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Abstract

In this paper we present a comprehensive analysis of the exclusive Z0 photoproduction in pp, pPb and 
PbPb collisions for the energies of the Large Hadron Collider (LHC) and of the proposed Future Circular 
Collider (FCC). The rapidity distributions and cross sections are estimated considering the color dipole 
formalism and different phenomenological models for the gluon saturation effects. Our results indicate that 
the exclusive Z0 photoproduction in pp collisions at the FCC will be sensitive to the description of the 
non-linear effects in the QCD dynamics.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The experimental study of photon – induced interactions in pp/pA/AA collisions became 
a reality in the last years [1–13], strongly motivated by the possibility of constraining the dy-
namics of the strong interactions at large energies (for a recent review see Ref. [14]). One of 
most promising observables is the exclusive vector meson photoproduction cross section [15,16], 
which is driven by the gluon content of the target (proton or nucleus) and is strongly sensitive 
to non-linear effects (parton saturation) [17]. Such expectation has motivated the analysis of ex-
clusive ρ, φ, J/�, �(2S) and ϒ photoproduction in pp, pA and AA collisions at RHIC and 
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LHC energies considering different theoretical approaches for the treatment of the QCD dynam-
ics and for the vector meson wave function (see, e.g., Refs. [18–27]). In particular, the recent 
study performed in Ref. [23] indicated that a global analysis of the experimental RHIC and LHC 
data for the rapidity distributions of all these different final states will be necessary to discrim-
inate between the distinct theoretical approaches. As a consequence, the analysis of other final 
states is important and timely. One alternative is the study of the γp → Z0p reaction, which 
was studied for the first time in Ref. [28] considering the two - gluon exchange model for the 
QCD Pomeron. Such analysis was extended for pp and PbPb collisions in Ref. [29] taking into 
account of the higher – order corrections to the QCD Pomeron and improved in Refs. [30,31] for 
the case of pp collisions. As in the case of vector meson production, the cross section is propor-
tional to the square of the gluon distribution (in the collinear formalism) [15], being thus strongly 
dependent on the description of the QCD dynamics at high energies. The results presented in the 
Refs. [29–31] indicated that the experimental analysis of this final state is, in principle, feasible 
in hadronic collisions at high energies. It is important to emphasize that the CDF Collaboration 
[32] searched the exclusive Z0 photoproduction in pp collisions at 

√
s = 1.96 TeV and derived 

an upper bound for the cross section.
In this paper we will present an updated and improved analysis of the exclusive Z0 pho-

toproduction in pp, pPb and PbPb collisions. One of the goals of this paper is to improve 
the study performed in Ref. [29] by taking into account the corrections to the overlap function 
between the photon and Z0 wave functions associated to the fact that the outgoing Z0 has a 
timelike virtuality q2 = M2

Z > 0. Second, to present updated predictions for pp and PbPb colli-
sions derived using the more recent phenomenological models for the dipole – proton scattering 
amplitude, which describe the precise HERA data for inclusive and exclusive observables and 
take into account the corrections associated to the DGLAP evolution, which are important for 
the description of the Z0 photoproduction. Finally, we will present, for the first time, predic-
tions for pPb collisions at the LHC energy as well as for pp, pPb and PbPb collisions at the 
energies of the proposed Future Circular Collider (FCC) [33–35]. For the LHC, the maximum 
photon – nucleon center – of – mass energy, Wmax

γN , reached in pp/pPb/PbPb collisions at √
s = 14/8.8/5.5 TeV is 8.4/1.5/0.95 TeV [36]. On the other hand, for the FCC we will reach 

Wmax
γN ≈ 55/8.7/6.8 TeV for pp/pPb/PbPb collisions at 

√
s = 100/63/39 TeV. Therefore, 

the FCC will probe an unexplored range of photon – hadron center – of – mass energies, where 
the contribution of non – linear effects for the QCD dynamics are expected to modify the be-
havior of the observables, as demonstrated e.g. in Ref. [37] for the case of the exclusive vector 
meson photoproduction in pp collisions at the FCC energy.

The paper is organized as follows. In Sec. 2 we present a brief review of the color dipole 
formalism and the main expressions used to estimate the exclusive Z0 photoproduction. More-
over, the distinct models for the dipole – hadron scattering amplitude are discussed. In Sec. 3, 
we present our predictions for the cross sections and rapidity distributions to be measured in 
pp/pPb/PbPb collisions at the LHC and FCC energies. Finally, in Sec. 4, we summarize our 
main conclusions.

