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Abstract. In the last years the Large Hadron Collider (LHC) at CERN has collected a large
amount of data considering pp, pP b and P bP b collisions, which is allowing to probe the Standard
Model in a new kinematical range. In this contribution I will show that the LHC can also be
considered as a photon collider, which allows to study several aspects of the hadronic physics
by the analysis of photon induced interactions in hadronic collisions. The basic idea is that in
these interactions the total cross section for a given process can be factorized in terms of the
equivalent flux of photons into the hadron projectile and the photon-photon or photon-target
production cross section. The main advantages of using hadron - hadron collisions for studying
photon induced interactions are the high equivalent photon energies and luminosities that can
be achieved at existing accelerators. I review recent results which demonstrated that photon
induced interactions at LHC can be used to study the QCD dynamics at high energies, the
Odderon, Charmoniumlike Exotic states, and the photon flux of the proton.

1. Introduction
In recent years a series of experimental results at RHIC [1, 2], Tevatron [3] and LHC
[4, 5, 6, 7, 8, 9, 10, 11] demonstrated that the study of photon - induced interactions in hadronic
colliders is feasible and can be used to probe e.g. the nuclear gluon distribution [12, 13, 14, 15],
the dynamics of the strong interactions [16, 17, 18, 19, 20, 21, 22, 23], the Odderon [28, 29], the
mechanism of quarkonium production [24, 25, 26, 27, 22, 23] and the photon flux of the proton
[30, 31]. It has stimulated the improvement of the theoretical description of these processes as
well as the proposal of new forward detectors to be installed in the LHC [32]. The basic idea in the
photon-induced processes is that a ultra relativistic charged hadron (proton or nuclei) give rise
to strong electromagnetic fields, such that the photon stemming from the electromagnetic field
of one of the two colliding hadrons can interact with one photon of the other hadron (photon
- photon process) or can interact directly with the other hadron (photon - hadron process)
[33, 34]. In these processes the total cross section can be factorized in terms of the equivalent
flux of photons into the hadron projectile and the photon-photon or photon-target production
cross section. In the case of photon-hadron interactions, they can be divided into exclusive and
inclusive reactions. In the first case, a certain particle is produced while the target remains in
the ground state (or is only internally excited). On the other hand, in inclusive interactions
the particle produced is accompanied by one or more particles from the breakup of the target.
Since photon emission is coherent over the entire nucleus and the photon is colorless we have

that the inclusive events are characterized by one rapidity gap, while two rapidity gaps should
be present in the final state of the exclusive processes. The typical examples of these processes
are the exclusive vector meson production, described by the process γh → Xh (X = ρ, J/Ψ, Υ),
and the inclusive heavy quark production [γh → XY (X = cc, bb, tt)], respectively. The cross
section for the photoproduction of a final state X in a hadronic collision is given by,
σ(h1 h2 → h3 XY ) =

X Z

i=1,2

dY

dσi
,
dY

(1)

where h3 is identical to the initial state hadron that emitted the photon, X represents the
produced final state and the system Y is the other initial state hadron in the case of exclusive
processes or a multi - state system in the case of inclusive processes. Moreover, dσi /dY is the
rapidity distribution for the photon-target interaction induced by the hadron hi (i = 1, 2), which
can be expressed as
dσi
2
= xγi (x, µ2 ) σγhj →Xh3 (Wγh
) (i 6= j) ,
j
dY

(2)

