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The capability of the LHC to study the electromagnetic dipole moments of the top quark is discussed. In
particular, the process pp → pγγp → ptt̄p, which is supposed to be tagged by the forward/backward
detectors at the LHC experiments, is used to explore the top quark electric and magnetic moments. We
perform analytical calculations and then a numerical analysis on the sensitivity of the total cross section of
the top quark pair production in γγ scattering at the LHC to the anomalous top quark couplings with photon.
It is shown that improvements in the bounds on the electromagnetic dipole moments of the top quark can be
achieved in this channel in comparison with the constraints from the former studies.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is a well-
tested effective theory, applicable at current energies, that
precisely illustrates almost all experimental results and a
variety of phenomena in particle physics studies, up to now.
However, from the phenomenological point of view, one
may attempt to model the effects of the electroweak and
strong interactions of possible non-SM heavy particles,
beyond TeV scale, on the experimental observables at high
energy colliders. As a widely accepted framework, the
effective Lagrangian approach with the content of several
higher-dimension interaction terms has attracted great
attention [1–14]. According to the dimensional analysis,
such new terms include expansion coefficients which are
inversely proportional to powers of Λ, the scale of beyond
the SM (BSM) physics.
Among the SM elementary particles, the top quark is the

heaviest one, available now, with a massmt ≃ 173.21 GeV
[15] nearly in the same order of the electroweak symmetry
breaking energy scale. Therefore, any deviation from the
SM results is more traceable in the top quark interactions
than the other fermion ones. So far, top quark couplings are
not completely investigated and the SM predictions for this
heavy fermion have to be tested more in the case where
large numbers of top quarks and antiquarks are produced in
the LHC.
It is noteworthy that the CP violation in the SM, which is

explained with a complex phase in the Cabibbo-Kobayashi-
Maskawa matrix, cannot describe the matter-antimatter
asymmetry in the universe due to its small amount. This
asymmetry is one of the main questions in particle physics
that isnotansweredevenintheheavyquarksdecayprocesses.

Thus, the measurement of large amounts of CP violation in
the top quark events can be an evidence of BSM physics.
Probing the new physics effects, some of the intrinsic
properties of the top quark are studied in the context of its
dipolemomentssuchas themagneticdipolemoment (MDM)
coming from one-loop level perturbations and the corre-
sponding electric dipolemoment (EDM),which is described
as a sourceofCPviolation [16].Motivatedby the structureof
theEDM,achieved from three-loop level perturbations in the
SM, one can mutate the top-gauge field vertices through
CP-symmetric andCP-asymmetric anomalous form factors
in order to explore the non-SM effects in the top quark pair
production processes.
In the SM, the top quark EDM is so small that it can be a

highly attractive probe of new physics, while the SM
prediction for the MDM of this heavy particle is not far
from the upcoming experiments [17]. Although EDM and
MDM quantities have been long investigated, both theo-
retically and experimentally, in the case of light quarks,
these intrinsic properties still require more improvement on
the subject of heavy quark physics. The EDM and MDM
values of âA < 1.75 × 10−14 and âV ¼ 0.013 are predicted
by the SM for top quarks [18,19]. There are numerical
analyses based on an extended minimal supersymmetric
standard model, including an extra vectorlike multiplet,
which predict the top quark EDM close to 1.75 × 10−3 [20].
Indirect measurements, which stand on experimental limits
on the neutron EDM, lead to upper bounds of 5.25 × 101

for the top quark EDM [21]. A study on sensitivity of
hadron colliders to constrain the top quark dipole moments
within tt̄γ production has been performed in Ref. [22]. For
the LHC at

ffiffiffi
s

p ¼ 14 TeV, they have reported the limit of
�0.2 (�0.1) assuming the integrated luminosity Lint ¼
300 fb−1 (Lint ¼ 3000 fb−1) of data. More recent limits of
−2.0 ≤ âV ≤ 0.3 and −0.5 ≤ âA ≤ 1.5, coming from the
branching ratio and a CP asymmetry for b → sγ, is
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available in Ref. [23]. The bounds of jâV j < 0.05ð0.09Þ and
jâAj < 0.20ð0.28Þ are concluded from potential future
measurements of γe → tt̄ cross section with 10% (18%)
uncertainty [17]. As will be presented in this paper, our
strategy leads to much more stringent limits than the current
experimental ones for both EDM and MDM of the
top quark.
In this paper, we will focus on the top quark pair produc-