2. Formalism

The exclusive Z0 photoproduction in ultraperipheral hadronic collisions is represented by the 
diagrams shown in Fig. 1. We will consider ultraperipheral collisions (UPCs), which are defined 
as collisions between two electric charges at large impact parameters b > R1 + R2, where Ri is 
the radius of the charge i. In a UPC at high energies, it is well known that the hadrons act as a 
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Fig. 1. Exclusive Z0 photoproduction in (a) photon – Pomeron and (b) Pomeron – photon interactions at hadronic 
collisions.

source of almost real photons [36]. Consequently, in the case of the exclusive Z0 photoproduction 
we must take into account the contributions associated to photon - Pomeron and Pomeron -
photon interactions, represented in the Figs. 1 (a) and (b), respectively, where the Pomeron (IP ) 
represents a color singlet exchange between the dipole and the target. The final state will be 
characterized by two intact hadrons and two rapidity gaps, i.e. the outgoing particles are separated 
by a large region in rapidity in which there is no additional hadronic activity observed in the 
detector. Moreover, the hadronic cross section can be written in a factorized form, given by the so 
called equivalent photon approximation [38], with the differential cross section being expressed 
as follows

dσ
[
h1 + h2 → h1 ⊗ Z0 ⊗ h2

]
dY dt

= nh1(ω1) · dσ

dt
(γ h2 → Z0 ⊗ h2)

+ nh2(ω2) · dσ

dt
(γ h1 → Z0 ⊗ h1) , (1)

where the rapidity (Y ) of the Z0 in the final state is determined by the photon energy ω in the 
collider frame and by the boson mass MZ0 [Y ∝ ln (ω/MZ0)]. Moreover, dσ/dt is the differential 
cross section of the γ h → Z0 ⊗ h process, with the symbol ⊗ representing the presence of a 
rapidity gap in the final state, and ω1 ∝ exp(Y ) [ω2 ∝ exp(−Y)] is the energy of the photon 
emitted by the hadron h1 (h2). Furthermore, nh(ω) denotes the equivalent photon spectrum of 
the relativistic incident hadron, with the flux of a nucleus being enhanced by a factor Z2 in 
comparison to the proton one. It is important to emphasize that we are assuming that the photons 
emitted by hadrons are coherently radiated by the whole hadron. Such condition imposes that 
the minimum photon wavelength must be greater than the hadron radius. In other words, the 
photon virtuality must satisfy Q2 = −q2 ≤ 1/R2

h, with the photon four – momentum being qμ =
(ω, 	q⊥, qz = ω/v), where 	q⊥ is the transverse momentum of the photon in a given frame, where 
the projectile moves with velocity v. Therefore, we have that Q2 = ω2/γ 2

L + q2⊥. The coherence 
condition limits the maximum energy of the photon to ω < ωmax ≈ γL/Rh and the perpendicular 
component of its momentum to q⊥ ≤ 1/Rh. As a consequence, the coherence condition sets an 
upper limit on the transverse momentum of the photon emitted by the hadron, which should 
satisfy q⊥ ≤ 1/Rh, being ≈ 28 (330) MeV for Pb (p) beams. Therefore, the photon virtuality can 
be neglected and the photons can be considered as being real. The maximum photon energy can 
also be derived considering that the maximum possible momentum in the longitudinal direction is 
modified by the Lorentz factor, γL, due to the Lorentz contraction of the hadrons in that direction. 
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It implies ωmax ≈ γL/Rh and, consequently, Wmax
γN = √

2ωmax
√

s. Considering the values for 
pp/pPb/PbPb collisions at the LHC and FCC energies we can derive the values of Wmax

γN

quoted in the previous Section, which are greater than the threshold energy for the production 
of a Z0 in the final state. The coherence condition is taken into account in the calculation of the 
photon spectrum associated to the proton and nucleus, which we will describe using the Dress -
Zeppenfeld [39] and the relativistic point – like charge [36] models, respectively. Moreover, 
in our analysis we will not consider the incoherent Z0 photoproduction, γ h → Z0h∗, where the 
target dissociates in the diffractive interaction. As demonstrated, e.g. in Refs. [40–43] for the case 
of the vector meson photoproduction, such contribution only becomes important at large – t .