where x is the fraction of the hadron energy carried by the photon, γi (x, µ2 ) is the equivalent
flux of photons of the hadron projectile and µ has to be identified with a momentum scale of the
2 = 2 ω √s
photon - induced process. Moreover, Wγh
NN and sNN are the c.m.s energy squared of
the photon - hadron and hadron-hadron system, respectively, with ω being the photon energy.
It is important to emphasize that for a nuclei the elastic component of the photon flux is
proportional to squared charge of the hadron (Z 2 ), due to the coherent action of all protons
in the nucleus. One of the main advantages of using colliding hadrons and nuclear beams for
studying photon induced interactions is the high equivalent photon energies and luminosities that
can be achieved at existing and future accelerators (For a review see Ref. [33]). For example,
if we consider pp/pP b/P bP b collisions at LHC, the Lorentz factor is γL = 7455/4690/2930,
giving the maximum c.m.s. γN energy Wγp ≈ 8390/1500/950 GeV. Therefore, while studies
of photoproduction at HERA were limited to photon-proton center of mass energies of about
300 GeV, photon-hadron interactions at LHC reach one order of magnitude higher on energy.
Consequently, studies of γh interactions at the LHC could provide valuable information on the
strong interactions theory in a kinematical which have been not probed utterly.
Our goal in this contribution is to demonstrate that photon induced interactions at the LHC
are an important laboratory for the study of hadronic physics, which allows to probe several
aspects which remain open questions in the Standard Model. In particular, I will discuss the
possibility to probe the gluon distribution at small - x (Section 2), the QCD dynamics (Section
3), the Odderon (Section 4), the production of charmoniumlike exotic states (Section 5) and the
photon flux of the proton (Section 6). Finally, in Section 7 we summarize our main conclusions.
2. Probing the gluon distribution at small-x
A systematic measurement of the gluon distribution of thea hadrons (protons and nuclei) is
of fundamental interest in understanding the parton structure of hadrons, to determine the
initial conditions of the quark gluon plasma (QGP) predicted to be formed in central heavy ion
collisions, and to probe the QCD dynamics at high energies which implies a modification of the
gluon dynamics [35]. During the last years, our understanding about the gluon distribution of
the proton have largely improved by the analysis of the ep HERA data, but several questions
still remains open. In contrast, the behaviour of the nuclear gluon distribution is completely
undetermined by the fixed target experiments. In the last years several groups [36, 37, 38, 39, 40]
have proposed parametrizations for the nuclear parton distributions (nPDF), which are based
on different assumptions and techniques to perform a global fit of different sets of data using the
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Figure 1. (Color online) Ratio Rg ≡ xgA /A.xgN predicted by the DS [37], EKS [36], HKN [39]
and EPS [40] parametrizations at Q2 = 2.5 GeV2 and A = 208.
DGLAP evolution equations (For details see, e.g., Ref. [41]). Due to the scarce experimental data
in the small-x region and/or for observables strongly dependent on the nuclear gluon distribution,
the current status is that its behaviour is completely undefined. It is demonstrated by the
analysis of the Fig. 1, where we present the results for the ratio Rg ≡ xgA /A.xgN predicted by
the EKS [36], DS [37], HKN [39] and EPS [40] parametrizations at Q2 = 2.5 GeV2 and A = 208.
It is important to emphasize that the EPS group has release in 2009 a new parametrization
(EPS09) [42] which predicts a smaller amount of gluon shadowing, with a behaviour closer
to the EKS one. As we can see, these parametrizations predict very distinct magnitudes for
the nuclear effects. For larger values of x, the EKS and the EPS show antishadowing, while
this effect is absent for the HKN and EPS parametrizations in the x ≤ 10−1 domain. The
more surprising feature is however the amount of shadowing in the different parametrizations.
While the shadowing is moderate for DS and HKN parametrizations and somewhat bigger
for EKS one, the EPS prediction has a much stronger suppression compared with the other
parametrizations. For smaller x around x ≃ 10−5 , while DS and HKN parametrizations have
about 20% suppression and EKS one have about 40% suppression, for the EPS parametrization
this effect goes to almost 80% suppression in the nuclear gluon compared with the A scaled gluon
content in the proton! For bigger values of x the behaviour is distinct for all parametrizations.
As x grows, the DS parametrization predicts that Rg grows continuously to 1, that means that
the shadowing dies out when x → 10−1 . The same happens for the HKN one in this limit, but
this growth starts only at x > 10−2 , with Rg being flat for 10−5 < x < 10−2 . At x ≈ 10−1 ,
we have that behaviours predicted by the EKS and EPS parametrizations are similar, with
Rg exceeding 1.2. The main distinction between these parametrizations is that in the EPS
parametrization one has a much steeper growth, from a much stronger suppression at smaller
x to the antishadowing behaviour for larger values of x. Our understanding about the nuclear
gluon distribution should be improved in the future electron-nucleus colliders. However, as the
date of construction and start of operation of these colliders is still in debate, we need to obtain
alternative searches to estimate the medium effects in the nuclear gluon distribution. It has
motivated several authors to propose the study of different observables in distinct processes
to constrain the nuclear gluon distribution. One possibility is the study of the heavy quark
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Figure 2. (Color online) Predictions √
for the rapidity distribution for the photoproduction of
charm quarks in pp collisions at LHC ( s = 14 TeV).

photoproduction in hadronic collisions, which is an inclusive processes, characterized by one
rapidity gap in the final state. In this case, the cross section is directly proportional to the
target gluon distribution, which makes the analysis of the rapidity distribution a direct probe
of the gluon distribution for different values of the Bjorken - x variable. This processes have
been analysed by several authors in the last years [12, 14, 43, 44, 45, 46] and some recent results
will be revised in the subsection 2.1. Another alternative to constrain the gluon distribution is
the study of exclusive processes in hadronic collisions, which are characterized by two rapidity
gaps in the final state. In particular, in Ref. [12] we have proposed by the first time the study
of vector meson photoproduction in ultraperipheral heavy ion collisions at RHIC and LHC in
order to constrain the nuclear medium effects present in the nuclear gluon distribution. As the
cross section for the diffractive vector meson production depends (quadratically) on the gluon
distribution, it gives a unique opportunity to study the low x behaviour of the gluons inside the
nucleus. In subsection 2.2 we will present a brief results of the formalism and show some results
which demonstrate that this process is the ideal scenario to constrain the gluon distribution.
2.1. Probing the gluon distribution in inclusive processes
Heavy quark production in hard collisions has been considered as a clean test of perturbative
Quantum Chromodynamics (QCD) (For a review see, e.g., Ref [47]). This process provides
not only many tests of perturbative QCD, but also some of the most important backgrounds
to new physics processes, which have motivated an extensive phenomenology at DESY-HERA,
Tevatron and LHC. These studies are mainly motivated by the strong dependence of the cross
section on the behaviour of the gluon distribution, which determines the QCD dynamics at high
energies. In particular, the charm and bottom photoproduction on nucleon and nuclei targets
has been studied in detail in, e.g., Ref. [48], considering the several available scenarios for the
QCD dynamics at high energies. The results of those analysis show that future electron-proton
(nucleus) colliders, probably could determine the behaviour of the gluon distribution at small
values of the Bjorken-x variable. Along these lines, in Refs. [49, 13, 45] we have analysed the
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Figure 3. The mechanism for the photoproduction of top quarks in coherent hadron - hadron
interactions.