tion via the central exclusive diffractive production (CEP),
which is defined as the process pp → pγγp → ptt̄p, while
there is no radiation between the intact outgoing beam of
protons and the central system tt̄. In CEP processes, two
interacting protons do not dissociate during the collision. In
the simplest case, they exchange two photons and survive
into the final state with extra centrally produced particle
states. These protons are called forward or intact protons.
The study of such events, which are classified as the
forward physics studies, is becoming popular among some
of the ATLAS and CMS collaborations due to the range of
exclusive measurements under way at the LHC. Moreover,
such collisions experimentally provide a very clean signal
and represent a promising way to search for a possible
BSM signal in hadron colliders.
Forward protons energies can be described by means of

the fractional proton energy loss, ξ ¼ Eloss=Ep. Here, Eloss
is the energy that proton loses in the interaction and Ep is
the energy of the incoming proton beam. The ξ parameter
represents a region, which is referred to as the forward
detector acceptance region, to observe intact protons in the
interval ξmin < ξ < ξmax. Here, based on the CMS and
ATLAS standard running conditions, we consider three
different classes of the acceptance region to be [24,25]

(i) 0.0015 < ξ < 0.5 (CMS-TOTEM),
(ii) 0.0015 < ξ < 0.15 (AFP-ATLAS),
(iii) 0.1 < ξ < 0.5 (CMS-TOTEM).

Higher ξ is available by installing forward detectors closer
to the interaction points. It is worth mentioning that the
central exclusive production enables us to probe several
physics subjects ranging from the SM tests to searches for
new physics such as the anomalous interactions of the
gauge bosons and new heavy resonances. Several physics
capability searches can be found in [26–47]. In [37], the top
quark flavor-changing neutral current in the tqγ vertex with
q ¼ u; c has been examined using the pp → pγγp →
ptq̄p process for three acceptance regions of the forward
detectors. It is shown that the sensitivity of this channel has
the potential to improve the bounds on the branching ratios
of t → qγ.
The present paper is organized as follows: In Sec. II A,

we will introduce an effective Lagrangian for a top quark
pair production process that comprises the modified inter-
actions. Thereafter, in Sec. II B, an analytical expression for
the total cross section of a diffractive collision at the LHC is
provided. To demonstrate the effect of anomalous cou-
plings on the top quark pair production process, Sec. III is

devoted to a complete numerical analysis on the coupling
constant dependence of the total cross section as well as the
backgrounds to the equivalent photon approximation (EPA)
method. The constraints on the BSM couplings values are
also discussed. In Sec. IV our concluding remarks are
presented.

II. THEORETICAL ANALYSIS

A. The top quark effective electromagnetic interactions

To clarify our framework we start with a model inde-
pendent approach which relies on a low energy effective
field theory. In the effective field theory approach, effective
interactions among only the SM particles are obtained by
integrating out the high scale physics. The effective
interactions are suppressed by the inverse powers of Λ
which is defined as the scale at which the new physics
effects appear. The SM is the low energy limit of the
effective theory which has to satisfy the symmetry of
SUð3Þ × SUð2Þ ×Uð1Þ. Neglecting the possible dimen-
sion five operator which breaks the lepton number con-
servation [48], the leading effects can be parametrized by
dimension six operators:

Leff ¼ LSM þ
X
i

ciOi

Λ2
þ H:c:; ð2:1Þ

where the dimension six operators are denoted byOi and ci
are dimensionless coefficients. The dimension six operators
involving top quark affect Wtb, Ztt, γtt, and gtt vertices
which are presented in [12] and references therein. After
including the contributions of dimension six operators, the
γtt vertex takes the following form1 [12]:

Leff ¼ −geQtψ̄ t

�
γμ þ i

2mt
ðâV þ iâAγ5Þσμνkν

�
ψ tAμ:

ð2:2Þ
Here, Aμ and Qt are the photon gauge field and the top
quark electric charge, respectively. The top quark field, ψ t,
belongs to the fundamental representation of the SUð3Þc
color group and ge is the electromagnetic coupling con-
stant. The non-SM couplings are denoted by real param-
eters âV and âA, which indicate the top quark magnetic and
electric dimensionless dipole moments, respectively.
Hence, these quantities are proportional to the correspond-
ing quark anomalous dipole moments. Here, kν defines the
photon four-momentum and mt ≃ 173.21 GeV is the top
quark mass. The term γ5σμν, with σμν ¼ i½γμ; γν�=2, breaks
the CP symmetry, so the coefficient âA determines the
strength of a possible CP violation process, which might
originate from new physics.