The differential cross section for the γ h → Z0 ⊗ h process is given by

dσ

dt
= 1

16π
|Aγ h→Z0h(x,
)|2 , (2)

where |t | is the squared transverse momentum of the Z0 in the final state and A is the amplitude 
for producing a Z0 diffractively. In the color dipole formalism [44], this amplitude can be fac-
torized in terms of the fluctuation of the virtual photon into a qq̄ color dipole, the dipole-hadron 
scattering by a color singlet Pomeron exchange (denoted IP in Fig. 1) and the recombination of 
the qq̄ pair into the gauge boson Z0. Consequently, the amplitude can be expressed as follows 
[45]

Aγ h→Z0h(x,
) = i

∫
dzd2r d2bh e−i[bh− 1

2 (1−2z)r].� ∑
f

(�Z∗�)
f
T 2N h(x, r,bh) , (3)

where 
 = √−t is the momentum transfer, bh is the impact parameter of the dipole relative to 
the hadron target, and the variables r and z are the dipole transverse pair separation and the mo-
mentum fraction of the photon carried by a quark (an antiquark carries then 1 − z), respectively. 
Moreover, (�Z∗�)

f
T denotes the transversely polarized overlap function between the photon and 

the Z0 wave functions for a given quark flavor f . In our analysis we will sum over the quark 
flavors f = u, d, s, c, b. As in Ref. [30] we will take into account that the outgoing Z0 has a 
timelike virtuality q2 = M2

Z > 0, which implies that the overlap function is not the same derived 
from the application of the color dipole model to charged-current deep-inelastic scattering (see, 
e.g. Ref. [46]). Moreover, we also will include the contributions associated to the real part of 
amplitude and to the skewedness effect (for details see, e.g. Ref. [30]).

The function N h(x, r, bh) in Eq. (3) is the forward dipole-hadron scattering amplitude (for a 
dipole at impact parameter bh) which encodes all the information about the hadronic scattering. 
It depends on the γ h center - of - mass reaction energy, W = [2ω

√
s]1/2, through the variable 

x = M2
Z/W 2. One of the main open questions in QCD is the treatment of its high energy regime, 

where non – linear (gluon saturation) effects are expected to contribute [17]. Currently, the bCGC 
and IP-SAT models, which are based on different assumptions for the treatment of the gluon 
saturation effects, and describe with success the high precision HERA data for inclusive and 
exclusive ep processes. In the impact parameter Color Glass Condensate (bCGC) model [47] the 
dipole - proton scattering amplitude is given by

N p(x, r,bp) =

⎧⎪⎨
⎪⎩
N0

(
r Qs(bp)

2

)2
(
γs+ ln(2/r Qs (bp))

κ λy

)
rQs(bp) ≤ 2

1 − e−A ln2 (B r Qs(bp)) rQs(bp) > 2 ,

(4)

with κ = χ ′′(γs)/χ
′(γs), where χ is the LO BFKL characteristic function and y = ln(1/x). 

The coefficients A and B are determined uniquely from the condition that N p(x, r, bp), and 
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its derivative with respect to r Qs(bp), are continuous at r Qs(bp) = 2. The impact parameter 
dependence of the proton saturation scale Qs(bp) is given by:

Qs(bp) ≡ Qs(x, bp) =
(x0

x

) λ
2

[
exp

(
− bp

2

2BCGC

)] 1
2γs

, (5)

with the parameter BCGC being obtained by a fit of the t-dependence of exclusive J/ψ photo-
production. The factors N0 and γs were taken to be free. In what follows we consider the set of 
parameters obtained in Ref. [48] by fitting the recent HERA data on the reduced ep cross sec-
tions: γs = 0.6599, κ = 9.9, BCGC = 5.5 GeV−2, N0 = 0.3358, x0 = 0.00105 and λ = 0.2063. 
In the bCGC model, the saturation regime, where rQs(bp) > 2, is described by the Levin -
Tuchin law [49] and the linear one by the BFKL dynamics near of the saturation line. On the 
other hand, in the IP-SAT model [50], N p has an eikonalized form and depends on a gluon 
distribution evolved via DGLAP equation, being given by

