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Abstract: The top quark plays a central role in particle physics, as many experiments at the Large
Hadron Collider scrutinize its properties within the Standard Model. Although most of the measure-
ments of the top quarks today concentrate on production modes initiated by quarks or gluons, this
review will highlight the lesser-explored modes initiated by pomerons or photons. It aims to provide
an in-depth look into both the phenomenological studies and the existing experimental measure-
ments, emphasizing the necessity of exploring the diffractive and photon-induced production of top
quarks to enhance the accuracy of top-quark measurements.
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1. Introduction

Since its discovery in 1995 at Fermilab’s Tevatron collider, the top quark has continued
to receive significant attention, as it is a promising pathway for investigating the SM by
conducting high-precision measurements of its properties and potentially unveiling new
laws of physics by discerning any deviation from SM predictions.

The present measurements of top quarks produced from the collisions of protons at the
LHC predominantly focus on production modes initiated by quarks or gluons. However,
the production of top quarks initiated by color-neutral particles remains largely unexplored
and is the subject of this review. Production modes involving color-neutral particles are
typically categorized according to the type of particle involved. For example, top quark
pairs can also be produced through photon () or pomeron (IP) exchange, and the different
production categories are depicted in Figure 1.
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Figure 1. Categories of top quark pair production involving color-neutral particles. From left to

right: single-diffractive production, photoproduction, double pomeron exchange, central exclusive
production via photon exchange, and central exclusive production via pomeron exchange.

The photon is an elementary particle responsible for electromagnetic interactions. On
the other hand, the pomeron is an object that can be viewed as a color-singlet multi-gluon
state, introduced in the early 1960s to describe high-energy hadron-scattering amplitudes
(an in-depth review can be found in reference [1]). Over time, with deeper insights into
diffractive processes, it became evident that the pomeron has an internal structure that
includes quarks as well. Consequently, any process initiated by quarks or gluons can be
generated by exchanging pomerons.

The discussion of the diffractive production of top quarks predates its actual discov-
ery [2] yet, up to the present day, it has lacked experimental verification. The production of
top quarks through color-neutral particles can contribute to the total inclusive cross-section
on a level of up to a few percent. The events resulting from a photon or pomeron exchange
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exhibit a distinct radiation pattern, often characterized by an absence of hadronic activity in
certain regions of pseudorapidity, known as large rapidity gaps. Additionally, these events
may be identified by the presence of an intact proton. The following article will review the
theory and experimental data available on these rare production modes.

2. Monte Carlo Event Generators

Diffractive and exclusive processes have been incorporated into various Monte Carlo
(MC) event generators. Different MC generators may implement these processes differently
based on their underlying physics models. However, they all adhere to the factorization
principle [3], where the production cross-section of a system X in hard proton—proton
scattering can be viewed as follows:

o(pp = X) = Z/dxifi(xi/,u> /dxjfj(xj/,u) * Ohard (i — X), 1
i

where i, j label the partons that initiate hard scattering, oy,.q (ij — X) is the parton level cross-
section computed perturbatively in terms of powers of ag(u), y is the energy scale of the
process, and f(x, u) are the parton distribution functions (PDFs) of the colliding particles.
For color-neutral interaction, these parton densities are often replaced by the following:

dxf(x p) = [ dt [ B fa(B, 1), @

where IF(, t) is the flux of color-neutral mediators emitted by a proton as a function of
longitudinal momentum (¢) and the momentum transfer (t). Here, p = x/¢ and f;(B, 1) is
the parton density function of the color-neutral object (technically related to the diffractive
PDF—dPDE). In the case of direct photon/pomeron exchange processes, whether they are
exclusive or semi-exclusive, the value of f;(B, jt) is set to 1, but the flux will incorporate
additional form-factors, denoted by S?(b), which are derived in terms of impact parameter
and their computation varies across different event generators.

The pomeron flux Fp,, (¢, k) is the probability that a pomeron with a given value of ¢
and f couples to the proton. Several different parametrizations have been proposed over the
years [4,5]. The most recent empirical expression was suggested by the H1 collaboration [6]:

Fpp(&t) = &2 AP ®)

where a(t) = 1+ e+ a't is the pomeron trajectory, and ¢, «'/, A, and B are obtained
from fitting the data. Recent fits include sub-leading contributions (commonly denoted
as “Reggeon” exchange), which became pronounced at high ¢, but the H1 data weakly
constrain them.