1The modifications of the γtt vertex particularly arise from
dimension six operators of OuW and OuBϕ in the notation of
Ref. [12].
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B. Theoretical calculations

A representative Feynman diagram for the two-photon CEP process pp → pγγp → ptt̄p is illustrated in Fig. 1. Here,
two quasielastically incoming protons fluctuate two photons. The emitted photons can collide and produce a pair of top
quarks which can be observed in the central detectors. The scattering amplitudes for on-mass-shell photons, using the
relation ŝ ¼ 2m2

t − t̂ − û and the redefinition R2
AV ¼ â2A þ â2V , read

jM1j2 ¼
8π2α2eQ2

t

ðm2
t − t̂Þ2 fm

4
t ½ðR2

AV þ 12âVÞ2 þ 50R2
AV − 72ðâV − 1Þ2 þ 56�

−m2
t ½ð3t̂þ ûÞðR2

AV þ 6âV þ 4Þ2 þ 6t̂ðR2
AVð17þ 4âVÞ þ 16âVÞ�

þ 3t̂2½ðR2
AV þ 8âVÞ2 þ 34R2

AV − 52â2V þ 32âV �
þ t̂ û½3ðR2

AV þ 4âVÞ2 − 12ðâV − 2Þ2 þ 16ðR2
AV þ 4Þ�g; ð2:3Þ

jM2j2 ¼
8π2α2eQ2

t

ðm2
t − ûÞ2 fm

4
t ½ðR2

AV þ 12âVÞ2 þ 50R2
AV − 72ðâV − 1Þ2 þ 56�

−m2
t ½ðt̂þ 3ûÞðR2

AV þ 6âV þ 4Þ2 þ 6ûðR2
AVð17þ 4âVÞ þ 16âVÞ�

þ 3û2½ðR2
AV þ 8âVÞ2 þ 34R2

AV − 52â2V þ 32âV �
þ t̂ û½3ðR2

AV þ 4âVÞ2 − 12ðâV − 2Þ2 þ 16ðR2
AV þ 4Þ�g; ð2:4Þ

M1M�
2 þM2M�

1 ¼
16π2α2eQ2

t

ðm2
t − t̂Þðm2

t − ûÞ f−2m
4
t ½R2

AVð2R2
AV þ 12âV þ 17Þ þ 20ðâV þ 1Þ2 − 4�

þm2
t ðt̂þ ûÞ½2ðR2

AV þ 5âVÞ2 þ 35ðR2
AV − âVÞ2 þ ð5âV þ 8Þ2 − 80�

− ðt̂2 þ û2Þ½R2
AVð4âV þ 5Þ þ 10â2V þ 8âV � þ 4t̂ û½R2

AVðR2
AV − 7Þ − 5â2V − 16âV �g; ð2:5Þ

where, ŝ ¼ ðp1 þ p2Þ2 ¼ ðk1 þ k2Þ2, t̂ ¼ ðp1 − k1Þ2 ¼
ðk2 − p2Þ2, û ¼ ðk1 − p2Þ2 ¼ ðp1 − k2Þ2 and pi (ki) with
i ¼ 1; 2 is the four-momentum of the final top quark (the
initial photon).