N p(x, r,bp) = 1 − exp

[
−π2r2

2Nc

αs(μ
2) xg

(
x,

C

r2 + μ2
0

)
TG(bp)

]
, (6)

with a Gaussian profile

TG(bp) = 1

2πBG

exp

(
− b2

p

2BG

)
(7)

The constant C is a free parameter of the model and the initial gluon distribution, evaluated at 
μ2

0, is taken to be xg(x, μ2
0) = Agx

−λg (1 − x)6. In this work we assume the parameters obtained 
in Ref. [51]. As in the bCGC model, the IP-SAT predicts the saturation of N p at high energies 
and/or large dipoles, but the approach to this regime is not described by the Levin - Tuchin law. 
Moreover, in contrast to the bCGC model, the IP-SAT takes into account the effects associated 
to the DGLAP evolution, which are expected to be important in the description of small dipoles. 
Consequently, both models are based on different assumptions for the linear and non - linear 
regimes. As pointed above, the current high precision HERA data are not able to discriminate 
between these models. In what follows we analyze the impact of these distinct models for the 
gluon saturation effects on the exclusive Z0 photoproduction in hadronic collisions. For com-
parison, we also will present the predictions derived assuming that N p(x, r, bp) is given by the 
linear part of the IP-SAT model, denoted hereafter IP-NONSAT, which is

N p(x, r,bp) = π2r2

2Nc

αs(μ
2) xg

(
x,

C

r2 + μ2
0

)
TG(bp) , (8)

with the parameters obtained in Ref. [51]. It is important to emphasize that due to the large mass 
of the Z0, the qq dipole is spatially compact, which implies that the cross section is dominated 
by small pair separations. Therefore, we expect, in principle, a small contribution of the satura-
tion effects and a large impact of the corrections associated to the DGLAP evolution. However, 
the impact of the saturation effects is determined by the saturation scale Qs which depends of the 
value of Bjorken x variable probed in the process. At larger photon – hadron center – of – mass 
energies (smaller values of x) we have that the onset of the saturation effects occurs at smaller 
values of the dipole separation. Such conclusion can be verified in Fig. 2, where we present the 
dependence on r2 of the forward dipole – proton scattering amplitude for two different values of 
x. We have that the description of the linear regime (small - r2) is distinct in the bCGC and IP-
SAT models, as well the transition between the linear and non – linear regimes, with the onset of 
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Fig. 2. Dependence on r2 of the forward dipole – proton scattering amplitude for b = 0 and two values of the Bjorken – 
x variable predicted by the IP-SAT, IP-NONSAT and bCGC models.

the saturation regime (N p ≈ 1) being slower in the case of the bCGC model. Another important 
aspect is that the contribution of large dipoles for the exclusive cross sections is larger than in 
inclusive processes, as demonstrated e.g. in Refs. [52,53]. One has that in exclusive processes, 
the main contribution comes from compact dipoles of small size, but the contribution of larger 
dipoles is not negligible. Such large dipoles are sensitive to the saturation effects, as observed in 
Fig. 2. As we will demonstrate below, for the photon – proton center – of – mass energies reached 
at the LHC, the typical values of x are not so small and, consequently, the contribution of the 
saturation effects is small. However, for FCC energies, the impact of the saturation effects on the 
exclusive Z0 photoproduction become non - negligible due to the very small values of x probed in 
this case. A comment is in order here. A non-negligible contribution of the saturation effects for a 
cross section dominated by small dipoles is not unexpected. Previous phenomenological studies 
of the neutrino – nucleon cross section, which is dominated by Q2 ≈ M2

G (G = Z0, W+, W−), 
already have observed that the saturation effects become important for very high neutrino ener-
gies [54–57]. Moreover, the theoretical studies performed in Ref. [58] have demonstrated that the 
saturation effects are important not only for Q2 < Q2

s , but in a much larger kinematical range, 
where Q2 
 Q2

s , with the cross sections satisfying the geometric scaling property. The results 
obtained in Ref. [59] have show that the small-x HERA data for Q2 ≤ 450 GeV2 satisfy this 
property.

