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Exclusive dilepton production via timelike Compton scattering
in heavy ion collisions
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In the present work, kp-factorization formalism is applied to compute the exclusive dilepton production
by timelike Compton scattering (TCS) in eA, pA, and AA collisions. The nuclear effects are investigated
considering heavy and light ions. The production cross section in terms of the invariant mass and rapidity
distribution of the lepton pair is shown. The analysis is done for electron-ion collisions at the Large Hadron-
Electron Collider (LHeC), its high-energy upgrade (HE-LHeC), and at the Future Circular Collider (FCC)
in lepton-hadron mode. Additionally, ultraperipheral heavy ion collisions at future runs of the Large
Hadron Collider (LHC) and at the FCC (hadron-hadron mode) are also considered.
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I. INTRODUCTION

Timelike Compton scattering (TCS) has been recently
investigated in Ref. [1] in the context of the kp-factorization
formalism. There, dilepton production was considered
within a large range of dilepton invariant masses for the
cases of electron-proton and proton-proton collisions. The
calculation was based on Refs. [2,3], where the process was
studied for the first time. In this work, the aim is to extend
that analysis considering nuclei as targets rather than
protons. One interesting process is the electron-nucleus
collision, which is planned to be investigated at the
Electron-Ion Collider (EIC) [4] and at the Large Hadron-
Electron Collider (LHeC) [5]. Photonuclear reactions can
also be studied in ultraperipheral heavy ion collisions [6,7],
and it would be timely to analyze TCS in electromagnetic
processes for large-impact-parameter proton-nucleus and
nucleus-nucleus collisions.

Dilepton production can happen via different mecha-
nisms. Two of the leading contributions come from the
Drell-Yan process and photon fusion, yy — £¢~. There is
also a contribution from the yIP reaction, in which the TCS
provides the source of dileptons. Most TCS studies so
far have applied the formalism of generalized parton
distributions (GPDs) [8-10] (see also Refs. [11-14]).
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TCS amplitudes and related observables have been recently
looked into using leading-twist approximation [15] in the
GPD approach. Further, investigations have been performed
in order to lower the intrinsic model dependence. In
Ref. [16], dilepton production through the TCS process
was addressed in the context of ultraperipheral collisions
(UPCs) at a fixed-target experiment (AFTER@LHC),
which was carried out utilizing the nucleon and ion beams.

Timelike Compton scattering is the “opposite” process of
deeply virtual Compton scattering (DVCS) in the sense that
in TCS one has, at the final state, a virtual photon
yp(A) = y*p(A), whereas in DVCS there is a real photon,
y*p(A) = yp(A). The former has been carefully studied in
Refs. [17,18] for nuclear targets within the dipole formal-
ism in the case of coherent scattering. The referred works
were based on a previous paper concerning nuclear DVCS
[19] and considered the spacelike approximation.
Predictions were presented for electron-ion collisions based
on geometric scaling arguments. In Ref. [20], it was
verified that in order to calculate the TCS cross section,
one needs to deal with a strongly oscillatory integrand in
the color dipole approach. To resolve this issue, it is
necessary to make use of an analytic continuation of the
integrand on the dipole size, r, and integrate it in the
complex plane. Such a procedure brings numerical diffi-
culties for the calculations. These shortcomings do not
appear in the momentum space, and this is one of the
reasons to employ it in the present work.

In the kp-factorization framework, the gluon distribution
depends on x and k:‘}, where ky is the transverse momentum
of the corresponding parton. Formally, this distribution is
called the unintegrated parton distribution function (uPDF).
When the uPDF is integrated over k; with Q2 being the
upper limit, the usual parton distribution function (PDF) is
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recovered. It turns out that in the small-x regime, gluons
dominate, and we simply designate the uPDF as UGD
(unintegrated gluon distribution). At high energies, the &y
factorization is a suitable formalism to compute the relevant
distribution and cross sections. Within this regime, the
longitudinal momentum fraction of partons, x, is small.
This work is complementary to our previous study on
electron-proton and proton-proton collisions. To adapt our
treatment performed in Ref. [1] to nuclei targets, we replace
the proton UGD with the nuclear one, applying the
Glauber-Mueller formalism [21,22] to introduce the
nuclear effects. The goal here is to examine TCS in nuclear
targets for the first time in the kp-factorization approach. In
addition, it opens the possibility of carrying out a detailed
study on the role played by the nonlinear QCD effects as
the saturation scale is enhanced in nuclei in comparison
with proton targets [23].