Before going any further with computing the total cross
section we have to simplify the whole process making use
of the EPA. As a proper theoretical tool, the EPA method
can be applied to processes of the type AB → Aγ�B → AX,
which involve virtual photons fusion. If γ� can be treated as
an almost real photon, such an approximation suggests that
one can reduce the cross section of AB → AX to that of the
subprocess γ�B → X. In a typical scattering process of a
quark from a proton the corresponding amplitude is
seriously sizable in the forward direction where the
exchanged photon momentum is almost zero. Con-
sequently, in this limit, the virtual photon turns into a
quasireal photon and the EPA is justified to describe the
photon spectrum in terms of its virtuality, Q2, and energy,
Eγ , as

fðEγ; Q2Þ ¼ dN
dEγdQ2

¼ αe
π

1

EγQ2

×

��
1 −

Eγ

Ep

��
1 −

Q2
min

Q2

�
FE þ E2

γ

2E2
p
FM

�
:

ð2:6Þ

γ

γ

t

t

p

p

p

p

FIG. 1 (color online). A schematic Feynman diagram for the
two-photon exclusive top quark pair production process
pp → pγγp → ptt̄p.
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In what follows, we use the relation Eγ ¼ Epξ and in the
dipole approximation the definitions

Q2
min ¼

E2
γm2

p

EpðEp − EγÞ
;

FE ¼ 4m2
pG2

E þQ2G2
M

4m2
p þQ2

; FM ¼ G2
M;

G2
E ¼ G2

M

μ2p
¼

�
1þQ2

Q2
0

�
−4
; Q2

0 ¼ 0.71 GeV2;

ð2:7Þ
are employed [49–52] where αe ¼ g2e=4π is the fine-
structure constant, mp is the proton mass, and the squared
magnetic moment of the proton is taken to be a constant

value μ2p ¼ 7.78. Here, FM and FE are relative to the proton
magnetic and electric form factors, respectively.
In a general CEP process, the invariant mass of centrally

produced particles, with energies E1 and E2, is obtained
from ω≃ 2

ffiffiffiffiffiffiffiffiffiffiffi
E1E2

p
. Within such events at the LHC, the

invariant mass can extend to the scales which are high
enough to be explored for possible new physics. In our CEP
process, Fig. 1, the produced particles are two quasireal
photons with ω≃ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Eγ1Eγ2

p
. Thus, the luminosity spec-

trum of the emitted photons can be introduced by integrat-
ing the product of two photon spectra over the photon
virtualities and energies, keeping ω fixed. Evaluating the
integration by changing variables from energies of two
photons to y and ω2=4y, where the photon virtualities
remain unchanged, we arrive at the γγ luminosity spectrum

dLγγ

dω
¼

Z
ymax

ymin

ω

2y
dy

Z
Q2

max

Q2
1;min

dQ2
1

Z
Q2

max

Q2
2;min

dQ2
2f

�
ω2

4y
;Q2

1

�
fðy;Q2

2Þ: ð2:8Þ

Virtuality of colliding photons varies between the kinematical minimum, Q2
min, and a maximum, Q2

max ∼ 1=R2, where R is
the proton radius [50,52]. We can conclude, from relations (2.7), that the electric and magnetic proton form factors fall
rapidly with the increase of Q2. Hence, the contribution of higher virtualities, more than Q2

max ¼ 2 GeV2, to the integral
(2.8) is negligible.
The total cross section that is derived by integrating σ̂γγ→tt̄, the cross section of the selected subprocess, is as follows [53]:

σ ¼
Z

ωmax

ωmin

dω
Z

ymax

ymin

ω

2y
dy

Z
Q2

max

Q2
1;min

dQ2
1

Z
Q2

max

Q2
2;min

dQ2
2f

�
ω2

4y
;Q2

1

�
fðy;Q2

2Þσ̂γγ→tt̄ðQ2
1; Q

2
2; y;ωÞ: ð2:9Þ

In this formalism photons are supposed to be off-shell
particles in order to produce top quark pairs, so σ̂γγ→tt̄ in
relation (2.9) also depends on photons virtualities and
energies.

III. NUMERICAL ANALYSIS

A. The cross section dependence on
top quark anomalous couplings

In this section, we make a numerical analysis on the
anomalous electromagnetic couplings and extract the
allowed regions of these parameters. At the first step,
the behavior of the γγ luminosity spectrum as a function of
ω at

ffiffiffi
s

p ¼ 14 TeV and for the region 0.0015 < ξ < 0.5 is
shown in Fig. 2. The numerical calculations are performed
with the integration limits

ymin ¼ Max

�
ω2

4Epξmax
; Epξmin

�
;

ymax ¼ Min

�
ω2

4Epξmin
; Epξmax

�
;