possibility of using the LHC as a photon - hadron collider and studied the bottom and charm
production assuming distinct formalisms for the QCD evolution (For more recent studies see
[14]). In particular, in Ref. [45] we have demonstrated that the study of charm photoproduction
in pp collisions can be used to constrain the gluon distribution of the proton, since the rapidity
distribution is strongly dependent on the model used for the gluon density and its behaviour at
small-x, as shown in Fig. 2.
In Ref. [46] we have extended these previous analysis on heavy quark photoproduction for
the case of the top quark, which play a special role in the Standard Model, in particular in
the electroweak symmetry breaking. Precise measurements of its properties and interactions
may also reveal effects from new physics (For a recent review see Ref. [50]). Although several
properties of the top quark have been examined in the last eighteen years at the Tevatron, the
collected statistics was small. In contrast, they are largely produced at the LHC. Our goal in
Ref. [46] was to verify if the photoproduction of top quarks in coherent interactions at LHC
could also be used to improve our knowledge of its properties (For previous studies see Ref.
[33]). The basic diagrams for the photoproduction of top quarks in coherent hadron - hadron
interactions are represented in Fig. 3. It is important to emphasize that the photoproduction
of top quarks was not studied in the HERA ep collider and its experimental analysis still is an
open question, which also have motivated the study of the production of top quarks in coherent
interactions. In what follows we will present a brief review of the main results obtained in Ref.
[46].
The main input for the calculation of the top photoproduction in hadronic collisions is the
photon-proton cross section, which can be estimated considering different theoretical scenarios
[49]. In Ref. [46] we have considered the collinear factorization approach, where the cross
sections involving incoming hadrons are given, at all orders, by the convolution of intrinsically
non-perturbative, but universal, quantities - the parton densities, with perturbatively calculable
hard matrix elements, which are process dependent. In this approach, all partons involved
are assumed to be on mass shell, carrying only longitudinal momenta, and their transverse
momenta are neglected in the QCD matrix elements. In particular, the cross section for the
photoproduction of heavy quarks is given in terms of the convolution between the elementary
cross section for the subprocess γg → QQ and the probability of finding a gluon inside the
hadron, namely the gluon distribution. At leading order, the top quark photoproduction cross
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Figure 4. (Color online) Predictions for the rapidity distribution for the photoproduction of
top quarks in pp (left panel) and P bP b (right panel) collisions at LHC.
section is given by [51],
dMtt2
2
2
4 αem αs (µF ) xgh (x, µF )
2
M
4mt
tt
"
!
#
√

p
1+ 1−β
1 2
√
− (1 + β) 1 − β ,
1 + β − β ln
2
1− 1−β

σγh→ttX (Wγh ) = 4 π e2t
×

Z

2
Wγh

(3)

2 , and g (x, µ2 ) is the
where Mtt is the invariant mass of the top quark pair, with x = Mtt2 /Wγh
h
F
gluon density inside the hadron at the factorization scale µ2F . In addition, mt is the top quark
mass, et is its electric charge and β ≡ 4 m2t /Mtt2 . In our calculations we have used µ2F = 4 m2t ,
with mt = 173.0 GeV. It should be noticed that different choices for the factorization scale and
quark mass produce distinct overall normalization to the total cross section at photon-nucleon
interactions and that NLO corrections, which are small in comparison to the hadroproduction
case, can be absorbed in these redefinitions of µ2F and m2t [52]. In Ref. [46] we have considered
different parametrizations for the parton distributions. In particular, we used the MRST [53]
and CT10 [54] parton distributions for the proton. In the nuclear case, we take into account
the nuclear shadowing effects as given by the EPS09 parametrization [42], which is based on a
global fit of the current nuclear data. Before to present the results, it is important to emphasize
the typical values of x which will be probed in coherent pp/pP b/P bP b collisions. Considering
that for pp/pP b/P bP b collisions at LHC the Lorentz factor is γL = 7455/4690/2930 [33], we
obtain that the maximum c.m.s. γh energy will be Wγh ≈ 8390/1500/950 GeV. Consequently,
we obtain that for the top quark photoproduction in coherent interactions, we will probe the
gluon distribution at x > 1.7 × 10−3 in pp collisions, x > 5.3 × 10−2 in pP b collisions and
x > 0.13 in P bP b collisions.
In Fig. 4 we present the predictions obtained in Ref. [46] for pp and P bP b collisions at LHC
energies. As expected, the total rapidity distributions are symmetric about the midrapidity.
In the case of pp collisions, we calculated dσ/dY considering different parametrizations for
the gluon distribution in the proton. We can see in the Fig. 4 (left panel) that the MRST
and CT10 predictions are similar, with the MRST one being a lower bound. In Table 1 we
present the estimates for the total cross sections and production rates assuming the design
7
−1 −1 and a run time of 107 seconds. We predict large values for the
luminosity Lpp
LHC = 10 mb s
events rate and cross sections of the order of units of pb, in contrast with values of the order
of 160 pb for the inclusive top quark pair hadroproduction [50]. Despite their much smaller

pp
√
s = 8 TeV
√
s = 14 TeV
pPb
√
s = 5.5 TeV
√
s = 8.8 TeV
PbPb
√
s = 5.5 TeV

MRST
0.739 pb (73900)
2.50 pb (250000)
MRST
0.036 nb (5.4/3600)
0.159 nb (23.85/15900)
MRST
0.42 nb (0.18)

CT10
0.764 pb (76400)
2.53 pb (253000)
MRST + EPS09
0.038 nb (5.7/3800)
0.165 nb (24.75/16500)
MRST + EPS09
0.40 nb (0.17)