The main goal is to investigate the nuclear effects in
nuclear TCS, focusing on the atomic mass number (A)
dependence. As in Ref. [1], we compute the cross section in
terms of the dilepton invariant mass and rapidity at the
center-of-mass energies of current and future machines for
different nuclei. We are aware of the limitation on the use of
factorization in nuclear collisions. In Refs. [24-27], the
validity of k; factorization for nuclear reactions was
investigated, and it was shown that linear k; factorization
is broken in nuclear processes. In this context, it should be
stressed that this work is an exploratory study, and further
investigations should be carried out.

This work is organized as follows: In Sec. II, we present
the model from which we will build the nuclear uninte-
grated distribution function applying the Glauber-Mueller
approach and discuss the technique employed to do so. In
addition, we recall the main expressions for TCS calcu-
lation in proton targets and show how to adapt it to nuclear
ones. We analyze the TCS cross section in UPCs in pA and
AA collisions using the equivalent photon approximation.
Section III presents the numerical results and discussions
for TCS observables in eA, pA, and AA collisions. In
Sec. 1V, we summarize the results and conclusions.

II. DILEPTON PRODUCTION
BY NUCLEAR TCS

In the k7 factorization, the main ingredient is the UGD.
Before presenting the TCS amplitude and cross section, in
the next subsection, we briefly discuss and motivate the
phenomenological model considered in the calculations:
the Moriggi-Peccini-Machado (MPM) model [28].

A. The MPM model

The TCS process for ep and pp collisions has been
previously calculated in detail in Ref. [1]. The aim here is to
extend that analysis to the case of nuclear targets. Within
the kp-factorization formalism, one can compute the

nuclear TCS cross section by considering a nuclear
UGD instead of the proton one. There are quite a few
phenomenological models for the nuclear UGD [29-33].
On the other hand, it was also demonstrated [1] that distinct
UGDs present practically the same results in the kinemati-
cal region we are taking into consideration. Thereby, we
will focus on the MPM model, which was previously
proposed by the authors in Ref. [28].

Briefly recalling this model, it is based on a geometric
scaling framework and defines an expression for the gluon
unintegrated function that depends on the variable z, being
t = k%/Q?, where k7. is the transverse momentum squared
of the gluons, and Q? is the saturation scale. Alongside the
quantity 7, the MPM contains also three other parameters
(see Ref. [28] for a detailed analysis). The distribution is
given by

30y (1 + 5n) k%
¢MPM(X, k%) ) 5 2 > (1)
dra, Qs (1+ %)2-&-5;’1

s

in which én = az’ and Q? = (xy/x)*%. In the expression
above, 0y, xo, a, and b were fitted against deep inelastic
scattering (DIS) data in the kinematic domain x < 0.01.
Besides describing DIS data at small x, it also drives the
spectra of produced hadrons in pp/pp processes. This
model was built by means of the geometric scaling approach
and a Tsallis-like behavior of the measured spectra.
Additionally, the strong coupling does not depend on the
scale 2, and thus the constant value a, = 0.2 is used.

The idea here is to adapt the MPM expression of the
proton target, Eq. (1), for the case of nuclear targets, and
this can be conveniently performed by applying the
technique utilized in Ref. [29], where the GBW UGD is
extended to nuclei by using the Glauber-Mueller formal-
ism. Following Ref. [29], the dipole scattering matrix in
position space, r, is determined through the cross section
for dipole-proton scattering,

SdA (x, r, b) = e_%T/\(b)”dp(x»r)_ (2)

The function T4 (b) is the thickness function and depends
on the impact parameter, b. Similarly to Ref. [29], we will
assume a Woods-Saxon-like parametrization for the nuclear
density [34] (except for Li, for which the nuclear density
will be taken as Gaussian distribution) whose normalization
is [d?bT,(b) = A. Thus, the nuclear UGD is written in the
following way:

Palx, k%’ b) =

3 1 —Syu(x,r,Db)
i BV M T
where Ho{f(r)} = [drrJo(krr)f(r) is the order-zero
Hankel transform.