The pomeron structure function is the probability of extracting a parton from a
pomeron. In the simplest model, the most general form of the dPDF is [6]

Bfip(B) = AipPi(1—p)" @)

where A;, B;, and C; are fit parameters. In the latest fit to the diffractive data, the dPDFs
are modeled by incorporating a light flavor quark distribution (assuming zero intrinsic
densities for c- and b-quarks within the pomeron) and the gluon distribution. Figure 2
illustrates a few existing pomeron structure functions fitted by the H1 collaboration.

The following MC event generators can simulate processes involving the diffractive
and photon-induced production of top quark.

The SuperChic event generator [7,8] is used for studying central exclusive and semi-
exclusive production processes in proton—proton, proton—ion, and ion—ion collisions. It
implements the central exclusive production via Pomeron exchange using the improved
perturbative QCD estimates provided by the “Durham model” [9]. In the latest version,
SuperChic v4, the photon-induced production of top quark pairs has also been made
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available [10]. For photon-induced processes, the event generator applies form-factors
based on the “structure—function” approach [11].
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Figure 2. Diffractive parton densities (8 - f(B, 4 = Q) ) in the pomeron as a function of the fraction of
the momentum carried by the gluon (left) or quark (right), extracted from a HERA fit to combined
structure—function data from H1 [6].

The Madgraph5_aMC@NLO event generator [12] is designed to generate matrix ele-
ments for both SM and beyond SM processes, including NLO QCD and EW corrections for
parton-initiated processes [13,14]. While it can generate processes initiated by photons, it
does not cover those initiated by pomerons. Elastic photon fluxes are obtained using the
equivalent photon approximation (EPA) [15], and inelastic photon-initiated collisions can
be generated from 7 distribution functions inside the proton, such as, e.g., the LUXqed
one [16]. A novel event generator, gamma-UPC [17], has been recently introduced, which
derives photon fluxes from electric dipole and charge form-factors for protons and ions
and includes realistic hadronic survival probabilities for them. This model has been suc-
cessfully interfaced with Madgraph5_aMC@NLO v3. In addition, within this framework,
the vy — tf process can be computed at NLO perturbative QCD accuracy.

Forward Physics Monte Carlo (FPMC) [18] is a specialized Monte Carlo event gen-
erator developed for simulating exclusive and diffractive production processes. It pos-
sesses the capability to simulate all elementary 2 — 2 and 2 — 1 processes available in
HERWIGS6.5 [19], particularly the SM top quark pair production, and t-channel single top
production. In FPMC, the original HERWIG code, which simulates two-photon exchange
in electron—positron collisions, was modified. Pomeron fluxes were introduced with a
particular proton structure in diffractive events (based on H1 fits) and are used in hadron
collisions in this case. Recently, the anomalous exclusive production of vy — tf was
implemented in FPMC as well [20].

Pythia 8 [21], one of the most used event generators, is widely used for simulat-
ing events involving various interactions and particles, including hard diffraction [22],
resolved and direct photons [23], and photoproduction [24]. The survival factors for
Pomeron-induced processes are implemented as a part of the multiparton interaction (MPI)
framework.

Table 1 summarizes different MC generators and outlines the processes that can be
simulated by each.



Universe 2023, 9, 483

4 of 14

Table 1. A list of various MC generators and available top quark production modes of processes
with top quarks at the final state. In the table, X represent proton or pomeron remnants in a
dissociative process.

Generator vy — tt IPIP — tt IPIP — tiX yp — tHX IPp — ttX
Superchic v4 v v — — —
MadGraph/gamma-
UPC Y - o v o
FPMC v v v v v
Pythia8 v — — v v
IPIP — tgqX IPIP — tWX vp — tgX yp — tWX IPp — tgX
MadGraph/gamma-
UPC - - v v -
FPMC v — v — v
Pythia8 — — v — v

CMS central detector

3. Tagging Diffractive and Photon-Induced Processes

Diffractive and photon-initiated processes often exhibit low hadronic activity, and
some events are characterized by an intact proton emerging from the primary interac-
tion. Forward Proton Detectors (FPD) are utilized at the LHC to identify these events
by detecting forward protons. These detectors, such as the ATLAS Forward Proton de-
tector (AFP) [25] and the CMS-TOTEM Precision Proton Spectrometer (CT-PPS) [26], are
positioned approximately 200 m from the proton—proton interaction point. In diffractive
or photon-initiated interactions, protons lose a fraction of their nominal momentum and
are deflected differently by the LHC magnets, diverting them from the main bunch of
protons. The FPD are near-beam detectors usually housed in Roman Pots vessels [27]
which could approach the proton beam up to a few mm, aiming to measure the slight
displacement of protons that participated in the interaction. Figure 3 illustrates a schematic
layout of the beamline between the interaction point and the FPDs installed in LHC sector
56, corresponding to the negative z direction in the CMS.