ωmin ¼ Max½2mt; 2Epξmin�; ωmax ¼
ffiffiffi
s

p
; ð3:1Þ

which are determined in terms of two boundaries of the
acceptance region, ξmin and ξmax. Moreover, one may use
the relation ymax ¼ Epξmax instead of the one in (3.1) and
no noticeable difference appears.
In Figs. 3 and 4 the dependency of the total cross section

to the top quark EDM and MDM is studied at the center of
mass energies

ffiffiffi
s

p ¼ 14 and
ffiffiffi
s

p ¼ 33 TeV, respectively.
This type of dependence is illustrated for three different

0 100 200 300 400 500 600 700 800 900 1000
ω (GeV)

1e-07

1e-06

1e-05

1e-04

dL
γγ

 /d
ω

 (G
eV

-1
)

γγ luminosity

FIG. 2. Photon luminosity as a function of ω at
ffiffiffi
s

p ¼ 14 TeV
and for the acceptance region 0.0015 < ξ < 0.5.
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acceptance detector regions by three separated curves. In
each figure, the left (right) panel shows the sensitivity of the
cross section to the magnetic (electric) form factor, whereas
the electric (magnetic) anomalous coupling is kept fixed
at zero.
The first acceptance region of 0.0015 < ξ < 0.5 pro-

vides the most sensitive interval to the anomalous
couplings. As it turns out, there is no significant
difference between the results of the second region,
0.0015 < ξ < 0.15, and those of the first one due to
almost close cross sections. This means that the upper
boundary of the acceptance region does not play indeed
a major role in the total cross section value. Comparing
the curves in Figs. 3 and 4, we see that the sensitivity
increases with increasing center of mass energy.
It is analytically traceable that σ̂γγ→tt̄ is an even function

of âA and a nonzero value of the EDM parameter

always has a constructive effect on the total cross
section.2 By contrast, in the left panel curves, there are
small intervals in the vicinity of âV ¼ 0 in which the non-
SM cross section is smaller than the SM one and as a result
the MDM parameter has a partly destructive effect on the
top quark pair production process. In each destructive
interval there is a global minimum point, âV;m, that
makes the difference δσðâA¼0;âVÞ¼ jσSMðpp→ptt̄pÞ−
σðâA¼0;âVÞj maximum.3 In Table I, the values of minima
together with the corresponding cross sections, σMin
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FIG. 3 (color online). The total cross section of the process pγγp → ptt̄p as a function of the anomalous coupling âV at âA ¼ 0 (left
panel) and âA at âV ¼ 0 (right panel), at center of mass energy

ffiffiffi
s

p ¼ 14 TeV. The curves show the sensitivity for three different
acceptance regions remarked on the figure.
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^

A
=0
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FIG. 4 (color online). The total cross section of the process pγγp → ptt̄p as a function of the anomalous coupling âV at âA ¼ 0 (left
panel) and âA at âV ¼ 0 (right panel), at center of mass energy

ffiffiffi
s

p ¼ 33 TeV. The curves show the sensitivity for three different
acceptance regions remarked on the figure.

2The γ5 matrix in the EDM term of Eq. (2.2) breaks the CP
symmetry and it also prevents the odd powers of âA in the
scattering amplitude.

3To simplify our notations, from now on in this paper, we will
ignore the argument in the SM cross section and indicate it by
σSMðpp → ptt̄pÞ ¼ σðâA ¼ 0; âV ¼ 0Þ.
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ðâA ¼ 0; âV;mÞ, at
ffiffiffi
s

p ¼ 14 TeV are presented for three
acceptance regions. As an example, the maxi-
mum deviation of the cross section in the second region
occurs at âV;m ¼ −0.33, which leads to the ratio of
δσðâA ¼ 0; âV;mÞ=σSMðpp→ptt̄pÞ¼ 0.39. In other words
the possible new physics can be observed if the LHC
detectors would be able to measure the cross section of the
diffractive top quark pair production with a precision better
than 39%. During a typical production process, new
physics signatures may not necessarily induce an excess
in the cross section rate but in some rare cases a suppression
in the normal expected SM rates can also be an evidence of
non-SM effects. In the case of our current paper, this fact is
confirmed by the destructive behavior of the anomalous
MDM parameter in a small interval around âV ¼ 0.