Regarding the proton target, a homogeneous object with

radius R, is considered, which factorizes Sdp(x, r, D)
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into S,,(x,7,b) = S,,(x,r)O(R, — b). For large dipoles,
Sap(x,r) = 0, and the cross section reaches a bound
given by o, = ZﬂRf,. In the saturation approach, the gluon
distribution presents a maximum at k; ~ Q. (x). This
formalism is characterized by geometric scaling, which
implies that observables become dependent on the ratio
Q?/Q?(x) instead of Q? and x separately.

The dipole cross section in coordinate space r may be
evaluated as [28]

de(Tr) =

where £ = 1 + én and 7, = rQ,(x) is the scaling variable
in the position space. Accordingly, the nuclear gluon
distribution is obtained from Egs. (2) and (3).

At this point, some considerations are in order. The
shadowing of structure functions observed in nuclear DIS
in the region of small x is viewed in the saturation
formalism/CGC as the multiple scattering of the photon
fluctuations in the nuclear target, giving rise to the
modification of nuclear UGD compared to that of free
nucleons. It is well known that this effect is enhanced as the
atomic mass number, A, increases [35]. Here, we inves-
tigate the A dependence of the cross section for diffractive
production of dileptons at current and future colliders [HL-
LHC/LHeC, HE-LHC/HE-LHeC and FCC-eA/pA(AA)].
At high energies, the small-x regime is reached, x ~
M?/W? <107°, where a significant suppression of this
observable is expected relative to the ep case. The nuclear
structure functions at small x were constrained experimen-
tally by E665 and NMC Collaborations for the nuclei Li, C,
Ca, Sn, and Pb [35-38]. In our analysis, we utilize these
nuclei as representative targets and carry out predictions for
nuclear TCS. In the next subsection, the expression for TCS
amplitude is reviewed, and the photonuclear case is also
discussed.

B. TCS in electron-nucleus collisions

In what follows, we will recall the main expressions in
Ref. [1] about TCS in electron-proton collisions. Therein, it
was shown that the imaginary part of the TCS amplitude is
written as

4a,,e;
ImA}CS = T |:® (M?Jr /- 4m12£)

X <PVA 2Q(W2 Mf]q, papa )dM2
y

+ nReM (W2, M;Lﬂ_)) +O4m; - M3, , )

2. -)dM2, } (5)

® 2 g2
XAmZ Q(W=, My, M

Analogously, the real part is given by

cs 2
Re A} pro- — 4my)

2 A2
X (PVAMZ. n(w=, M,

f

4a,,, e
VA
M, 2

f*f‘>

— zlmM (W2, M;f_)) +O@4m; —M;. )

< [T a)©
"y
The definitions of Q(W?, M2, M. ) and n(W? M7,
M2. ) are the following:
ImM (W2, M2,)
2 a2 2 f 9
Q(W MqQ’Mf+f) M2 M2 ’ (7)
ore-
ReM (W2, M2,)
2 A2 2 f 94
(W MQ‘I’MWK’_) - M2 — M? ' (8)

et

In the previous expressions, e is the quark charge of flavor

> while my is its mass. The quantities W, M, and M2, ,_
are the photon-nucleus center-of-mass energy, dipole
invariant mass squared, and dilepton invariant mass
squared, respectively. For further details on the expressions,
see Ref. [1].

Adopting the dipole picture, where the virtual photon
fluctuates into a quark-antiquark pair, the spectral distri-
bution in Eq. (5) that is related to the diffractive amplitude
for the yA — ggA transition is given by

ImM (W2, M2,) -
m f( erz / 1—-4
’Iq
x ImM (W2, k%, 2), 9)
where k7, = (0.25M7, —m ) and

d’k;

it (92.2.2) = [ 7 gutx ) (10

x [Cos(2.82) Do (12, k1) + Cip(2.8%)Dip(k2 k1)) (11)

The functions Cps, Dos, Cip, and Dy are specified in
Ref. [1]. Recalling the determination of ReMy, it is
computed via the dispersion relation, p = ReM /ImM .
The p parameter is defined as p = tan (§A), in which
det = OIn(ImM ;) /O In(W?).

