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We have investigated the constraints on the anomalous 𝑡𝑞𝛾 and 𝑡𝑞𝐻 (𝑞 = 𝑢, 𝑐) couplings through the photoproduction processes
𝑝𝑝 → 𝑝𝛾𝑝 → 𝑝𝑡𝛾𝑋 → 𝑝𝑏ℓ

+]
ℓ
𝛾𝑋 and 𝑝𝑝 → 𝑝𝛾𝑝 → 𝑝𝑡𝐻𝑋 → 𝑝𝑏ℓ

+]
ℓ
𝑏𝑏𝑋 at the LHC. We have obtained 95% confidence

level bounds on the anomalous couplings by considering various values of detector acceptances and integrated luminosities.
Improved constraints on the 𝑡𝑞𝛾 coupling have been obtained compared to current bounds.

1. Introduction

Due to its large mass top quark might play a crucial role in
electroweak gauge symmetry breaking. However, top quark
couplings are expected to be more sensitive to new physics
than other particles [1, 2]. Various properties of the top
quark have been studied and measured at Tevatron and
LHC experiments. A large part of these studies is about new
physics effects on the top quark couplings. Studying top quark
couplings will be important to test the Standard Model (SM)
and deviations of the couplings from the SM expectations
would suggest new physics effects. The anomalous top quark
interactions can be investigated via FlavourChangingNeutral
Currents (FCNC).These couplings are severely suppressed in
top quark sector at tree level in the SM framework by GIM
mechanism [3, 4]. As an example, 𝑡 → 𝑞𝛾 (𝑞 = 𝑢, 𝑐) FCNC
decay can not be seen at the tree level in the SM. The SM
diagrams of this top decay occur at one loop level [5]. Flavour
changing top quark interactions can appear in the models
beyond the SM. Top quark FCNC 𝑡𝑞𝑔, 𝑡𝑞𝛾 and 𝑡𝑞𝐻 (𝑞 = 𝑢

or 𝑐 quarks) couplings are investigated in various new physics
models [4–11].

In order to examine model independent deviations from
the SM predictions, effective Lagrangian approach can be
used. Effective Lagrangian describing the top quark FCNC

interactions with photon and Higgs boson can be written as
follows [5, 12]:
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Here 𝜎
𝜇] = [𝛾

𝜇
, 𝛾]]/2 and 𝑞] is the photon momentum.

The parameters 𝜅
𝑡𝑞𝛾

, 𝑔
𝑡𝑞𝐻

define the anomalous coupling
constants which are real and positive and they are normalized
as |𝜅V
𝑡𝑞𝛾
|
2
+ |𝜅
𝑎

𝑡𝑞𝛾
|
2
= 1, |𝑔V
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|
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𝑎
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|
2
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Experimental limit on the branching ratio at 95% con-
fidence level for the decay 𝑡 → 𝑞𝛾 has been given by
CDF collaboration as BR(𝑡 → 𝑞𝛾) < 3.2% [13]. ZEUS
collaboration set upper limit on the anomalous FCNC 𝑡𝑞𝛾

coupling. This limit has been found to be 𝜅
𝑡𝑢𝛾

< 0.12 at
95%CL [14]. CMS experiment at the LHChas placed themost
stringent experimental upper bounds on the top quark FCNC
branching ratios at 95%CL. These limits are BR(𝑡 → 𝑢𝛾) <

0.0161% and BR(𝑡 → 𝑐𝛾) < 0.182% [15, 16].
The discovery of the Higgs boson in 2012 at the LHC

provides opportunity of searching Higgs boson couplings.
Anomalous top decay to 𝑢 or 𝑐 quark and a Higgs boson
is investigated at the LHC. The ATLAS [17] and CMS [12]
collaborations have searched 𝑡 → 𝑞𝐻 decay in 𝑡𝑡 events.
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95%CL upper limits on the FCNC branching ratios have
been obtained by ATLAS and CMS collaborations. These
branching ratios are 0.79% and 0.56%, respectively.

The partial decay widths for FCNC top quark decays are
given by

Γ (𝑡 → 𝑞𝛾) =
2𝛼

9
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.

(2)

Branching ratios of the anomalous decays 𝑡 → 𝑞𝛾 and
𝑡 → 𝑞𝐻 can be calculated by the following equations:

BR (𝑡 → 𝑞𝛾) =
Γ (𝑡 → 𝑞𝛾)

Γtot.
,

BR (𝑡 → 𝑞𝐻) =
Γ (𝑡 → 𝑞𝐻)

Γtot.
.