How to treat the dipole - nucleus interaction is still an open question due to the complexity 
of the impact parameter dependence. In principle, it is possible to adapt the phenomenological 
models described above to the nuclear case (see e.g. Refs. [24,53,60,61]). In what follows, we 
will assume the model proposed in Ref. [24], which includes the impact parameter dependence 
and describes the existing experimental data on the nuclear structure function [62]. In this model 
the dipole-nucleus scattering amplitude is given by

NA(x, r,bA) = 1 − exp

[
−1

2
σdip(x, r2) TA(bA)

]
, (9)

where

σdip(x, r2) = 2
∫

d2bp Np(x, r,bp), (10)

and TA(bA) is the nuclear thickness, which is obtained from a 3-parameter Fermi distribution 
for the nuclear density normalized to A. The above equation sums up all the multiple elastic 
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rescattering diagrams of the qq pair and is justified for large coherence length, where the trans-
verse separation r of partons in the multiparton Fock state of the photon becomes a conserved 
quantity, i.e. the size of the pair r becomes eigenvalue of the scattering matrix. In what follows 
we will estimate the non – linear effects in the nuclear case by computing NA considering as 
input in the calculations of the dipole - proton cross section the IP-SAT and bCGC models for 
the dipole - proton scattering amplitude discussed before. For comparison, we also will present 
the predictions derived assuming that the dipole – nucleus scattering amplitude is given by

NA(x, r,bA) = π2r2

2Nc

αs(μ
2) xg

(
x,

C

r2 + μ2
0

)
TA(bA) , (11)

which is the generalization of the IP-NONSAT model for the nuclear case [51].

3. Results

In what follows, we will present our results for the cross sections and rapidity distributions 
of Z0 gauge bosons produced in ultraperipheral pp, pPb and PbPb collisions at the LHC and 
FCC energies. In our predictions we did not consider the corrections associated to soft interac-
tions which would destroy the rapidity gaps [31] and, in the nuclear case, we did not include 
possible gluon shadowing corrections [21]. The treatment of both corrections is still is a theme 
of debate. In principle, these two corrections are expected to imply a small reduction of the cross 
sections for the case of the Z0 photoproduction. It is important to emphasize that the results 
for the exclusive vector meson photoproduction presented in Ref. [23] indicate that the exclusive 
processes in ultraperipheral collisions can be described disregarding the gap survival corrections. 
In the color dipole formalism, the main open question present in the calculation of γ h → Z0h

cross section is associated to the treatment of N h(x, r, bh), since the overlap function (�Z∗�)
f
T

can be fully determined using electroweak theory (see Appendix A in Ref. [30]). In contrast, for 
the case of the exclusive vector meson photoproduction, the predictions are strongly dependent 
on the model assumed for the vector meson wavefunction (see, e.g. Ref. [23]), which should be 
estimated assuming a phenomenological model. Such aspect motivates the calculation of the ex-
clusive Z0 photoproduction assuming distinct models for the forward dipole – hadron scattering 
amplitude.

Initially let’s consider pp collisions at 
√

s = 14 and 100 TeV. In Fig. 3 (left panels) we present 
the photon – Pomeron and Pomeron – photon contributions, as well as the sum of them, derived 
using the IP-SAT model. From Eq. (1) we have that the behavior of the rapidity distribution for 
the photon – Pomeron contribution is determined by the photon flux for a photon with an energy
ω ∝ eY and the exclusive Z0 photoproduction cross section for a given photon – proton center 
– of – mass energy W . While σγh→Z0h increases with W , the photon flux strongly decreases 
when the photon energy is of the order ωmax ≈ γL/Rp , becoming almost zero for larger photon 
energies. It explains why the rapidity distribution becomes zero at very large Y . Similar behav-
ior is observed for the Pomeron – photon contribution, but in this case ω ∝ e−Y . As expected, 
the rapidity distributions associated to the sum of the photon – Pomeron and Pomeron – photon 
contributions are symmetric with respect to Y = 0. We have that the distribution at midrapidi-
ties increases with the energy by a factor ≥ 3. Moreover, for the FCC energy, the exclusive Z0

photoproduction at large rapidities (2 ≤ |Y | ≤ 4) is non - negligible. In Fig. 3 (right panels) we 
present our predictions considering the different models for the treatment of the dipole – proton 
scattering amplitude. We have that the bCGC model predicts the smaller values for the rapidity 
distributions. On the other hand, the IP-SAT and IP-NONSAT models, which taken into account 
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Fig. 3. Rapidity distributions for the exclusive Z0 photoproduction in pp collisions at the LHC (upper panels) and 
FCC (lower panels) energies. Right panels: Comparison between the predictions derived using the different color dipole 
models; Left panels: The photon - Pomeron (red dashed) and Pomeron - photon (orange dot-dashed) contributions for 
the rapidity distributions. The black solid line represents the sum of both contributions. (For interpretation of the colors 
in the figures, the reader is referred to the web version of this article.)