Table 1. The integrated cross section (events rate) for the photoproduction of top quarks in
pp, pP b and P bP b collisions at LHC energies.
cross sections, the clean topology of coherent processes implies a larger signal to background
ratio. Therefore, the experimental detection is in principle feasible. However, it is important
to emphasize that the signal is expected to be reduced due to the event pileup. An alternative
to measure coherent events at the LHC is by tagging the intact hadron in the final state. Such
possibility is currently under study (See e.g. [32]). In Fig. 4 (right panel) we present our
results for P bP b collisions. In our calculations we consider that the nuclear gluon distribution
is given by xgA = A.Rg .xgp , where Rg takes into account the nuclear shadowing effects as
given by the EPS09 parametrization [42] and xgp is the proton gluon distribution, given by the
MRST parametrization [53]. We denote by MRST+EPS09 the predictions obtained including
the shadowing effects and by MRST those obtained disregarding these effects, i.e., with Rg = 1.
We can see that the total cross section is reduced by ≈ 5% by the EMC effect present in
the EPS09 parametrization for large values of x (≥ 0.4), which implies Rg < 1. This small
contribution of the shadowing effects is expected due to the large value of the hard scale (= 4m2t )
present in the process. Moreover, distinctly from the pp case, dσ/dY is small at Y ≈ 0 and
is almost null at Y ≥ 2. It is directly associated to the distinct large - ω behaviours of the
proton and nuclear photon fluxes, with the latter being exponentially suppressed at ω > 80
GeV while the photon flux of the proton extends up to ω ≈ 2400 GeV. Moreover, in Table 1
we present our estimates for the total cross sections and production rates assuming the design
−1 −1 and a run time of 106 seconds. Our results indicate that for
luminosity LPbPb
LHC = 0.42 mb s
the default settings and running time, the statistics is marginal for P bP b collisions. In Table 1
we also present our estimates for the total cross sections and production rates for pP b collisions
−1 −1 and a run time of 106 seconds. We predict
assuming the design luminosity LpPb
LHC = 150 mb s
cross sections that are a factor three smaller than those obtained in the P bP b case. The larger
pA luminosity, which is two order of magnitude higher than for AA, counteracts this suppression
for the event rates. However, the resulting events rates still are small. Recently, an upgraded
pP b scenario was proposed in Ref. [55], which improve the pP b luminosity and the running time.
These authors proposed the following scenario for pP b collisions: LpPb = 104 mb−1 s−1 and a run
time of 107 s. The corresponding event rates also are presented in the Table 1. In this case we
have reasonable numbers, which makes the experimental analysis feasible. Another advantage
of pP b collisions is that it is expected to trigger on and carry out the measurement with almost
no pileup [55]. Therefore, the upgraded pA scenario provides one of the best possibilities to
detect the top quark in coherent processes.
2.2. Probing the gluon distribution in exclusive processes
In the collinear formalism, based on the QCD factorization theorem [56], the cross section for
the vector meson production off any hadronic target, including a nucleus, at small-x and for a
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Figure 5. (Color online) Energy dependence of the exclusive J/Ψ (left panel) and Υ (right
panel) photoproduction cross section. Comparison with HERA data [64, 65, 66].
sufficiently hard scale, is proportional to the square of the gluon parton density of the target.
To lowest order, the γh → V h (h = p, A) amplitude can be factorized into the product of the
γ → QQ transition (Q = c, b), the scattering of the QQ system on the target via (colorless)
two-gluon exchange, and finally the formation of the quarkonium from the outgoing QQ pair.
The heavy meson mass MV ensures that perturbative QCD can be applied to photoproduction.
2
The calculation was performed some years ago to leading logarithmic (log(Q )) approximation,
assuming the produced vector meson quarkonium system to be nonrelativistic [57, 58] and
improved in distinct aspects [59, 60]. Assuming a non-relativistic wave function for the vector
meson one have that the t = 0 differential cross section of photoproduction of heavy vector
mesons in leading order collinear approximation is given by [57, 58]
2

dσ(γh → V h)
π 3 Γee MV3 α2s (Q )
2
× [xgh (x, Q )]2 ,
|t=0 =
8
dt
48α
Q
2

(4)

where xgh is the target gluon distribution, x = 4Q /W 2 with W the center of mass energy
2
and Q = MV2 /4. Moreover, Γee is the leptonic decay width of the vector meson. The
strong dependence on xg offers an opportunity to use the experimental HERA data for the
γ ∗ p → J/Ψp process to determine the behaviour of the gluon distribution at low x and in the
Q2 region, which is not constrained by the global analyses [61]. In Refs. [59, 60, 61, 63, 62] the
authors have estimated the relativistic corrections [O(4%)] , the real part contribution of the
production amplitude [O(15%)], the effect of off-diagonal partons [O(20%)] and next-to-leading
order corrections [O(40%)] to the LO exclusive heavy vector meson production, given by Eq.
(4).
In order to obtain a baseline for the calculations of the vector meson production in γA
interactions, in Ref. [13] we have initially estimated the γp cross section and compared it with
the HERA data. Following Refs. [63, 61] we have estimated the total cross section for the J/Ψ
and Υ photoproduction at HERA using the MRST(LO) parametrization [53] for the nucleon
gluon distribution and including the corrections discussed above. Moreover, we have considered
an exponential parametrization for the small |t| behaviour of the amplitude e assumed b = 4.5
GeV−2 as in Refs. [59, 61]. In Fig. 5 we present a comparison between our predictions and the
J/Ψ (left panel) and Υ (right panel) HERA data [64, 65, 66], which demonstrated that it are
reasonably described. In Ref. [13] we have assumed that the corrections for the LO exclusive
heavy vector meson production are independent of the target. Moreover, we assumed that in
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Figure 6. (Color online) The rapidity distribution
for nuclear vector meson photoproduction
√
on UPC’s in AA reactions at LHC energy ( SN N = 5.5 TeV).
2 and the non-forward
the case of nuclear targets, b is dominated by the nuclear size, with b ∼ RA
differential cross section is dominated by the nuclear form factor, which is the Fourier transform
of the nuclear density profile. Therefore, we have considered that the total cross section for
vector meson production in γA interactions is given by

dσ(γA → V A)
|t=0
σ(γA → V A) =
dt

Z

∞

tmin

dt |F (t)|2 ,

(5)