(3)

Here, the top quark full width is taken to be Γtot. ≈ 2GeV [18].
The corresponding branching ratios are given by

BR (𝑡 → 𝑞𝛾) = 0.151𝜅
2

𝑡𝑞𝛾
,

BR (𝑡 → 𝑞𝐻) = 2.125 × 10
−2

𝑔
2

𝑡𝑞𝐻
.

(4)

Using (4) and experimental limits on the branching ratios we
can obtain the experimental upper limits on the anomalous
couplings 𝜅

𝑡𝑞𝛾
and 𝑔

𝑡𝑞𝐻
.

In this work, we have analyzed the anomalous 𝑡𝑞𝛾 and
𝑡𝑞𝐻 FCNC couplings for the processes 𝑝𝑝 → 𝑝𝛾𝑝 →

𝑝𝑡𝛾𝑋 → 𝑝𝑏ℓ
+]
ℓ
𝛾𝑋 and 𝑝𝑝 → 𝑝𝛾𝑝 → 𝑝𝑡𝐻𝑋 →

𝑝𝑏ℓ
+]
ℓ
𝑏𝑏𝑋 in 𝛾𝑝 collision at the LHC. These reactions are

probable via elastic photon emission from one of the incom-
ing protons and subprocesses 𝛾𝑞 → 𝑡𝛾 → 𝑏ℓ

+]
ℓ
𝛾 and 𝛾𝑞 →

𝑡𝐻 → 𝑏ℓ
+]
ℓ
𝑏𝑏 can occur at the LHC (Figures 1 and 2). We

use the equivalent photon approximation (EPA) [19–21] for
elastic photon emission from the incoming proton. Emitted
photons have low virtuality and it is a good approximation
to suppose that they are on mass-shell. These photons are
called quasireal. Intact protonwhich emits a quasireal photon
is scattered with a small angle from the beam pipe. At the
LHC, ATLAS and CMS Collaborations have a program with
very forward detectors which can detect intact scattered
protons. These forward detectors are placed away from the
interaction point and they can detect intact protons with a
small momentum fraction loss [22, 23]. Momentum fraction
loss of the proton is given by the formula 𝜉 = (|�⃗�| −

|�⃗�

|)/|�⃗�|, where �⃗� is the momentum of the incoming proton

and �⃗� is the momentum of the intact scattered proton. This
fraction can be written approximately as 𝜉 = 𝐸

𝛾
/𝐸 at high

energies. Here 𝐸
𝛾
, 𝐸 are the energies of the photon and the

photon emitting proton, respectively. Forward detectors have
a capability to detect intact outgoing protons in the interval
𝜉min < 𝜉 < 𝜉max. This interval is called the acceptance of the
forward detectors.

There are several LHC machine set-ups at which ALFA
(Absolute Luminosity For ATLAS) and AFP (ATLAS For-
ward Proton) detectors could take data. They are typically
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Figure 1: Tree level Feynman diagrams for the process 𝛾𝑞 → 𝑡𝛾 →

𝑏ℓ
+]
ℓ
𝛾.
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Figure 2: Tree level Feynman diagrams for the process 𝛾𝑞 →

𝑡𝐻 → 𝑏ℓ
+]
ℓ
𝑏𝑏.

described by the value of the betatron function at the interac-
tion point,𝛽∗ [24]. Various values of 𝛽∗ can be considered for
the different settings. The low 𝛽

∗ value is a common setting
for the LHC high luminosity runs. The expected acceptance
regions of the ATLAS and CMS-TOTEM forward detectors
can be considered as 0.015 < 𝜉 < 0.15 and 0.03 < 𝜉 < 0.2 for
the low 𝛽

∗ optics [25].
Photon-induced processes have been observed via the

process 𝑝𝑝 → 𝛾𝛾𝑝𝑝 → ℓ
+
ℓ
−
𝑝𝑝 in 𝑝𝑝 collisions [26–

28]. Moreover, the process 𝑒𝑝 → 𝑒𝑋𝑝 in 𝑒𝑝 collisions [29–
34] and several two-photon reactions have been investigated
in 𝑝𝑝 collisions [35–38]. These studies raise interest in the
photon-induced reactions as photon-photon and photon-
proton collisions.