B. Constraints on top quark anomalous couplings

In order to obtain constraints on the top quark dipole
moments, ðâA; âVÞ, a counting experiment is used. The
procedure is to start with a Poisson distribution as the
probability of measuring n events:

PðnjσsignalεLintBr;bÞ¼e−ðbþσsignalεLintBrÞ ðbþσsignalεLintBrÞn
n!

;

ð3:2Þ
where, σsignal, ε, Lint, Br, and b are the cross section of the
signal in the presence of the anomalous couplings, the

efficiency of the signal, the integrated luminosity, the
branching ratio of the process, and the expected number of
backgroundevents. In the currentpaper,weonlyconsider the
main irreducible background, i.e., the SM process
pp → ptt̄p. There could be negligible background contri-
butions from the processeswith no top quark in the final state
which are not considered in this analysis. This type of
backgrounds can be significantly suppressed by applying
proper cuts and requirements that must be done by the
experimental collaborations. At confidence level of 68%,
an upper limit on the signal cross section,σsignal, is calculated
by integrating over the posterior probability as follows:

0.68 ¼
R
σ68%
0 PðnjσsignalεLintBr; bÞR
∞
0 PðnjσsignalεLintBr; bÞ

: ð3:3Þ

Here, b denotes the number of expected events with-
out anomalous couplings which is derived from
b ¼ ε × Lint × Br × σbkg. The term σbkg. is the background
cross section, i.e., pp → ptt̄p in the SM framework.
To extract the expected limit on the signal cross section,

one has to solve Eq. (3.3) by setting the inputs for the
number of expected background events and the signal
efficiency for a given integrated luminosity and branching
ratio. The top quark almost always decays into a W boson
and a b-quark. The decays are topologically characterized
by the decay of the W boson, either leptonically
[BrðW→lνÞ¼0.33], or hadronically [BrðW→qq̄Þ¼0.67].
We consider the events that one of the top quarks decays

TABLE I. The âV;m values together with the maximum deviation of the corresponding cross sections for three
forward detector acceptance regions at

ffiffiffi
s

p ¼ 14 TeV and âA ¼ 0.

ξ âV;m σSM (fb) σMinðâV;mÞ (fb) δσðâV;mÞ (fb) δσðâV;mÞ=σSM
0.0015–0.5 −0.28 0.126892 0.083981 0.042910 0.338
0.0015–0.15 −0.33 0.093597 0.057134 0.057134 0.390
0.1–0.5 −0.04 0.000487 0.000469 0.000018 0.037

TABLE II. Sensitivity of the process pp → pγγp → ptt̄p to the top quark EDM and MDM achievable at
68% C.L. for

ffiffiffi
s

p ¼ 14; 33 TeV, integrated luminosities Lint ¼ 100; 300; 3000 fb−1, and three intervals of forward
detector acceptance ξ. The efficiency ε is taken to be 0.9 and σbkg ¼ σSMðpp → ptt̄pÞ.

ξ Lint (fb−1) âV jâAj âV jâAjffiffiffi
s

p ¼ 14 TeV
ffiffiffi
s

p ¼ 14 TeV
ffiffiffi
s

p ¼ 33 TeV
ffiffiffi
s

p ¼ 33 TeV

0.0015–0.5
100 −0.754, 0.105 0.266 −0.524, 0.079 0.192
300 −0.691, 0.067 0.202 −0.489, 0.048 0.148

3000 −0.639, 0.023 0.116 −0.459, 0.017 0.082

0.0015–0.15
100 −1.053, 0.123 0.308 −0.649, 0.079 0.206
300 −0.945, 0.078 0.226 −0.615, 0.054 0.154

3000 −0.837, 0.028 0.134 −0.541, 0.016 0.090

0.1–0.5
100 −0.416, 0.301 0.347 −0.235, 0.207 0.224
300 −0.338, 0.233 0.277 −0.192, 0.166 0.180