where tmin = (MV2 /2ω)2 and F (t) = d3 r ρ(r) exp(iq · r) is the nuclear form factor for the
distribution. The main input in the calculations of the quarkonium photoproduction cross
section in the collinear formalism is the nuclear gluon distribution. The difference between
the distinct parametrizations observed in Fig. 1 will be amplified in the exclusive quarkonium
photoproduction in γA interactions due to the quadratic dependence on xgA of the cross section.
Consequently, it is expected a large difference between the predictions obtained using the distinct
parametrizations. This was the main motivation for the calculations presented in Ref. [13] (See
also Ref. [14]).
In what follows we present a brief review of the main results obtained in Ref. [13], where we
have calculated the rapidity distributions and total cross sections for quarkonium production
in ultraperipheral heavy ion collisions at RHIC and LHC energies. We have assumed that
xgA (x, Q2 ) = Rg (x, Q2 ).A xgp (x, Q2 ), with Rg given by the DS, EKS and EPS parametrizations
and xgp given by the MRST(LO) parametrization [53]. As the HKN parametrization is similar
to the DS one in the kinematical range considered, it was not included in our analyses. In Fig.
6 we present our predictions for J/Ψ (left panel) and Υ (right panel) production in coherent
√
AA collisions, considering A = P b and sN N = 5.5 TeV. The production at mid-rapidity at
the LHC probes x-values of order (6 − 20) × 10−4 , where the nuclear parametrizations differ
by a factor 4 (See Fig. 1). The no shadowing prediction is presented for comparison. At
LHC energies the rapidity distribution is strongly dependent of the magnitude of the shadowing
effects in the nuclear gluon distribution. While the DS prediction implies a small reduction
at mid-rapidity in comparison to the no shadowing one, the rapidity distribution is suppressed
by a factor 10 if calculated using the EPS gluon. Moreover, as the difference between the
predictions of the three parametrizations is very large, in Ref. [13] we have concluded that the
rapidity distribution for exclusive quarkonium photoproduction in UPC’s at LHC could be used
to constrain the magnitude of the shadowing effect. Such conclusion
was recently confirmed by
√
the experimental results from the ALICE Collaboration for s = 2.76 TeV [4].
R

3. Probing the QCD dynamics at high energies
The description of QCD dynamics in the high energy limit still is a subject of intense debate
(For a review see e.g. Refs. [35, 67]). Theoretically, at high energies (small Bjorken-x) one
expects the transition of the regime described by the linear dynamics (denoted Low Density
QCD in Fig. 7), where only the parton emissions are considered, to a new regime where a high
gluon density is present and the physical process of recombination of gluons becomes important
in the parton cascade, with the evolution being given by a non linear evolution equation. This
high density QCD regime is characterized by the limitation on the maximum phase-space parton
density that can be reached in the hadron wave function (gluon saturation), with the transition
between the low and high density regimes being specified by the saturation scale Qs [67] (See Fig.
7). Currently, the state of art formalism to describe the gluon saturation effects is the Colour
Glass Condensate [69]. In this formalism the non linear and quantum effects in the hadron wave
function are encoded in the imaginary part of the forward amplitude for the scattering between
a small dipole (a colorless quark-antiquark pair) and a dense hadron target, at a given rapidity
interval Y = ln(1/x), which is represented by N (b, r, x). This quantity is directly related to
the dipole - hadron cross section, σdip , which encodes all the information about the hadronic
scattering, as follows
Z
σdip (r, x) = 2

d2 b N (b, r, x).

(6)

The dipole has transverse size given by the vector r = x − y, where x and y are the transverse
vectors for the quark and antiquark, respectively, and impact parameter b = (x + y)/2. At
high energies the evolution with the rapidity Y of N (r, b, Y ) is given by the infinite hierarchy of
equations, the so called Balitsky-JIMWLK equations [68, 69], which reduces in the mean field
approximation to the Balitsky-Kovchegov (BK) equation [68, 70]. It is useful to assume the
translational invariance approximation, which regards hadron homogeneity in the transverse
plane. It implies that the dipole-proton cross section reads σdip (r, x) = σ0 N (r, x), where
the constant σ0 , which results from the b integration, sets the normalization. Moreover, the
amplitude becomes independent of the impact parameter b and depends only on the dipole size
r = |r|. Although a complete analytical solution of the BK equation is still lacking, its main
properties are known: (a) for the interaction of a small dipole (r ≪ 1/Qs ), N (r) ≈ r 2 , implying
that this system is weakly interacting; (b) for a large dipole (r ≫ 1/Qs ), the system is strongly
absorbed and therefore N (r) ≈ 1. The typical momentum scale, Q2s ∝ x−λ (λ ≈ 0.3), is the so
called saturation scale. This property is associated to the large density of saturated gluons in
the hadron wave function. Experimentally, possible signals of parton saturation have already
been observed in ep deep inelastic scattering at HERA, deuteron-gold collisions at RHIC and
hadronic collisions at LHC. Although the geometrical scaling and the diffractive events observed
at HERA, as well as the high-pT suppression observed at RHIC, have a natural interpretation in
terms of the saturation physics, none of these phenomena can be taken as a conclusive evidence
for a new regime of the QCD dynamics. This is due to the kinematical limitations of the
experiments. Consequently, the observation of this new regime still needs confirmation and so
there has been an active search for new experimental signatures. A decade ago, in Ref. [16]
we have proposed by the first time the study of the vector meson photoproduction in hadronic
collisions as a probe of the QCD dynamics. This idea has stimulated the improvement of the
theoretical description of this process, which have been done by our group [17, 18, 25, 26, 22, 23]
and several other authors [19, 20, 21, 24, 27] in the last years, with its predictions describing
very well the recent experimental data. In what follows we will present a brief review of the
recent results obtained in the Refs. [22, 23].
Lets consider the description of the vector meson photoproduction in the color dipole
formalism [71], with its production in hadronic collisions being represented in Fig. 8. At
high energies color dipoles with a defined transverse separation are eigenstates of the interaction

ln(1/x)
Q2 = Q2s(x)
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Figure 7. (Color online) Representation of the QCD evolution in the kinematical plane.