2. Cross Sections and Sensitivity to
Anomalous Couplings

Photon-induced reactions can be investigated in the frame-
work of the EPA. The equivalent photon spectrum of 𝐸

𝛾

energy and 𝑄2 virtuality is given by [19–21]
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Here

𝑄
2

min =
𝑚
2

𝑝
𝐸
2

𝛾

𝐸 (𝐸 − 𝐸
𝛾
)

,

𝐹
𝐸
=

4𝑚
2

𝑝
𝐺
2

𝐸
+ 𝑄
2
𝐺
2

𝑀

4𝑚
2

𝑝
+ 𝑄
2

,

𝐺
2

𝐸
=
𝐺
2

𝑀

𝜇
2

𝑝

= (1 +
𝑄
2

𝑄
2

0

)

−4

,

𝐹
𝑀
= 𝐺
2

𝑀
,

𝑄
2

0
= 0.71GeV2.

(6)

In (5), 𝐸 is the incoming proton beam energy and 𝑚
𝑝
is

mass of the proton. The magnetic moment of the proton is
𝜇
2

𝑝
= 7.78.
The total cross sections for the processes 𝑝𝑝 → 𝑝𝛾𝑝 →

𝑝𝑡𝛾𝑋 → 𝑝𝑏ℓ
+]
ℓ
𝛾𝑋 and 𝑝𝑝 → 𝑝𝛾𝑝 → 𝑝𝑡𝐻𝑋 →

𝑝𝑏ℓ
+]
ℓ
𝑏𝑏𝑋 can be found by integrating the subprocesses over

the quark and photon distributions:
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In these equations, 𝑥
1
= 𝐸
𝛾
/𝐸 and 𝑥

2
is the momentum

fraction of the proton’s momentum carried by the quark (𝑢 or
𝑐). 𝑑𝑁

𝑞
/𝑑𝑥
2
is the 𝑢 or 𝑐 quark distribution function. In our

calculations we have used Martin, Stirling, Thorne, and Watt
distribution functions [39].

In the total cross section calculations, two different
forward detector acceptance ranges have been considered:
0.015 < 𝜉 < 0.15 and 0.03 < 𝜉 < 0.2. In Figures 3
and 4, we have plotted the integrated total cross sections of
the processes 𝑝𝑝 → 𝑝𝛾𝑝 → 𝑝𝑡𝛾𝑋 → 𝑝𝑏ℓ

+]
ℓ
𝛾𝑋 and

𝑝𝑝 → 𝑝𝛾𝑝 → 𝑝𝑡𝐻𝑋 → 𝑝𝑏ℓ
+]
ℓ
𝑏𝑏𝑋 as a function

of anomalous couplings 𝜅
𝑡𝑞𝛾

, 𝑔
𝑡𝑞𝐻

, respectively. Because the
total cross sections are very close to each other for 0.015 <

𝜉 < 0.15 and 0.03 < 𝜉 < 0.2, we have plotted one of
them. We observe from these figures that the total cross
sections increase with increasing anomalous coupling. We
also see from the figures that sensitivity of the cross section
to anomalous coupling 𝑔

𝑡𝑞𝐻
is comparably weak.

We have considered all SM backgrounds in the sensitivity
calculations of the anomalous couplings 𝜅

𝑡𝑞𝛾
and 𝑔

𝑡𝑞𝐻
. SM

backgrounds to our processes are the following: 𝛾𝑞 →
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Figure 3: Total cross section of 𝑝𝑝 → 𝑝𝛾𝑝 → 𝑝𝑡𝛾𝑋 →

𝑝𝑏ℓ
+]
ℓ
𝛾𝑋 as a function of anomalous coupling 𝜅

𝑡𝑞𝛾
. Forward

detector acceptance is taken to be 0.015 < 𝜉 < 0.15.
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Figure 4: Total cross section of 𝑝𝑝 → 𝑝𝛾𝑝 → 𝑝𝑡𝐻𝑋 →

𝑝𝑏ℓ
+]
ℓ
𝑏𝑏𝑋 as a function of anomalous coupling 𝑔

𝑡𝑞𝐻
. Forward

detector acceptance is taken to be 0.015 < 𝜉 < 0.15.