In order to embed a ¢ dependence in the scattering
amplitude, one needs to take into consideration the nuclear
form factor. For simplicity and following Ref. [39], an
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analytical expression based on a homogeneous hard sphere
and the Yukawa approximation will be considered:

F(q)

where g = /|1, po = A/(4/37R3), and R, = (1.12A"/3 —
0.86A7'/3). The parameter r, is the range of a Yukawa
potential, and its value is ry = 0.7 fm. Therefore, the
amplitude depending on ¢ is expressed as follows:

Azpo . .
— v [sin(gR,) —gR4cos(gRy)] [Tr%qz] (12)

A}CS(W, 1) = F(q)AJTCS(W, t=0). (13)
The differential cross section for the yA — y*A collision is
then

o m TCS\12 2
904 o iy = IMA 1)6]”(1+p)

2 14
dt - (14

[F(q)

where TmA™® = 37 ImAT®, with the summation over

quark flavor. The integrated cross section is given by

tlﬂln
=0 /

Having the TCS cross section, one may express the
differential cross section in terms of the dilepton invariant
mass distribution,

do

A - y*A
o(yA = y*A) = =

Flg)Pdr.  (15)

do(yA = £Y¢~A) a,,

2 2
amz. .- - 3aM St

oS (yA = y*A).  (16)

C. TCS in ultrapheripheral heavy ion collisions

Photonuclear reactions can be also investigated in ultra-
relativistic heavy ion collisions in the case of a large impact
parameter. The protons or heavy nuclei are then sources of
quasireal photons. For pA collisions, analogously to the pp
case (see Ref. [1]), dilepton production through TCS is
dominated by yIP and IPy reactions at high energies (an
analysis on ultraperipheral TCS is performed in Ref. [40]).
Within the equivalent photon approximation (EPA), the
differential cross section for the nuclear coherent scattering,
p+A— p+£T¢ 4+ A, in terms of dilepton invariant
mass and rapidity, is given by [16]

doP dN(k,)] [derA=¢"cA
AMZ_dy. | dk oz W)
7+ ¢~ &Y pair + 1p e
dN(k_)| [deP=?7CP
k w.)l. (17
e A e L) L

In the expression above, k stands for the photon energy,
dN (k)/dk is the photon flux, and y,; is the rapidity of the
lepton pair.

The photon flux of the proton will be given by [41]
dN(k 2k\2
]l (-5
dk |, 2=k NG

11 3 3 1
Iny——+>——+__). (18
) (n;( e 2)(2+3x3) (18)

1n which y =1+ (Q3/02,,) with 03 = 0.71GeV? and
2w = k*/yi, where y; = \/5s/2m,,. For nuclei, the pho-
ton flux is written as follows [42]:

[d]:;lik)h _ 22,2[ng [AKO(A)K1<A)
N A?z(Kz(A) - K%(A))] : (19)

where A=2kR, /y; in AA collisions and A ~ k(R, + R,)/
y. for pA collisions.

The photon energy k and the center-of-mass energy W of
the photon-nucleus (nucleon) can be written in terms of the
dilepton rapidity and its invariant mass,

W2 =2ky/s.  (20)

The expressions above relate the photon-proton center-of-
mass energy to the proton-nucleus and nucleus-nucleus
ones. In the case of AA collisions, the differential cross
section takes the following form:

o [dN(m] {dﬂA#M—AW ﬁ
=ky +
AM2,, dy dk, || dmZ,
dN(k_):| [deA—M*f A
+k_{ Wl @
dk_ |, dmz

In the next section, we perform the numerical calcu-
lations for exclusive dilepton production in eA and p(A)A
collisions.

III. NUMERICAL RESULTS AND DISCUSSION

The TCS cross section will be computed in terms of
dilepton invariant masses and rapidity distributions for eA,
PA, and AA collisions in the kinematic domain of current
and future colliders. Their design configurations are sum-
marized in Table I. Different nuclei are considered (light
and heavy ones) in order to cover the wide range on the
atomic mass number, A. In that sense, the observables will
be evaluated for Li (Z=3,A=6),C(Z=6,A=12),Ca
(Z =20,A =40),Sn (Z =50,A = 118), and Pb (Z = 82,
A =208). The center-of-mass energies for each nuclear
collision are estimated considering the energy of the proton
beam for each machine. The energies of the proton and
electron beams are based on the prospects in Ref. [43].
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TABLE 1. Configurations of the projected beam energies for
future high-energy machines [43].

