 80%, P(e+) = 0%
√

s = 0.5 TeV κ [−0.0054,0.0931] [0.002,0.00392] –
λ [−0.0116,0.0225] [−0.0486,0.0484] –

√
s = 1.5 TeV κ [−0.0019,0.0104] [−0.00103,0.00196] –

λ [−0.0032,0.0034] [−0.0153,0.0154] –
√

s = 3 TeV κ [−0.0007,0.0028] [−0.000513,0.00127] –
λ [−0.0008,0.0008] [−0.0076,0.0076] –

P(e−) = 80%, P(e+) = −60%
√

s = 0.5 TeV κ [−0.0027,0.0836] – –
λ [−0.0007,0.0172] – –

√
s = 1.5 TeV κ [−0.0010,0.0088] – –

λ [−0.0020,0.0022] – –
√

s = 3 TeV κ [−0.0004,0.0023] – –
λ [−0.0007,0.0007] – –

cludes only 3-boson interactions. Also specific WWγγ vertex is predicted in SM. That vertex 
contributes to γ ∗γ ∗ → W−W+ making it a particularly important tool in searching W elec-
tromagnetic interactions. For this process, we have drawn total cross section as a function of 
anomalous parameters in Figs. 24 and 25. Changes according to the anomalous couplings of the 
cross sections are similiar to the previous processes. This process is found to be quite sensitive to 
anomalous couplings such as e+e− → W+W− and e−γ ∗ → W−νe . We have seen from Figs. 26
and 27 that limits on the anomalous couplings are improved for increasing center-of-mass ener-
gies and these limits are better than the current experimental data.

The best limits on the sensitivity bounds of the κ , λ coupling for various subprocesses, 
polarization stages, and center of mass energies at the CLIC are shown in Table 2. Moreover, 
we have found the sensitivity limits on model parameters both for the Circular Electron Positron 
Collider (CEPC) and International Linear Collider (ILC). The small Higgs mass (∼125 GeV) 
allows a Circular Electron Positron Collider (CEPC) as a Higgs Factory. CEPC could be achieved 
the CEPC 250 GeV center of mass energy with integrated luminosity 5000 fb−1 [79]. ILC could 
be achieved 500 GeV center of mass energy with integrated luminosity 500 fb−1. The precision 
of the measurements that can be made at the these colliders make possible us to estimate at what 
energy new physics may detect. Our results have been shown for these collider parameters in 
Table 3 and Table 4.
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Table 3
Experimental limits at 95% C.L. on κ and λ at 

√
s = 250 GeV center of mass energy and L = 5000 fb−1.

λ κ

e−e+ → W−W+ (unpolarized) [−0.00737,0.00755] [−0.00367,0.00347]
e−e+ → W−W+ (P(e−) = +80%, P(e+) = −60%) [−0.00168,0.00173] [−0.00102,0.00103]
e−e+ → W−W+ (P(e−) = +80%, P(e+) = 0%) [−0.00351,0.00367] [−0.00206,0.00208]
e−γ → W−νe (unpolarized) [−0.0590,0.0590] [−0.00151,0.00156]
e−γ → W−νe (P(e−) = +80%) [−0.0863,0.0859] [−0.00342,0.00344]
γ γ → W−W+ (unpolarized) [−0.0291,0.0334] [−0.0171,0.0167]

Table 4
Experimental limits at 95% C.L. on κ and λ at 

√
s = 500 GeV center of mass energy and L = 500 fb−1.

λ κ

e−e+ → W−W+ (unpolarized) [−0.0139,0.0280] [−0.0057,0.1305]
e−e+ → W−W+ (P(e−) = +80%, P(e+) = −60%) [−0.0051,0.0155] [−0.0018,0.0828]
e−e+ → W−W+ (P(e−) = +80%, P(e+) = 0%) [−0.0089,0.0199] [−0.0037,0.0914]
e−γ → W−νe (unpolarized) [−0.0443,0.0444] [−0.0019,0.0020]
e−γ → W−νe (P(e−) = +80%) [−0.0679,0.0679] [−0.0059,0.0061]
γ γ → W−W+ (unpolarized) [−0.0198,0.2331] [−0.0144,0.0138]

3. Conclusion

γ ∗γ ∗ and γ ∗e− collisions can be accomplished easily at linear colliders with no additional 
equipments. Although the e−e+ → W−W+ process gives the best limits on anomalous WWγ

couplings, this process has disadvantage due to the including anomalous WWZ couplings at the 
tree level. Especially, γ ∗γ ∗ and γ ∗e− collisions may provide a good opportunity to investigate 
purely anomalous WWγ couplings since it has cleaner background. In this work, we also have 
shown that beam polarization can improve the limits on the anomalous couplings.
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[31] İ. Şahin, A.A. Billur, Phys. Rev. D 83 (2011) 035011.
[32] DELPHI Collaboration, J. Abdallah, et al., Eur. Phys. J. C 35 (2004) 159.
[33] A. Abulencia, et al., CDF Collaboration, Phys. Rev. Lett. 98 (2007) 112001.
[34] T. Aaltonen, et al., CDF Collaboration, Phys. Rev. Lett. 102 (2009) 222002.
[35] T. Aaltonen, et al., CDF Collaboration, Phys. Rev. Lett. 102 (2009) 242001.
[36] S. Chatrchyan, et al., CMS Collaboration, J. High Energy Phys. 1201 (2012) 052.
[37] S. Chatrchyan, et al., CMS Collaboration, J. High Energy Phys. 1211 (2012) 080.
[38] CMS Collaboration, J. High Energy Phys. 07 (2013) 116.
[39] S. Atag, A. Billur, J. High Energy Phys. 11 (2010) 060.
[40] K. Piotrzkowski, Phys. Rev. D 63 (2001) 071502.
[41] H. Murayama, M.E. Peskin, Annu. Rev. Nucl. Part. Sci. 46 (1996) 533–608.
[42] S. Atag, S.C. ̇Inan, ̇I. Şahin, Phys. Rev. D 80 (2009) 075009.
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