& vertical pots

Roman Pots g (top + bottom)
horizontal pot
LHC sector 56 < .
S S Y beamt
TCL4 TCLS e — >
TAS DFBX__ Dlexima TAN L e =y .
Ly e |02l PP e =T 2 [aa =T a5 6
i 1||||||||||r\<]i]| ||Q|[ Q Q
=L —_— —r
—
2% 1255m 215.078m beam 2
A M 955 m

Figure 3. Schematic layout of the CMS Proton Precision Spectrometer (PPS) located in LHC sector 56.
The accelerator magnets are displayed in gray, while the collimator system parts are highlighted in
green. The detector units, marked in red, are those used by PPS during Run 2. The figure is taken
from Ref. [28].

The FPDs are equipped with tracking and timing capabilities that determine the
proton scattering angle and momentum loss based on the hit position of protons in the
detector planes. The hit position of a proton is affected by its momentum loss, denoted by

¢ = Ap,/p, two scattered angles at the interaction point (9;, 9;) , and coordinates of the

proton—proton collision vertex situated on the plane perpendicular to the beam trajectory,
denoted by (x*, y*):

ox = Dx(é) +Ux(‘§) x4+ Lx(g) '9;

5
5y=Dy(€)+vy(g)'y*+Ly(‘:)'9; v
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where Dy and Dy, are the horizontal and vertical dispersion, respectively. The terms vy
and vy, stand for the horizontal and vertical magnifications, respectively, while L, , are
the effective lengths. These parameters are functions of the proton’s momentum loss at
different positions from the interaction point and are determined by simulating the proton’s
trajectory in the LHC magnetic field, as described in reference [29].

A minimum of five independent spatial measurements of the scattered proton are
required to accurately determine proton kinematics, necessitating at least three tracking
stations. However, even with just two tracking stations, it is possible to reconstruct proton
kinematics by approximating Equation (5), such as considering x* = 0, as demonstrated in
reference [29].

The timing detectors measure the arrival times of the protons to the FPD. The time
difference between the arrival of two protons from the same interaction vertex, in double-
tagged events, is tied to the z-position of their production vertex. The correlation between
the vertex position deduced from the proton arrival times and the vertex position deter-
mined from final state particles produced in association with the protons serves as an
effective tool to separate diffractive interactions from non-diffractive ones [30]. This is par-
ticularly useful in rejecting protons originating from additional proton—proton interactions
occurring during the same bunch crossing in high-intensity runs (high pileup runs) at the
LHC. In addition to double-tagged events, the proton timing detectors can differentiate
between pileup protons in single-tagged events, provided that the arrival time of the final
state particles is also measurable [31].

4. Diffractive and Photo-Production of Top Quark Pairs
4.1. Single-Diffraction and Photoproduction of Top Quark Pairs

The diffractive production of top quarks can constitute up to a few percent of the total
inclusive production cross-section. This aspect is crucial when aiming for precision mea-
surements involving top quarks or when searching for new physics phenomena. For a top
quark mass of my, = 172.5 GeV, the inclusive production cross-section of top quark pairs,
calculated at next-to-next leading order (NNLO) in QCD with resummation at next-to-next-
to-leading logarithmic (NNLL) soft gluon terms [32], and more recently with third-order
soft gluon corrections and the additional inclusion of electroweak corrections [33], ranges
from around 180 to around 1000 pb, for proton—proton collision energies of /s = 7 TeV and
/s = 14 TeV, respectively. The dominant diffractive production modes of top quark pairs
are via single-diffractive dissociation and photoproduction, with their respective leading
order (LO) cross-sections at y/s = 13 TeV calculated to be 5 pb and 1.45 pb, respectively [34].