𝑏ℓ
+]
ℓ
𝛾 and 𝛾𝑞 → 𝑏ℓ

+]
ℓ
𝐻 (𝐻 → 𝑏𝑏), where 𝑞 = 𝑢, 𝑐 quarks

and ℓ = 𝑒, 𝜇. Total cross sections of the SM backgrounds were
evaluated usingCalcHEP [40].The integrated cross section of
the background process 𝛾𝑞 → 𝑏ℓ

+]
ℓ
𝛾 is 𝜎 = 2.165 × 10−5 pb

for the acceptance region 0.015 < 𝜉 < 0.15. We can obtain
the number of events for 𝐿 = 30 fb−1, 𝑁SM = 0.7 × 0.6 ×

2.165×10
−5
×30000 = 0.27. As can be seen from the number

of events calculation, this cross section gives approximately 0
events for 𝐿 = 30 fb−1 and 2 events for 𝐿 = 200 fb−1.

We see that the number of events of the SM backgrounds
is very small. However, if the number of events is bigger
than 1, it can not be ignored. The cross sections of these
background processes are proportional to the square of CKM
matrix elements. 𝛾𝑢 → 𝑏ℓ

+]
ℓ
𝛾 subprocess contains𝑊𝑢𝑏 and

𝛾𝑐 → 𝑏ℓ
+]
ℓ
𝛾 contains𝑊𝑐𝑏 vertex. Because the CKMmatrix
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Table 1: 95% CL bounds on the anomalous coupling 𝜅
𝑡𝑞𝛾

for various
forward detector acceptances and integrated LHC luminosities. The
center of mass energy of the proton-proton system is taken to be
√𝑠 = 14TeV.

𝐿 (fb−1) 0.015 < 𝜉 < 0.15 0.03 < 𝜉 < 0.2

30 0.038 0.049
50 0.029 0.038
100 0.026 0.033
200 0.021 0.027

Table 2: 95%CLbounds on the anomalous coupling𝑔
𝑡𝑞𝐻

for various
forward detector acceptances and integrated LHC luminosities. The
center of mass energy of the proton-proton system is taken to be
√𝑠 = 14TeV.

𝐿 (fb−1) 0.015 < 𝜉 < 0.15 0.03 < 𝜉 < 0.2

30 1.259 1.495
50 0.975 1.158
100 0.689 0.819
200 0.487 0.579

elements are off-diagonal for these vertices, cross sections of
the SM backgrounds are expected to be small.

Integrated cross section of the process 𝛾𝑞 →

𝑏ℓ
+]
ℓ
𝐻 (𝐻 → 𝑏𝑏) is 𝜎 = 1.093 × 10

−8 pb at the region
0.015 < 𝜉 < 0.15. This cross section gives 0 events for
𝐿 = 30–200 fb−1. Above discussions which are related to
CKMmatrix elements are valid also here.

Since the SM contribution to the processes is absent,
we use Poisson distribution as a statistical analysis method.
The expected number of events has been calculated from
the formula 𝑁 = 𝑆 × 𝐸 × 𝜎 × 𝐿 int. Here, 𝐿 int is the
integrated luminosity, 𝐸 is the jet reconstruction efficiency,
and 𝑆 is the survival probability factor. We have taken into
account survival probability factor of 𝑆 = 0.7 [41] and jet
reconstruction efficiency of 𝐸 = 0.6. CMS and ATLAS have
central detectors with pseudorapidity coverage |𝜂| < 2.5.
Therefore, we place pseudorapidity cut of |𝜂| < 2.5 for final
state leptons and quarks.

The 95% confidence level bounds on the anomalous
coupling parameters are given in Tables 1 and 2 for integrated
luminosities of 𝐿 int = 30, 50, 100, 200 fb−1 and forward
detector acceptances of 0.015 < 𝜉 < 0.15, 0.03 < 𝜉 < 0.2.
We see from the tables that 0.015 < 𝜉 < 0.15 acceptance
region provides more sensitive bounds on both 𝜅

𝑡𝑞𝛾
and

𝑔
𝑡𝑞𝐻

couplings compared to other acceptance values. On the
other hand, we see that limits on the coupling 𝜅

𝑡𝑞𝛾
are more

stringent than the limits on 𝑔
𝑡𝑞𝐻

.
One can calculate the experimental constraints on the

anomalous couplings 𝜅
𝑡𝑞𝛾

,𝑔
𝑡𝑞𝐻

by using (4) and experimental
bounds on the FCNC branching ratios. We have obtained the
most stringent bounds on the FCNC couplings at luminosity
value of 200 fb−1 and acceptance of 0.015 < 𝜉 < 0.15. The
CDF and CMS collaborations obtained the most stringent
experimental bounds on the 𝜅

𝑡𝑞𝛾
coupling at 95%CL. These

limits are 𝜅
𝑡𝑞𝛾

< 0.46 and 𝜅
𝑡𝑞𝛾

< 0.11 [13, 15]. Our results

for 0.015 < 𝜉 < 0.15 improve the bounds on 𝜅
𝑡𝑞𝛾

coupling
by up to a factor of 22 and 5 with respect to CDF and CMS
experimental bounds.