TABLE II. Estimated center-of-mass energies (per nucleon) of
future electron-ion machines given a nucleus beam.

Collider E, E, LHeC/HL-LHeC (TeV) HE-LHeC (TeV) FCC-eA (TeV)
LHeC/HL-LHeC (TeV) 7 0.06 Pb 0.81 1.13 2.18
HE-LHeC (TeV) 135 0.06 Sn 0.84 1.17 2.25
FCC-eh (TeV) 50 006 Ca 0.92 1.27 2.45

: < I
HE-LHC (TeV) 13.5 ! : : :
FCC-hh (TeV) 50

First, we present the results for the electron-ion mode.
Figure 1 shows the differential cross section (divided by A?)
for dilepton production using Eq. (16) at the energies and
atomic mass numbers presented in Table II. Namely, we
present predictions for the future machine LHeC by using
the high-luminosity (HL) and high-energy (HE) baseline
parameters at the LHC. Also, the forthcoming Electron-lon
Collider (EIC) and the Future Circular Collider (FCC) in eh
mode were taken into account. The typical monotonic
decrease of the cross section on the dilepton invariant mass
appears, and the low-mass region is the dominant contri-
bution. It is clearly seen that there is a small enhancement
of the cross section at FCC energy relative to HL/HE-LHC.

One realizes that there is a significant decrease of the
cross section as A increases, which indicates the presence
of suppression due to nuclear effects. In the absence of such
effects, one expects that the cross section scales with A2,
since o(yA — y*A) depends on the gluon distribution

squared, and the form factor of Eq. (12) gives a nuclear
slope which depends, roughly speaking, on R ~ A%/3. The
nuclear shadowing content in the UGD should produce a
decreasing of the integrated cross section in terms of A. One
can parametrize the growth of the integrated cross section
as a power law, A% (with a =2 —2/3 — ), where the
parameter 6 results from the nuclear shadowing. In Fig. 2,
we plot the TCS integrated cross section for dilepton
production as a function of the atomic mass number, A.
A larger cross section occurs for the FCC-eA energy, as
already expected. The lines represent a power-law fit A*
with o = 1.19, and it seems energy independent. In
that sense, the value of a is close to the expected one
for weak absorption where it grows as A*3 (a~ 1.33).
Such a behavior is quite similar to the photonuclear
production of heavy vector mesons as J/y in the context
of vector meson dominance and small absorption in the
Glauber model calculation. On the other hand, for strong
absorption, the expected behavior would be the black
disk scaling, o,4 ~ A%3. For light nuclei, the cross section

10 £ proton

F Li(A=6) 2

C(A=12) HL-LHC —
HE-LHC « « - -

Ca (A=40)

do/dM2+- (nb GeV-2) / A2

Sn (A=118)

M2+ (GeV?)

FIG. 1.
Eq. (16) for different nuclei at the energies described in Table II.

Differential cross section for dilepton production as a function of dilepton invariant mass in eA collisions calculated through
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10° ¢ ——
r HL-LHC 4 1
I HE-LHC (x10) 4 T
4l - ]
107 F FCC (x100) 4 L ]
€ 103 | - ]
= | .-
102 s
o o
é 101 A
5
100
£y
10—17 . ) . M|
1 10 100
A
FIG. 2. Integrated cross section in eA collisions as a function of

the atomic mass number. Each line is a powerlike fit,
A%, with a = 1.19.

has the magnitude of units of nb, and for heavy ions it
reaches ~100 nb.

With regard to the predicted TCS integrated cross
section for the upcoming Electron-Ion Collider (EIC),
we only consider Au (gold) nuclei at a collision energy
of /s =92 GeV. The obtained value was 52.19 nb, and
the event rate per year, given the EIC luminosity
(L=10%"3*cm=2s7") [4], is predicted to be approximately
1.646 x 1010,

Lastly, we also account for the current configurations
of the LHC (Run 2). The TCS integrated cross sections for
pp (/s =13 TeV), p-Pb (/s =8.16 TeV) and Pb-Pb
(/s = 5.02 TeV) are 106 pb, 151 nb, and 48 ub, respec-
tively. The corresponding event rates per year, assuming the
LHC Run 2 luminosity (L = 10** cm™2 s71) [44], are the
following: 3.343 x 107, 4.762 x 10'°, and 1.514 x 10'3.