The study outlined in reference [34] investigated the single diffractive and photo-
production processes. The analysis assumed an FPD acceptance to an intact proton with
momentum loss between 3% and 10%. This span is defined by a set of constraints; the lower
limit is determined by the minimum distance of the detectors from the beam, while the
upper limit is constrained by the beam collimators that shield the magnets from the intense
radiation. The study revealed that, for photon-induced and single-diffractive processes, the
acceptance rates are 30% and 20%, respectively, driven by the different photon and pomeron
density fluxes. The intact proton kinematics for the pomeron- and photon-initiated produc-
tion of top quark pairs were computed for the proton—proton beam conditions used during
LHC Run 2 (2015-2018) and are depicted in Figure 4.

Based on the tf selection criteria and reconstruction efficiencies obtained in the mea-
surement of differential cross sections of top quark pair production, in association with jets
in pp collisions at /s = 13 by the ATLAS collaboration [35], event yields were calculated to
be 150 =+ 20 for single diffractive and 94 & 3 photo-production of top quark pairs, given an
integrated luminosity of 1 fb~!. At the LHC, the predominant background for diffractive
and photon-induced events stems from the multiple proton—proton collisions occurring in a
single bunch crossing. This results in a combinatorial background, where a non-diffractive
collision may be accompanied by additional diffractively scattered protons from other soft
proton—proton interactions. To observe top quarks produced in association with an intact
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proton, a dataset with a low average number of interactions per bunch crossing is desired,
ideally below 0.01. However, no data samples meeting these conditions have been collected
so far.

AFP (Near, C-side) 205.217 m, VS =13 TeV AFP (Near, C-side) 205.217 m, VS =13 TeV

0.35 B"=0.4m,d=3.5mm, 6 = —170 purad 6.4 0.35 B*=0.4m,d=35mm,6. = —170 prad

Elastic proton £
Event Density (Pp - tf)
°
o
S
Event Density (yp - tf)

T Beicmpent T Beicmpent
Figure 4. The event density for the production of top quark pairs in single-diffractive (left) and
photoproduction (right) modes as a function of the proton’s pr and relative momentum loss (). For
context, acceptance contours for ATLAS AFP detectors using LHC Run 2 optics are superimposed for
comparison. Figures are taken from reference [34].

4.2. Single-Diffraction Production of Single Top Quark

The study of the production of single top quarks at the LHC holds significant impor-
tance, as it probes the heavy quark content of the proton (proton PDF). This stems from
the fact that the process involves interactions of heavy quarks originating from dissoci-
ated protons. The diffractive production of single top quarks offers further insights into
the heavy quark content of the pomeron. Figure 5 illustrates the diagrams representing
these interactions.

> > yai

P

P2

Figure 5. Representative diagrams of the single diffractive production of t-channel single top (left),
and the W-associated production of single top (right).

Besides its use as a valuable tool for probing PDFs, the single diffractive production
of single-top quarks can also shed light on the intrinsic pomeron content of heavy flavor
quarks. The origin of the heavy flavor quark, whether from the proton or the pomeron, can
be discerned by measuring the kinematics of the light jet in the t-channel single-top quark
production. The difference between diffractive and non-diffractive Parton Distribution
Functions (PDFs) leads to a disparity in the hardness of partons originating from non-
diffractive protons. As a result, the central system is typically boosted in the direction
of the non-diffractive proton when partons from the latter are more energetic. Therefore,
by tagging the light jet and the intact proton, one can determine whether it is a proton
or a pomeron with intrinsic heavy flavor content. The pseudorapidity distribution of the
light jet for generated single-diffractive single-top-quark events, where the bottom quark is
initiated by a diffractive or non-diffractive proton, is shown in Figure 6.
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Figure 6. Light jet pseudorapidity in hard single diffractive pp — tg production process, distinguish-
ing between different intrinsic quark flavors of the pomeron, either b-quarks (dashed red line) or
gluons (solid black line).

Given the low cross-section of the single diffractive production of single-top events
and the high density of gluons within the pomeron, such processes have not received
significant attention in the literature until the present day.