h1

h1

Ψγ (z, r)

γ

ΨV (z, r)

z
r
1−z

h2

V

h2

Figure 8. (Color online) Exclusive vector meson photoproduction in hadronic collisions.
with the main quantity of this formalism being the dipole-target cross section. In particular, it
provides a unified description of inclusive and diffractive observables in lepton - hadron processes
as well as for in Drell-Yan, prompt photon and heavy quark production in hadron-hadron
collisions. Furthermore, an important advantage of this formalism is that it is very simple to
include nuclear effects. In the color dipole formalism the γh scattering is described in the dipole
frame, in which most of the energy is carried by the hadron, while the photon has just enough
energy to dissociate into a quark-antiquark pair before the scattering. In this representation the
probing projectile fluctuates into a quark-antiquark pair (a dipole) with transverse separation
r long before the interaction, which then scatters off the hadron [71]. In this formalism, the
scattering amplitude for the diffractive photoproduction of an exclusive final state, such as a

vector meson V (= J/Ψ or Υ), in a γp collision is given by (See e.g. Refs. [71, 16, 72, 73])
Aγp→V p (x, ∆) = i

Z

dz d2 r d2 be−i[b−(1−z)r ].∆ (Ψ∗V Ψ) 2Np (x, r, b)

(7)

where (Ψ∗Υ Ψ) denotes the overlap of the photon and vector meson transverse wave functions.
The variable z (1−z) is the longitudinal momentum fraction of the quark (antiquark), ∆ denotes
the transverse momentum lost by the outgoing proton (t = −∆2 ) and x is the Bjorken variable.
The variable b is the transverse distance from the center of the target to the center of mass of
the q q̄ dipole and the factor in the exponential arises when one takes into account non-forward
corrections to the wave functions [74]. Moreover, Np (x, r, b) denotes the non-forward scattering
amplitude of a dipole of size r on the proton, which is directly related to the QCD dynamics, as
discussed above. The differential cross section for exclusive vector photoproduction is given by
1
dσ
(γp → V p) =
|Aγp→V p (x, ∆)|2 (1 + β 2 ) Rg2 ,
dt
16π

(8)

where β is the ratio of real to imaginary parts of the scattering amplitude and Rg is the skewness
factor, which is associated to the fact that the gluons attached to the q q̄ pair can carry different
light-cone fractions x, x′ of the proton. Moreover, β can be calculated using dispersion relations,
being given by ReA/ImA = tan (πλe /2). The total cross section is given by
σ(γp → V p) =

Z

0

−∞

dσ
dt .
dt

(9)

In Ref. [23], we also have calculated the total cross section for the Υ production considering
an approximation frequently used in the literature, in which an exponential Ansatz for the
t-dependence is assumed for the differential cross section, which implies that
σ(γp → V p) =

1 dσ
BV dt

(10)
t=0

where BV is the slope parameter.
In order to estimate the total cross section we need to specify the overlap function (Ψ∗V Ψ)
and the non-forward scattering amplitude N (x, r, b). Initially let us discuss the models used
for the overlap function. In contrast to the photon wave function, which is well known in the
literature (See e.g. [72]), the description of the vector wave functions still is an open question.
The simplest approach is to assume that the vector meson is predominantly a quark-antiquark
state and that the spin and polarization structure is the same as in the photon [75, 76, 77, 78].
As a consequence, the overlap between the photon and the vector meson wave function, for the
transversely polarized case, is given by (For details see Ref. [72])
(Ψ∗V Ψ)T = êf e

n
o
Nc
m2f K0 (ǫr)φT (r, z) − [z 2 + (1 − z)2 ]ǫK1 (ǫr)∂r φT (r, z) ,
πz(1 − z)

(11)

where êf is the effective charge of the vector meson, mf is the quark mass, Nc = 3,
ǫ2 = z(1 − z)Q2 + m2f and φT (r, z) define the scalar part of the vector meson wave function. In
what follows we will consider the Boosted Gaussian and Gauss-LC models for φT (r, z), which
are largely used in the literature. In the Boosted Gaussian model the function φT (r, z) is given
by
2z(1 − z)r 2 m2f R2
mf R 2
−
+
φT (r, z) = NT z(1 − z) exp −
8z(1 − z)
R2
2

!

.

(12)

In contrast, in the Gauss-LC model, it is given by
r2
φT (r, z) = NT [z(1 − z)] exp − 2
2RT
2

!