The results for eA collisions can be directly compared to
the prediction using the color dipole picture. In Ref. [17],
the nuclear TCS cross section has been evaluated. In
particular, Ref. [17] considers a lead nucleus and two
models for the dipole-nucleus cross section: the Marquet-
Peschanski-Soyez (MPS) [45] and b-SAT [46] models. The
values obtained are ¢'S ~ 15 nb (22 nb) at the LHeC
energy (W = 800 GeV), 675 ~ 19 nb (23 nb) at the HE-
LHeC energy (W ~ 1200 GeV), and 65 ~ 22 nb (25 nb)
at the FCC-eA energy (W = 2200 GeV), using the MPS (b-
Sat) model. These values are consistent with ours for A =
208 (see Fig. 2). There, the integrated TCS cross section
considers M2, . > 225 GeV?, whereas in our work, the
lower bound of the integral was taken as M2, ,_ = 1 GeV?;
thus, the results in Ref. [17] should be smaller than ours. In
addition, in Ref. [17] a spacelike approximation has been
considered, which provides cross sections smaller than the
correct timelike kinematics (see discussion in Refs. [2,20]).

We now turn to the ultraperipheral heavy ion collisions.
The collision energies taken into consideration are outlined
in Table III. In Fig. 3, the dilepton rapidity distribution is

TABLE III.  Estimated center-of-mass energies (per nucleon) of
PA (AA) collisions at the HL-LHC, HE-LHC and FCC-pA (AA)
given a nucleus beam.

HL-LHC [TeV]

Pb 879 (5.52)
Sn 9.1 (5.93)
Ca  9.90 (7.00)
C 9.90 (7.00)
Li  9.90 (7.00)

HE-LHC [TeV]

16.95 (10.64)
17.58 (11.44)
19.09 (13.50)
19.09 (13.50)
19.09 (13.50)

FCC-pA (AA) [TeV]

62.79 (39.42)
65.09 (42.37)
70.71 (50.00)
70.71 (50.00)
70.71 (50.00)

shown for y = 0. Due to Z> ~ A?, the leading small-A
(equivalently, small-k) contribution in Eq. (19) and the
fact that we obtained o(yA — £*£~A) scaling with A as
o(yA = ¢7¢~A) ~A"  roughly one should have
doyy/dy ~ A1, Despite the approximations, we get
doys/dy ~AP (with f=209), which is close to the
theoretical expected value. Concerning the typical order
of magnitude, for lead one reaches dozens of ub at
midrapidities. This is translated into a event rate for the
TCS channel of ~10° Hz at the HL-LHC.

The separation of different channels for the dilepton
production in the pp case involves the investigation of
correlations for the outgoing particles, as the transverse
momenta of final-state protons or outgoing muons.
Correlations in the rapidity space for outgoing leptons
can be also considered. It was shown in Ref. [3] that
correlations for the (single, double) diffractive mechanism
are more intense than that for the two-photon fusion, and
the exclusive dilepton (TCS) production has the same order
of magnitude as the central diffractive one. The same
selection can be considered in pA or AA collisions. The
low-p region is of great interest, and in Ref. [47] a careful
study has been done in this kinematic domain. It includes
the initial contributions due to the incoming photons, the
soft photon radiations expressed in a Sudakov resumma-
tion, the multiple interactions between the lepton pairs and

107 —_— e ——

6 [~ ——— -
10 HL-LHC 4 e
10° | HE-LHC (x10)
104 L FCC (x100)
103 L

102 L
10!
100

>
\
1

do/dypair (Nb) (Ypair=0)

= e
]
[V STREN
N

AA -> AA + I B

1 10 100

FIG. 3. Cross section for AA collisions, do/dyy,(AA), at
Ypair = 0 as a function of the atomic mass number. Each line

is a powerlike fit, A?, with f = 2.9.
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do/dypair (nb)

0.035
003 .
2 0025 .
= 0.02 —
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FIG. 4. Predictions for rapidity distributions in pp, p-Pb, and Pb-Pb collisions at the energies of the considered colliders.

the electric charges inside the QGP, and the effects of
external magnetic fields.