the DGLAP evolution at small dipoles, predict similar values for the LHC energy. In contrast, 
for the FCC energy, the saturation effects included in the IP-SAT model implies a reduction of 
10% at midrapidities, which is expected since the onset of the saturation effects occurs at smaller 
dipoles at larger energies.

In Fig. 4 we present our predictions for the exclusive Z0 photoproduction in PbPb collisions 
at 

√
s = 5.5 and 39 TeV. The bCGC and IPSAT predictions are calculated using Eq. (9), while the 

IP-NONSAT one is estimated using Eq. (11). As in the case of pp collisions, the rapidity distri-
butions are symmetric with respect to Y = 0. However, for PbPb collisions, we have the rapidity 
distribution for the photon – Pomeron contribution becomes zero at smaller rapidities in compari-
son to the values observed in pp collisions. This behavior is associated to the fact that the Lorentz 
factor γL is smaller for a Pb beam and RPb > Rp . Consequently, the value of ωmax ≈ γL/Rh, 
where the rapidity distribution for the photon – Pomeron strongly decreases, is smaller for PbPb

collisions in comparison to pp one. For PbPb collisions, we predict cross sections of the order 
of pb instead of f b. This enhancement is directly associated to the Z2 dependence of the nuclear 
photon flux, as well to the fact that σ(γA → Z0A) ≈ A × σ(γp → Z0p). However, it is impor-
tant to emphasize that the maximum photon – hadron center – of – mass energy reached in PbPb

collisions is smaller than in pp collisions, since that maximum photon energy is proportional to 
the Lorentz factor of the incident hadron and inversely proportional to its radius [36]. As a conse-
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Fig. 4. Rapidity distributions for the exclusive Z0 photoproduction in PbPb collisions at the LHC (upper panels) and 
FCC (lower panels) energies. Right panels: Comparison between the predictions derived using the different color dipole 
models; Left panels: The photon - Pomeron (red dashed) and Pomeron - photon (orange dot-dashed) contributions for 
the rapidity distributions. The black solid line represents the sum of both contributions.

quence, we have that the rapidity distributions for PbPb collisions are narrower in comparison 
to pp. In Fig. 4 (left panels) we present the photon – Pomeron and Pomeron – photon contri-
butions, as well the sum of both contributions, derived using the dipole – scattering amplitude 
given by Eq. (9) and the IP-SAT model as input. We have that the distribution at midrapidities 
and FCC energy is a factor ≥ 30 in comparison to the prediction for the LHC energy. In Fig. 4
(right panels) we present a comparison between the IP-SAT predictions and those derived using 
the IP-NONSAT and bCGC models as input to estimate NA(x, r, bA). As in the pp case, the 
bCGC model provides a lower bound for the exclusive Z0 photoproduction and the IP-SAT and 
IP-NONSAT predictions are similar.

Let us now consider pPb collisions. In this case the rapidity distribution is given by sum 
of the γp → Z0p and γPb → Z0Pb contributions, with the photon being generated by the 
nucleus and by the proton, respectively. The γp contribution is dominant because the equivalent 
photon spectrum of the nucleus is enhanced by a factor Z2 in comparison to the proton one. 
Consequently, the rapidity distribution is asymmetric with respect to Y = 0. One advantage of 
the study of pPb collisions is that the analysis of the rapidity distribution for a given value 
of Y gives direct access to the value of x probed in the scattering amplitude, in contrast to 
symmetric collisions, which receive contributions of the QCD dynamics at small and large values 
of x. As the behavior of Nh at large - x is not under theoretical control, it has direct impact on 
the color dipole predictions for symmetric collisions. An asymmetric distribution is observed in 
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Fig. 5. Rapidity distributions for the exclusive Z0 photoproduction in pPb collisions at the LHC (upper panels) and 
FCC (lower panels) energies. Right panels: Comparison between the predictions derived using the different color dipole 
models; Left panels: The γp → Z0p (red dashed) and γPb → Z0Pb (orange dot-dashed) contributions for the rapidity 
distributions are presented separately. The black solid line represents the sum of both contributions.