3000 −0.213, 0.132 0.164 −0.122, 0.104 0.110
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leptonically and the other one decays either leptonically or
hadronically (so-called semileptonic and dileptonic top
quark pair events). Simultaneous hadronic decays of both
top quarks is ignored to avoid large background events
from the QCD production. Thus, the semileptonic and
dileptonic branching ratios are taken into account and the
final state joint branching ratio is Br ¼ 0.543 [15].
The efficiency, ε, is the survival probability factor which

is important for the predictions and it depends on the
detector performance. This factor gives indeed the prob-
ability for the absence of extra inelastic interactions beside

diffractive events. To obtain the efficiency, a real exper-
imental simulation has to be done which is beyond the
scope of the current paper. Although for central diphoton
exchange in γγ collision ε is considered to be 0.9 [29,54], in
the following we extend our analysis to three different
efficiency values, ε ¼ 0.1; 0.5; 0.9.
Table II represents the constraints on the anomalous

couplings of top quarks at
ffiffiffi
s

p ¼ 14; 33 TeV for three
different forward detector acceptance regions and inte-
grated luminosities, Lint ¼ 100; 300; 3000 fb−1, assuming
an optimistic value for the efficiency, ε ¼ 0.9, and the
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FIG. 5 (color online). The contour diagram in âV − âA plane with 68% C.L. and σbkg ¼ σSMðpp → ptt̄pÞ at ffiffiffi
s

p ¼ 14 TeV, ε ¼ 0.9,
and Lint ¼ 100; 300; 3000 fb−1. The diagrams are plotted for three different acceptance regions.
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FIG. 6 (color online). The anomalous coupling âA at âV ¼ 0 (left panel) and âV at âV ¼ 0 (right panel) as a function of integrated
luminosity, at

ffiffiffi
s

p ¼ 14 TeV, ε ¼ 0.9, and σbkg ¼ σSMðpp → ptt̄pÞ and with 68% C.L. The curves show the sensitivity for three
different acceptance regions.

TOP QUARK ANOMALOUS ELECTROMAGNETIC COUPLINGS … PHYSICAL REVIEW D 92, 014006 (2015)

014006-7



background cross section σbkg: ¼ σSMðpp → ptt̄pÞ.
The first (third) acceptance region, 0.0015 < ξ < 0.5
(0.1 < ξ < 0.5), is the most sensitive interval to âA (âV).
Increasing the center of mass energy as well as the
integrated luminosity provide more restricted bounds on
both the anomalous couplings in all the ξ values.
The contour diagrams for the constraints on the

anomalous couplings in the âV − âA plane are plotted in
Fig. 5, at three different integrated luminosities Lint ¼
100; 300; 3000 fb−1 with 68% C.L. Similar to the analysis
in Table II, the efficiency and the background cross section
are set to be ε ¼ 0.9 and σbkg ¼ σSMðpp → ptt̄pÞ, respec-
tively. Each panel contains the results of a specific
acceptance region and, as before mentioned, there is a
minor difference between the curves of the first and the
second regions in which the lower boundaries are the same.
In Fig. 6, left panel (right panel), the behavior of the limit

on the anomalous coupling âA (âV) at 68% C.L. as a
function of integrated luminosity, at center of mass energy

ffiffiffi
s

p ¼ 14 TeV, ε ¼ 0.9, and σbkg ¼ σSMðpp → ptt̄pÞ is
depicted. To extract the above bounds on âV and âA,
we consider the SM top quark pair production of
pp → pγγp → ptt̄p as the background and assume the
efficiency of observing signal and background events to be
ε ¼ 0.9. The curves are presented for three different
forward detector acceptance regions. As it can be seen,
the 68% C.L. sensitivity on the top quark EDM is more
than its MDM to the amount of data. This is because of the
stronger dependence of the signal cross section on âA than
âV . The most sensitive region to the âA (âV) parameter is
the first (third) acceptance interval.
To have a detailed study on the cross section behavior,

we present the analytical form of our theoretical cross
section in terms of the anomalous couplings,

σðâA; âVÞ ¼ αâ4V þ γâ3V þ βâ2V þ ρâV þ ηþ α0â4A
þ β0â2A þ δâ2Aâ

2
V þ δ0â2AâV: ð3:4Þ

TABLE III. The Numerical coefficients in the power expansion of total cross section in Eq. (3.4).