4.3. Double Pomeron Exchange Processes

The diffractive events associated with two intact protons can arise when two color-
singlets are exchanged. These events typically have a lower combinatorial background,
but the signal cross-section drops substantially. As discussed in references [36,37], the
production cross-section for yy — tf + X, yIP — tf + X, and IPIP — tt + X are 0.34 fb,
52 fb, and 28.4 fb, respectively. The authors of reference [36] estimated the sensitivity
to diffractive production of top quarks in so-called semi-leptonic tf decays, tf — jjblv,b,
where one top quark decays hadronically into two light quarks and a b-quark, and the
other into a b-quark with a W boson, which then decays leptonically into a lepton and
neutrino. The size of this combinatorial background depends exponentially on the number
of pileup collisions. Ab analysis followed the semi-leptonic event selection: four jets with
pr >25GeV and || < 2.5, one lepton (electron or muon) with pr >25 GeV and || < 2.5,
at least two jets b-tagged jets, FPD acceptance between 1.5% and 15%, and a limited number
of tracks associated with a primary interaction vertex (Ntrk). Due to the nature of the hard
color-singlet exchange, the signature of diffractive interactions is in low hadronic activity,
and Nrtgg is typically used as a discriminating variable. The distribution of the number of
tracks for different pileup events per interaction is shown in Figure 7.

P
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1Pk <we= — Inclusive 16
8 iibIvb [ g
3 @? tt — jjblvb ) *
iR 1% ]
g w ¥ 3
(o] o)
-] S
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tracks

Figure 7. Distribution of the number of tracks for three different pileup profiles after event preselec-
tion, as detailed in the referenced publication. The plot is taken from reference [36].
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The measurement of the diffractive production of top quarks requires a significant
number of signal events and minimal background contamination. The authors of refer-
ence [36] have shown that the statistical significance for observing a diffractive signature
was ¢ = 11 for a pileup rate of 4 = 5 and an integrated luminosity of 10 fb~!. However,
this significance drops to ¢ = 6 with a pileup rate of = 10 and an integrated luminosity
of 30 fb~ 1.

In a subsequent study, the authors considered a pileup scenario of 200 interactions per
bunch crossing, which is relevant for the High Luminosity LHC (HL-LHC) conditions [37].
To mitigate the effects of pileup, the authors integrated proton time of flight (ToF) measure-
ments, effectively rejecting the protons stemming from pileup interaction. With a presumed
timing resolution of 10 ps, the analysis managed to attain a statistical significance of ¢ = 3
even in this high pileup scenario, using the full HL-LHC integrated luminosity of 4000 fb~!.

These studies emphasize the challenges posed by the pileup in measuring the diffrac-
tive production of top quarks and the importance of developing techniques to mitigate
these effects in order to achieve a high sensitivity to the diffractive production of top quarks.

4.4. Central Exclusive Production of Top Quarks

The central exclusive production of top quark pairs has the lowest production cross-
section among different diffractive and photon-induced production processes. Typical
cross-sections span between 0.1 and 0.4 fb [17,34,36,38-41] for elastic photon exchange
and of the order of 0.01-0.001 fb for Pomeron exchange [34,41]. One of the prominent
advantages of proton tagging in central exclusive production processes is that the beam
kinematics are exclusively transferred to the top quarks and protons. Given the absence of
other intermediary particles, there is a direct correlation between the fractional momentum
loss of the scattered proton and the top quarks, which can be expressed as follows:

1
7Z[Ef ipZ]/ (6)
Vs i
where s denotes the center-of-mass energy of the collision, and the two solutions for £p
pertain to the protons moving in the positive or negative z direction. Equation (6) can be
reformulated in terms of di-top mass (1m,;;) and rapidity (y;;), yielding the following:

¢t f) =

my = \/sC182, yﬁI%bﬁé@% 7)

where ¢ and ¢ are the momentum losses of the two measured protons.

The study presented in reference [41] calculated both the inclusive and exclusive
production cross-sections of top quark pairs via photon fusion, arguing for a considerable
reduction in signal efficiency when applying a veto on charged particles or outgoing jets.
They emphasized that the inclusive production of top quarks, either via gluon fusion or
quark anti-quark annihilation, has an immense contribution at high pileup rates, which
limits the potential to observe the Standard Model contribution of the yy — tf production
process at the LHC.

In the search for the exclusive production of top quark pairs, the CMS experiment
analyzed data from 2017, corresponding to an integrated luminosity of 29.4 fb~1, collected
at a center-of-mass energy of 13 TeV [42]. The analysis focused on two channels: a dileptonic
channel, where both top quarks decayed leptonically (t — bfv), and a semileptonic channel,
where one top quark decayed leptonically and the other hadronically. For the semileptonic
channel, events were triggered by the presence of an electron or a muon with transverse
momentum (pr) above 30 GeV or 27 GeV, respectively. In addition, while the dileptonic
channel used events triggered by two lepton triggers, the semileptonic channel used events
triggered by a lepton and jet trigger, with the lepton pr threshold being reduced to 30 GeV
and at least one jet satisfying the momentum cut of pr > 35 GeV.