Fig. 5, where we present our predictions for the exclusive Z0 photoproduction in pPb collisions 
at 

√
s = 8.1 and 63 TeV. In Fig. 5 (left panels) we present the γp → Z0p (red dashed) and 

γPb → Z0Pb (orange dot-dashed) contributions for the rapidity distributions, as well as the sum 
of both contributions (black solid), derived using the IP-SAT model. As expected, the distribution 
is dominated by γp interactions, but the contribution of the γPb interactions is non-negligible 
at forward rapidities. We have that the prediction for the FCC energy is a factor ≥ 7 larger 
than the result for the LHC. In Fig. 5 (right panels) we present a comparison between the IP-SAT 
predictions and those derived using the IP-NONSAT and bCGC models. As in the previous cases, 
the bCGC model predict the smaller values for the rapidity distributions. Moreover, we have that 
the contribution of the saturation effects is large at central and forward rapidities.

Finally, let’s estimate the cross sections for the exclusive Z0 photoproduction in pp, pPb

and PbPb collisions at the LHC and FCC energies considering two ranges of rapidities: |Y | ≤ 2
(central rapidities) and +2 ≤ Y ≤ +4.5 (forward rapidities). The predictions for LHC and FCC 
energies are presented in the Tables 1 and 2, respectively. As expected from the analysis of the 
rapidity distributions, we have that the predictions increase with the energy and are larger for 
PbPb collisions. At the LHC energy, central rapidities and pp collisions, we predict cross sec-
tions of few f b. For the FCC energy, these predictions increase by a factor ≥ 3. In contrast, 
for forward rapidities, this increasing is a factor larger than 5. Moreover, our results for pPb

collisions indicate that the analysis of the exclusive Z0 photoproduction can be useful to con-
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 different rapidity ranges.

PbPb

.5 −2.0 ≤ Y ≤ +2.0 +2.0 ≤ Y ≤ +4.5

84.81 × 103 6.37 × 103

103.46 × 103 10.49 × 103

114.56 × 103 11.88 × 103

 different rapidity ranges.

PbPb

.5 −2.0 ≤ Y ≤ +2.0 +2.0 ≤ Y ≤ +4.5

1.83 × 106 0.33 × 106

2.20 × 106 0.40 × 106

2.29 × 106 0.44 × 106
Table 1
Cross sections in f b for the exclusive Z0 photoproduction in pp/pPb/PbPb collisions for 

√
s = 14/8.1/5.5 TeV and

Model pp pPb

−2.0 ≤ Y ≤ +2.0 +2.0 ≤ Y ≤ +4.5 −2.0 ≤ Y ≤ +2.0 +2.0 ≤ Y ≤ +4

bCGC 2.51 0.61 1007.68 174.60
IP-SAT 3.01 0.78 1202.25 241.24
IP-NONSAT 3.13 0.80 1362.32 250.72

Table 2
Cross sections in f b for the exclusive Z0 photoproduction in pp/pPb/PbPb collisions for 

√
s = 100/63/39 TeV and

Model pp pPb

−2.0 ≤ Y ≤ +2.0 +2.0 ≤ Y ≤ +4.5 −2.0 ≤ Y ≤ +2.0 +2.0 ≤ Y ≤ +4

bCGC 8.92 4.08 10.45 × 103 3.36 × 103

IP-SAT 11.17 5.38 12.81 × 103 4.08 × 103

IP-NONSAT 12.34 6.45 13.7 × 103 4.33 × 103
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strain the underlying assumptions for the QCD dynamics. One important question is the number 
of events associated to these cross sections. For the typical pp collisions at the LHC, the inte-
grated luminosity per year is expected to be ≈ 1 fb−1, which implies some few events per year. 
Considering that the experimental search of the Z0 will probably to rely on the clean leptonic 
Z0 decay modes (Z0 → l+l−), which reduces the number of events in approximately one order 
of magnitude, we have that the analysis of the exclusive Z0 photoproduction in pp collisions at 
the LHC will not be feasible. On the other hand, for the high – luminosity LHC [33,34], where 
the integrated luminosity per year is expected to ≈ 350 fb−1, we predict ≥ 30 events per year. 
The analysis of these few events can be used to improve the upper bound for the γp → Z0p