(13)

The parameters NT , R and RT are determined by the normalization condition of the wave
function and by the decay width.
Lets initially present the main results for the J/Ψ production obtained in Ref. [22] using the
Gaus-LC model and considering as input in our calculations the solution of the running coupling
BK equation obtained in Ref. [79], denoting the corresponding predictions by rcBK hereafter.
Moreover, we have considered phenomenological models which satisfy the asymptotic behaviours
of the BK equation in order to fit the HERA and RHIC data (See e.g. Refs. [80, 81, 82, 72]).
For comparison, in Ref. [22] we also have used the GBW model [80], which assumes that
2 2
Np (x, r, b) = Np (x, r)S(b) with Np (x, r) = 1 − e−r Qs,p (Y )/4 and Q2s,p (Y ) = (x0 /x)λ , with
the parameters x0 and λ determined by the fit to the HERA data. Moreover, we also have
considered the b-CGC model proposed in Ref. [72], which improves the Iancu - Itakura Munier (IIM) model [81] with the inclusion of the impact parameter dependence in the dipole proton scattering amplitude. Following [72] we have:

Np (x, r, b) =





N0



r Qs,p
2



2 γs + ln(2/rQs,p )
κλY


 1 − exp−A ln2 (B r Qs,p )

rQs,p ≤ 2

(14)

rQs,p > 2

with Y = ln(1/x) and κ = χ′′ (γs )/χ′ (γs ), where χ is the LO BFKL characteristic function.
The coefficients A and B are determined uniquely from the condition that Np (x, r, b), and its
derivative with respect to rQs , are continuous at rQs = 2. In this model, the proton saturation
scale Qs,p depends on the impact parameter:
Qs,p ≡ Qs,p (x, b) =



x0
x

λ "
2

b2
exp −
2BCGC

!#

1
2γs

.

(15)

The parameter BCGC was adjusted to give a good description of the t-dependence of exclusive
J/ψ photoproduction. The factors N0 and γs were taken to be free. In this way a very good
description of F2 data was obtained. One of the parameter set which is going to be used here
is the one presented in the second line of Table II of [83]: γs = 0.46, BCGC = 7.5 GeV−2 ,
N0 = 0.558, x0 = 1.84 × 10−6 and λ = 0.119. More recently, the parameters of this model have
been updated in Ref. [84] (considering the recently released high precision combined HERA
data), becoming γs = 0.6599, BCGC = 5.5 GeV−2 , N0 = 0.3358, x0 = 0.00105 × 10−5 and
λ = 0.2063. In Ref. [22] we have used these two sets of parameters in our calculations, with
the resulting predictions being denoted bCGC and bCGC NEW, respectively. Moreover, in the
case of coherent interactions in AA collisions we have calculated the cross sections considering
that the nuclear scattering amplitude NA (x, r, b) is given by
NA (x, r, b) =



1
1 − exp − ATA (b) σdip (x, r)
2




,

where TA (b) is the nuclear profile function, which will be obtained from a 3-parameter Fermi
distribution for the nuclear density.
In Fig. 9 we present our predictions for the rapidity distribution for the diffractive
photoproduction of J/Ψ in pp (left panel) and P bP b (right panel) collisions. Due to the limitation
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√

s = 7 TeV.

in the x-range of the rcBK solution, we were only able to present its predictions for a restricted
rapidity range. In the case of pp collisions, we have obtained that the GBW (bCGC) prediction
is an upper (lower) bound for the predictions
at Y = 0. In particular, the predictions differ
√
by ≈ 30 % for central rapidities at s = 7 TeV. For the rapidity range probed by the LHCb
Collaboration the difference is larger (≈ 50 %). We obtain that the bCGC and bCGC NEW
predictions agree with the data from LHCb Collaboration [6, 7]. These differences increase with
the energy, which motivates future experimental analysis of this process in order to constrain
the dipole - proton scattering amplitude and, consequently, the QCD dynamics at high energies.
In the case of the J/Ψ in P bP b collisions, we obtain that the distinct predictions largely differ
at central rapidities. We have obtained that the bCGC NEW prediction is able to describe the
current ALICE data [4, 5], in contrast with the other predictions which overestimate the data
for Y = 0. In particular, the rcBK prediction is not able to describe the data, in agreement
with the results obtained in Ref. [20]. As demonstrated in Ref. [22], the difference between
the predictions is amplified at larger energies. The main conclusion in Ref. [22] was that the
color dipole formalism is able to describe current data for the J/Ψ production and that future
measurements can be useful to constrain the magnitude of the non linear effects in the QCD
dynamics.
In Ref. [23] we have extended our studies of vector meson production in hadronic collisions
for the case of the Υ production. In particular, we have compared the predictions obtained
using the Boosted Gaussian and Gaus-LC models for the vector meson wave function, as well as