In Fig. 4, the rapidity distribution is shown for pp, p-Pb,
and Pb-Pb collisions. The cross sections considerably
increase for higher energies. As expected, the p-Pb case
has an asymmetric rapidity distribution, contrary to pp and
Pb-Pb collisions. In Table IV, numerical estimates for the
integrated TCS total cross section are presented for these
three collision modes. The values slightly differ from one
machine configuration to another. The results for pp are
quite similar to that one presented in our previous work [1],
where the theoretical uncertainty coming from the choice of
the UGD has been discussed. For Pb-Pb collisions, the TCS
channel can be compared with the exclusive production of
dileptons from two-photon fusion. Recently, in Ref. [48],
this channel has been analyzed for the energy of |/syy =
5.02 TeV at the LHC, and it was found that do/dy
(y = 0) ~250-300 mb without any cut (the band corre-
sponds to different treatments for the photon luminosity).

TABLE IV. Integrated cross sections for pp, p-Pb and Pb-Pb
collisions at different configurations at the LHC (pp and heavy
ion modes).

HL-LHC HE-LHC FCC-hh
pp 0.110 (nb) 0.137 (nb) 0.206 (nb)
p-Pb 0.155 (ub) 0.228 (ub) 0.360 (ub)
Pb-Pb 0.0500 (mb) 0.0787 (mb) 0.1335 (mb)

Afterwards, in Ref. [49], the background associated with
the diffractive production was investigated, and it has been
shown that such a channel is strongly suppressed. A new
analysis for the exclusive dilepton production in yy reaction
in UPCs has been presented in Ref. [50], where the
differential cross section is computed using the complete
photon’s polarization density matrix resulting from the
Wigner distribution framework. The authors claim that this
approach provides much better agreement with experimen-
tal data than other approaches available in the literature. In
the proton-lead collisions, the prediction can be compared
to the recent analysis in Ref. [51] where a new experimental
method to probe the photon PDF inside the proton at the
LHC has been proposed. Interestingly, an unintegrated
photon distribution (photon UGD) was considered, and it
was shown that due to the smearing of dilepton pr
introduced by the kp-factorization formalism, the cross
section is about 1/3 higher than expected from usual
collinear factorization. It would be timely to impose the
same cuts in order to understand the background coming
from the TCS process.

Finally, concerning the predicted breaking of k; factori-
zation mentioned already, some discussion is needed. The
factorization theorems in perturbative QCD (pQCD) have
the fundamental point that hard scattering cross sections are
linear functionals of the suitable parton distributions in the
projectile and target [26]. In Ref. [24], a remarkable
breaking of linear k; factorization was verified in forward
dijet production in deep inelastic scattering (DIS) off
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nuclei. Afterwards, this fact was confirmed to be true in the
case of single-jet spectra in hadron-nucleus collisions [25].
In Ref. [26], authors argued that dijet spectra and single-jet
spectra in hadron-nucleus collisions clearly proved to be
highly nonlinear of the collective nuclear gluon distribu-
tion. In addition, it was seen that the pattern of nonlinearity
for single-jet spectra depends highly on the relevant
partonic subprocesses [24]. The breaking of linear k;
factorization has been attested also in Refs. [52,53]. This
means that the color coupled-channel aspect of the intra-
nuclear color dipole evolution in general cannot be
absorbed into a single nuclear UGD. We are aware of this
limitation, and the calculation presented here is based on
phenomenological arguments. For instance, the nuclear
structure functions have been well described using factori-
zation for nuclear targets in Refs. [31,54-56].

IV. CONCLUSIONS

In this work, we looked into timelike Compton
scattering in nuclear processes. To do so, we applied the

kp-factorization approach and calculated the cross sections
for dilepton production at the center-of-mass energies of
different machines. Through our fit of the TCS cross
section in terms of the atomic mass number, it is possible
to predict this observable for any nucleus. Predictions are
make for eA and ultraperipleral heavy ion collisions as
well. Also, the investigation of nuclear TCS is quite
relevant for constraining the GPDs, and further analyses
will certainly be highly important.

This is an exploratory study and is based on the fact that
kr factorization is applicable for nuclei. In that sense,
this study opens the possibility of investigating this issue.
In the future, a comparison against data is in order to
quantify the breaking of linear k; factorization.
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