derived by the CDF Collaboration [32]. In the case of pp collisions at the FCC, the integrated 
luminosity per year is expected to be ≥ 1000 fb−1, which implies that the associated number 
of events will be ≥ 800 (400) considering the central (forward) rapidity range and the dilepton 
decay mode. The analysis of these events can be used, in principle, to discriminate between 
the different approaches for the QCD dynamics. For the nuclear reactions, we predict that the 
number of events at the LHC will be smaller than one event per year. In contrast, for the FCC 
energy, the number of events per year is predicted to be ≈ 10. A future search of these events 
in pPb collisions can be useful to establish an upper bound in the photoproduction cross sec-
tion.

Some comments are in order. We have verified that our predictions for the γp → Z0p cross 
section are similar to the results derived in Refs. [28–31] for small photon – proton center – of – 
mass energies. Such result is expected since at small energies the cross section is dominated by 
the two – gluon exchange. On the other hand, at larger energies, the predictions become sensitive 
to the treatment of the higher order corrections associated to the QCD dynamics, which were 
treated in different ways in the present paper and in Refs. [29–31]. In particular, in the present 
study we considered the updated descriptions of the dipole – proton scattering amplitude, which 
have its free parameters adjusted using the high precision HERA data for inclusive and exclusive 
ep processes. Such models surpass the previous versions used in Refs. [29,30]. In comparison 
to the results presented in Refs. [29–31], we predict slightly smaller cross sections. Another 
important comment is regarding to the background associated to the γ γ → l+l− reaction, which 
can be significant if the Z0 → l+l− decay mode is considered to separate the exclusive Z0 events. 
In both cases we will have a dilepton pair, two intact hadrons and two rapidity gaps in the final 
state. In the two – photon fusion, the dileptons will be produced copiously, predominantly at low 
invariant mass [63]. In contrast, in the leptonic Z0 decay, the pair have an invariant mass equal 
to Z0 mass, with the transverse momenta of each lepton being very large. Moreover, in order 
to suppress the γ γ contribution, a cutoff in the transverse momentum of the leading hadrons 
can be considered. In the exclusive production we have that the typical transverse momentum 
of the Z0 in the final state is determined by the transferred momentum in the Pomeron - proton 
vertex, which is larger than that present in the photon - proton vertex. Consequently, we expect 
that a different transverse momentum distribution of the scattered hadrons, with exclusive events 
being characterized by larger values. Such distinct characteristics can be used to suppress the 
background associated to the two – photon fusion. Finally, we can compare our predictions for the 
exclusive Z0 photoproduction with the results derived in Refs. [64,65] for the inclusive reaction, 
γp → Z0X, where the proton target dissociates. We have that the inclusive cross section is a 
factor ≈ 102 larger than the exclusive one. However, the background associated to this process 
can be fully eliminated by imposing the tagging of the protons in the final state by the forward 
detectors.
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4. Conclusions

In this paper we have investigated the exclusive Z0 photoproduction in pp, pPb and PbPb

collisions for the energies of the LHC and of the proposed Future Circular Collider, motivated 
by the expectation that this process may allow us to probe the description of the QCD dynamics 
at high energies. We have updated and improved previous studies and presented, for the first 
time, the predictions for the FCC. In particular, we have taken into account the corrections to 
the overlap function between the photon and Z0 wave functions associated to the fact that the 
outgoing Z0 has a timelike virtuality q2 = M2

Z > 0, as well as we have derived our predictions 
using the more recent color dipole models for the dipole – proton scattering amplitude, which 
describe the precise HERA data for the inclusive and exclusive observables and take into account 
the corrections associated to the DGLAP evolution. Such aspects are important to derive more 
precise predictions for the Z0 photoproduction. Our results indicate that the analysis of this final 
state at the LHC will be a hard task. In contrast, for the FCC energy, the study of this final 
state is, in principle, feasible in pp collisions. Such future experimental analysis can be useful to 
complement the study of the QCD dynamics in the exclusive vector meson photoproduction and 
test the universality of the color dipole formalism.
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