The most stringent experimental upper bounds on the
coupling 𝑔

𝑡𝑞𝐻
have been obtained by ATLAS and CMS

collaborations [12, 17]. Limits are 𝑔
𝑡𝑞𝐻

< 0.61 and 𝑔
𝑡𝑞𝐻

<

0.52, respectively. We see from Table 2 that our bounds for
𝐿 = 50–200 fb−1 and 0.015 < 𝜉 < 0.15 are at the same order
with respect to experimental bounds.

The main experimental challenge of running at high
luminosity is the effect of pile-up, which can generate fake
signal events within the acceptances of the proton detectors
as a result of the coincidence of two or more separate
interactions in the same bunch crossing [23, 42, 43]. How-
ever these backgrounds can be subtracted or suppressed by
several methods: jet area method, jet vertex fraction, soft
term fraction, and charged hadron subtraction. Very high
luminosities at the LHC will require focusing on methods
to reduce pile-up fluctuations. These methods are listed as
follows: optimized calorimeter input signals, grooming, and
jet areas subtraction; jet substructure is to reject fake pile-
up jets. Studies are underway to mitigate pile-up effects and
improve existing algorithms to maximize performance.

3. Conclusion

We have analysed the potential of the 𝑝𝑝 → 𝑝𝛾𝑝 →

𝑝𝑡𝛾𝑋 → 𝑝𝑏ℓ
+]
ℓ
𝛾𝑋 and 𝑝𝑝 → 𝑝𝛾𝑝 → 𝑝𝑡𝐻𝑋 →

𝑝𝑏ℓ
+]
ℓ
𝑏𝑏𝑋 processes at the LHC to probe anomalous 𝑡𝑞𝐻

and 𝑡𝑞𝛾 couplings. Improved bounds have been obtained for
the anomalous 𝑡𝑞𝛾 coupling. On the other hand limits on
the 𝑡𝑞𝐻 coupling are weaker with respect to 𝑡𝑞𝛾 coupling in
photon-proton collision at the LHC.

The LHC equipped with forward detectors gives us new
opportunity to investigate high-energy photon-photon and
photon-proton interactions. As regards deep inelastic scat-
tering reactions, photon-proton interactions ensure a quite
clean channel. Moreover, detection of the intact scattered
protons in forward detector enables us to determine quasireal
photon momenta. This case is useful for the reconstruction
kinematics of the process.

Conflict of Interests

The author declares that there is no conflict of interests
regarding the publication of this paper.

References

[1] R. D. Peccei and X. Zhang, “Dynamical symmetry breaking and
universality breakdown,” Nuclear Physics B, vol. 337, no. 2, pp.
269–283, 1990.

[2] R. D. Peccei, S. Peris, and X. Zhang, “Non-standard couplings
of the top quark and precisionmeasurements of the electroweak
theory,” Nuclear Physics B, vol. 349, no. 2, pp. 305–322, 1991.

[3] S. L. Glashow, J. Iliopoulos, and L. Maiani, “Weak interactions
with lepton-hadron symmetry,” Physical Review D, vol. 2, no. 7,
pp. 1285–1292, 1970.



Advances in High Energy Physics 5

[4] S. Khatibi and M. M. Najafabadi, “Probing the anomalous
FCNC interactions in a top-Higgs boson final state and the
charge ratio approach,” Physical Review D, vol. 89, no. 5, Article
ID 054011, 2014.

[5] J. A. Aguilar-Saavedra, “Top flavour-changing neutral inter-
actions: theoretical expectations and experimental detection,”
Acta Physica Polonica B, vol. 35, no. 11, pp. 2695–2710, 2004.

[6] T. M. P. Tait and C.-P. Yuan, “Single top quark production as a
window to physics beyond the standardmodel,” Physical Review
D, vol. 63, no. 1, Article ID 014018, 2000.

[7] J. J. Liu, C. S. Li, L. L. Yang, and L. G. Jin, “t → cV via SUSY
FCNC couplings in the unconstrained MSSM,” Physics Letters
B, vol. 599, no. 1-2, pp. 92–101, 2004.
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