In the dileptonic channel, the final selection required the presence of at least two
oppositely charged leptons, where at least one of them is required to have pr > 30 GeV
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and || < 2.1, and the dilepton system, where theform is required to have an invariant
mass myy > 20 GeV. For the events with two reconstructed leptons of the same flavor, 1y,
must be outside a 30 GeV mass window around the Z boson mass peak. In the semileptonic
channel, the final selection required the presence of exactly one lepton (electron or muon),
at least two jets passing the b-tagging selection criteria, and at least two jets failing the
b-tagging selection criteria. The b-tagging selection criteria were based on the DeepCSV
algorithm [43].

The analysis utilizes a boosted decision tree (BDT) algorithm to discriminate exclusive
from inclusive production. As input variables, the kinematics of leptons and jets are used, as
well as the kinematic variables obtained from proton reconstruction and the ones obtained
by reconstructing the top quark pairs. The resulting BDT distributions for each channel are
shown in Figure 8.

=

iy

(=}
w

204107 (13TeV 29416 (13 TV

& 700 c 5899
S [ CMS-TOTEM "4 Data 5, CMS-TOTEM' "} Data
5 600~ Dilepton channel g tt % E { +jets channel -tSt et
£ [ Postfit Single t £ 4F Post-fit Wt
@ 500 Z4iet o "l
Lﬁ +jets Lﬁ 35 Z+jets

— yy—ti (6=25 pb)

— yy—tt (6=25 pb)

—

s b b b b b b
h N ¢
(&)

0.5

N X
E “F OUncertainty ] ?'5; [JUncertainty 3
; 1?{ L [ SN ] t S— 3 ¥ $ i } { } *; : 1;1 " B g @ Bg g O @@ gl $ i } 7;
Sost ] Sosk ]
—08 06 04 02 0 02 04 —04 03 02 01 0 0.1 0.2
BDT output BDT output

Figure 8. Distribution of the BDT score in the signal region for simulated events after the fit and for
data for dileptonic (left) and semi-leptonic (right) channels. The figure is taken from reference [42].

The dominant background in the search for the exclusive production of top quark
pairs is the combinatorial background, which arises from non-diffractive tf events produced
in conjunction with two uncorrelated protons from pileup interactions. These events were
modeled by mixing the reconstructed protons measured from the data with non-diffractive
tt processes simulated in MC, normalized to the pileup proton tagging rate extracted from
the data, creating a “mixed” MC samples with pileup proton information.

The probability of detecting at least one proton per arm in data ranges from 40 to 70%,
depending on the LHC magnets settings and instantaneous luminosity, results in very high
background rates from non-diffractive events, as the central exclusive production of top
quark pairs comprises an order of 10~ percent of the inclusive cross-section. Due to the
high combinatorial background, with an average pileup interaction rate of y~35, and a
significantly small signal cross-section, an upper bound on the production cross-section
was set at 0.59 pb at a 95% confidence level. This corresponds to about 3000 times the SM
cross-section. The resulting observed and expected limits are shown in Figure 9. With
the anticipated improvements in FPD timing capabilities and the larger amount of data
expected to be collected at the HL-LHC, the potential for observing SM-exclusive top quark
production will be increased [44—-46].
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Figure 9. Expected 95% CL upper limit for the signal cross-section, for the two event selections
(semi-leptonic and di-leptonic), and their combination. The green and yellow bands show the ¢
and +2¢ intervals, respectively. The figure is taken from reference [42].

5. New Physics Searches with Photon-Induced Production of Top Quarks

Photon-induced production of top quark offers a unique opportunity to study flavor-
changing neutral currents (FCNC) within the context of the SM. In the SM, production
channels such as uy — t or ¢y — t are considerably suppressed. Therefore, the observation
of top quark production without any accompanying quarks or bosons might indicate the
presence of photon-mediated FCNC interactions.