ξ α (fb) γ (fb) β (fb) ρ (fb) η (fb) α0 (fb) β0 (fb) δ (fb) δ0 (fb)

0.0015–0.5 0.255 0.549 0.805 0.341 0.127 0.255 0.635 0.510 0.549
0.0015–0.15 0.0953 0.349 0.539 0.254 0.0936 0.0953 0.412 0.191 0.349
0.1–0.5 0.0443 0.0182 0.0191 0.0012 0.00049 0.0443 0.0185 0.0886 0.0182
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FIG. 7 (color online). The contour diagram in the âV − âA plane with 68% C.L. at
ffiffiffi
s

p ¼ 14 TeV, Lint ¼ 3000 fb−1, and
ε ¼ 0.1; 0.5; 0.9. Total background has been taken 10 times more than signal. The diagrams are plotted for three different acceptance
regions.
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The expansion coefficients, arising from the structure of
the scattering amplitudes in (2.3)–(2.5), are summarized
in Table III. The parameter η is the cross section at
âA ¼ âV ¼ 0 that represents the SM cross section magni-
tude. It is notable that the coefficient of â2Aâ

2
V , δ, is the sum

of the â4A and â4V coefficients, i.e., δ ¼ αþ α0, also δ0 ¼ γ.
According to Eq. (3.4) and Fig. 3, the bounds on anomalous
couplings receive unequal contributions from two different
features of the total cross section: the number of contrib-
uting background events, σSMðpp → ptt̄pÞ, and the slope
of its changes with respect to âA and âV . It is the latter
quantity that plays the main role on the bounds sensitivity
in such a way that the existence of different slopes on two
sides of the vertical axes in Fig. 3, leads to different upper
and lower bounds on EDM and MDM.
To check the dependency of limits to the efficiency and

to be more conservative on the background contributions,
we get the limits on âA and âV for three efficiency values of
0.1, 0.5, and 0.9 under the assumption that the number of
background is 10 times more than that of the signal. The
effect of the efficiency reduction and the conservative
assumption for background contributions on the bounds
of âA and âV at 68% C.L. is illustrated in Fig. 7. The results
are presented for three forward detector acceptance regions
and integrated luminosity Lint ¼ 3000 fb−1.
As it was expected, the limits get looser with respect to

the previous shown results in Table II, due to the smaller
number of signal events and larger background contribu-
tions. Comparing the results of the optimal first detector
acceptance region in Fig. 7 with the corresponding data in
Fig. 5 at Lint ¼ 3000 fb−1, one can conclude that increasing
the amount of background by a factor of 10 leads to looser
bounds by a factor of around 2–3. Decreasing the efficiency
from 0.9 to 0.5 does not significantly affect the limits while
going down to 0.1 non-negligibly loosens the bounds on
the electromagnetic moments of the top quark. Even in
such a pessimistic case, the limits are comparable with the
ones from other studies mentioned in the first section.

IV. CONCLUDING REMARKS

The LHC is going to collide proton beams and get data
for its second run. It allows one to study a new energy and
luminosity beyond the capabilities of the previous particle
colliders. In addition to a proton-proton collider, the LHC
can be considered as a photon-photon collider where not
only the SM could be examined but also several physics
beyond the SM could be tested with small backgrounds
and a clean environment due to the absence of proton
beam remnants. The γγ fusion enables us to probe in
particular the electromagnetic properties of the SM
particles.
In this paper, we have explored the phenomenology of

anomalous γtt̄ couplings in the subprocess γγ → tt̄ in pp
collisions at the center of mass energies

ffiffiffi
s

p ¼ 14; 33 TeV
and integrated luminosities Lint ¼ 100; 300; 3000 fb−1. We
calculate the cross section of the process pp → pγγp →
ptt̄p for three different detector acceptance regions,
0.0015< ξ< 0.5, 0.0015 < ξ < 0.15, and 0.1 < ξ < 0.5.
We have found more sensitivity to the top quark EDM with
respect to the MDM in this process. The detector accep-
tance region of 0.0015 < ξ < 0.5 provides stronger
bounds. The 68% C.L. bounds on the top quark electric
and magnetic dipole moments at the LHC with the center
of mass energy of 14 TeV are found to be in the intervals
of ð−0.116; 0.116Þ and ð−0.639; 0.023Þ using Lint ¼
3000 fb−1 of data, respectively. Finally, it should be
mentioned that to obtain more realistic bounds on the
anomalous γtt̄ couplings, all sources of backgrounds as
well as detector effects have to be considered by the
experimental collaborations.
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