Searches for single top quark production through FCNC have been conducted in refer-
ence [47], focusing on gluon-initiated processes. However, the photon-induced production
of direct single top quarks through FCNC was proposed and investigated in reference [48].
Given the pronounced resemblance to the single top production process in the SM, a dis-
criminator based on a neural network classifier was developed. Yet, the sensitivity was
found to be comparable to the gluon-initiated processes. Nevertheless, as highlighted in
reference [34], proton tagging in photon-initiated processes could improve the prospects
for detecting FCNC interactions in photon-induced top quark production.

The central exclusive production of top quarks has a cross-section below 1 fb, ne-
cessitating a large amount of data and effective discrimination against pileup protons.
Nonetheless, photon—photon fusion processes at the LHC offer opportunities to probe the
SM and search for various beyond-SM physics models with anomalous 7y couplings that
could enhance production cross-section. These processes could have a distinct final state
characterized by the exclusive topology, which includes the absence of proton beam rem-
nants. Utilizing the kinematic correlation between reconstructed protons and top quarks
could result in a search with low backgrounds.

The anomalous vtt couplings were explored in reference [39] in terms of its impact
on the electromagnetic dipole moments of the top quarks in pp collisions at the center of
mass energies anticipated for HL-LHC (14 TeV) and HE-LHC (33 TeV) with integrated
luminosities of 100, 300, and 3000 fb~—!. The analysis utilizes proton tagging, assuming
FPD acceptance ranges from 1.5% to either 15% or 50%. The finding revealed a heightened
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sensitivity to the electric dipole moment of the top quark, which is the source of CP
violation, compared to the magnetic dipole moment.

In reference [20], anomalous yytf couplings were examined through the lens of
dimension-8 operators within the framework of SM-effective field theory and also con-
sidering a new broad neutral resonance produced from the fusion of two photons that
decays into a pair of top quarks, vy — ¢ — tf. The analysis assumed an FPD acceptance
to fractional proton momentum loss between 1.5 and 20%, and a timing resolution of 20
and 60 ps, compatible with the design scenario presented in reference [26]. Proton time of
flight (ToF) measurements in two tagged proton events can be used to reconstruct vertex z
coordinate (v;) and vertex production time (v;), which can be computed from the following:
1 ZpPs ®)

C
= —(t; —t_ = Z(t, +t )= 22
o=t —t),  w= (bt i) - =

where ¢ = 0.299792 mm/ps denotes the speed of light, . (t;) indicates the ToF of the
proton with positive (negative) p,, and zpps is the distance from the interaction point to the
FPD timing plane.

The study underscored a significant background suppression—about two orders of
magnitude—achieved by incorporating proton ToF measurements with timing detectors
having a nominal resolution of 20 ps. This highlights the pivotal role of FPD timing
capabilities in refining the exclusive production of top quarks to search for physics beyond
the SM. The sensitivity in terms of the dimension-8 operator coefficients was of the order of
10 TeV~*. Furthermore, a scenario of a broad neutral scalar with a mass m and two typical
couplings to photons was considered:

I —4mm  (Maximally broad width) )
T 4rx Y y

f o m
Y /7471_’

The neutral scalar can be considered broad for both scenarios since I' > m. A Feynman
diagram for the exclusive production of new particle ¢ with the decay to a pair of top
quarks is shown in Figure 10.

P1 = = P

[yy=m (Moderately broad width) (10)

| ©-

P2 = = P2

Figure 10. Feynman diagram for the exclusive production of ¢ via photon fusion; it decays to a pair
of top quarks.

In this scenario as well, the timing detectors played a crucial role in amplifying the
search sensitivity to resonance mass of my > 1.5 TeV. The projected sensitivity to new scalar
¢ in the exclusive tf analysis is shown in Figure 11.
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Figure 11. Projected sensitivity to the pp — p tf p cross-section at 95% CL as a function of the mass
of the neutral scalar. The figure is taken from reference [20].

6. Conclusions

The production of top quarks at the LHC is a primary area of interest in contemporary
particle physics. Most analyses primarily focus on production modes initiated by quarks or
gluons. However, there is a relatively uncharted territory concerning production modes
initiated by color-neutral objects like pomerons or photons. A deep understanding of
these processes is vital for precision-driven studies of the top quark’s properties. Further-
more, several photon-induced production modes involving top quarks at the final state
could broaden the phase space explored in searches for physics beyond the SM, offering
substantial discovery potential at the LHC and beyond.
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