the different ways to estimate the total cross section described in Eqs. (9) and (10). Moreover,
we have considered an updated version of the GBW model, obtained in Ref. [85] considering
the ZEUS data available in 2007 (denoted GBW-KSX hereafter). It is important to emphasize
that the GBW model is a model for the forward dipole-target amplitude Np (x, r), which does
not allow us to calculate the t-dependence of the differential cross section. Therefore, in the
GBW case, we should estimate the total cross section using Eq. (10). In Fig. 10 we present
√ our
predictions for the rapidity distribution of exclusive Υ photoproduction in pp collisions at s = 7
TeV. It is important to emphasize that the bCGC predictions were obtained using the updated
version of this model, denoted bCGC NEW in the plots for the J/Ψ production. The Boosted
Gaussian and Gauss-LC predictions are presented in the panels (a) and (b), respectively. We
obtain that the GBW-KSX (bCGC full) prediction is an upper (lower) bound for the predictions
at Y = 0. We have obtained that the bCGC full and BV predictions are almost identical at
central rapidities and differ by ≈ 10 % for Y = 4. The GBW-KSX and GBW predictions differ
by ≈ 10 % in the |Y | ≤ 4 range. In contrast, the GBW and bCGC predictions differ by a factor
2.7 (3.5) at Y = 0 (4). The Boosted Gaussian predictions are larger than the Gauss-LC one,
with the difference being of ≈ 12 % at Y = 0. It important to emphasize that the predictions
presented in Ref. [23] were obtained before the publication of the experimental data by the
LHCb Collaboration [8]. The Fig. 10 is an updated version of the figure presented in [23]
including these data, which demonstrate that they agree very well with the bCGC predictions,
which also describe the J/Ψ data.
4. Probing the Odderon at the LHC
Understanding the behaviour of high energy hadron reactions from a fundamental perspective
within of Quantum Chromodynamics (QCD) is an important goal of particle physics (For recent
reviews see e.g. Ref. [35]).
The central papers concerning the knowledge of the Regge
limit (high energy limit) of perturbative QCD (pQCD) were presented in the mid seventies by
Lipatov and collaborators [86], which demonstrated that the high energy behaviour of the total
cross sections is related to the Pomeron exchange. In the framework of perturbative QCD the
Pomeron corresponds to a C-even parity (C being the charge conjugation) compound state of
two t-channel reggeized gluons, given by the solution of the Balitsky - Fadin - Kuraev - Lipatov
(BFKL) equation [86]. Besides the Pomeron, a natural prediction of the QCD is the presence
of the so-called Odderon, which is a C-odd compound state of three reggeized gluons, which
dominates the hadronic cross section difference between the direct and crossed channel processes
at very high energies. The Odderon is described by the Bartels - Kwiecinski - Praszalowicz
(BKP) equation [87], which resums terms of the order αs (αs log s)n with arbitrary n in which
three gluons in a C = −1 state are exchanged in the t-channel.
In the last years, the physics of the Odderon has become an increasingly active subject of
research, both from theoretical and experimental points of view (For a recent review see [88]). On
the theoretical side, the investigation of the Odderon in pQCD has led to discovery of relations
of high energy QCD to the theory of integrable models [89] and two leading solutions of the
BKP evolution equation were obtained [90, 91], with the intercept being close to or exactly one,
depending on the scattering process. In contrast, on the experimental side, the existence of
the Odderon is still not confirmed, with the experimental evidence for the Odderon being at
the moment rather scarce. An alternative to probe the Odderon is the study of the diffractive
photoproduction of pseudoscalar mesons in ep collisions. As the real photon emitted by the
electron carries negative C parity, its transformation into a diffractive final state system of
positive C parity requires the t-channel exchange of an object of negative C parity. It implies
that Pomeron exchange cannot contribute to this process and that it can only be mediated by the
exchange of an Odderon. A particular promising process is the diffractive ηc photoproduction,
since the meson mass provides a hard scale that makes a perturbative calculation possible
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Figure 11. (Color online) ηc production in photon - hadron (left panel) and photon - photon
(right panel) interactions.
[93, 92]. Unfortunately, even with an optimistic choice of the strong running coupling constant
αs , the cross section for this process was too small to be observed at HERA. Consequently, the
current experimental evidence for the Odderon is very unsatisfactory.
In Ref. [28] we proposed the study of coherent hadron - hadrons interactions as a new
alternative to search the Odderon in high energy pp and AA collisions at CERN - LHC. Recently,
this study was extended for the kinematical range probed by the AFTER@LHC experiment in
Ref. [29]. As discussed in the Introduction, the basic idea in coherent hadronic collisions is
that the total cross section for a given process can be factorized in terms of the equivalent
flux of photons into the hadron projectile and the photon-photon or photon-target production
cross section. Consequently, coherent interactions can be used to study the diffractive ηc
photoproduction, which is a direct probe of the Odderon. In Fig. 11 (left panel) we present an
illustration of the coherent process h1 + h2 → h1 h2 ηc . It is important to emphasize that the ηc
can also be produced in photon - photon (γγ) interactions as illustrated in Fig. 11 (right panel),
with both processes generating two rapidity gaps in the final state. While the ηc production
in γh interactions is a direct probe of the Odderon, its production in γγ interactions is an
important background, which should be estimated in order to separate the signal associated to
the Odderon. In what follows we present a brief review of the main results from Refs. [28, 29].
The cross section for the diffractive ηc photoproduction can be obtained using the impact
factor representation, proposed by Cheng and Wu [94] many years ago. In this representation,
the amplitude for a large-s hard collision process can be factorized in three parts: the two impact
factors of the colliding particles and the Green’s function for the three interacting reggeized
gluons, which is determined by the BKP equation and is represented by GBKP hereafter. The
differential cross section for the process γ + h → ηc + h is given by [92]
1 X
dσ
|Ai |2 ,
=
dt
32π i=1,2

(16)

where Ai is the amplitude for a given transverse polarization i of the photon, which can be
expressed as a convolution of the impact factors for the proton (Φp ) and for the γηc transition
(Φiγηc ) with the Odderon Green function:
Ai =

1
5
hΦi |GBKP |Φp i .
1152 (2π)8 γηc

(17)

Differently from Φiγηc , that can be calculated perturbatively [93], the impact factor Φp that
describes the coupling of the Odderon to the proton is non-perturbative and should be modelled.
In our calculations we consider the model used in Refs. [93, 92] (We refer the reader to the
original papers for the details). The Odderon Green function GBKP is described in terms of the
solution of the BKP equation [87], with the energy dependence being determined by the Odderon
intercept αIO . Currently, two leading solutions of the Odderon evolution equations are available
[90, 91] and the subject continues to be under intensive study. In Ref. [90], Janik and Wosiek
(JW) obtained that αIO = 1 − 0.24717 αsπNc , which for αs ≈ 0.2 yields αIO = 0.96. Moreover, they
found that its solution does not couple to all phenomenologically relevant impact factors. In
particular, the coupling for the γηc impact factor vanishes in leading order. In contrast, Bartels,
Lipatov and Vacca (BLV) [91] have found a solution for the BKP equation with intercept αIO
exactly equal to one and that couples to Φγηc , in contrast to the JW solution. Such solution was
used in [92] to estimate the diffractive ηc photoproduction in the kinematical region probed in
ep collisions at HERA (BBCV model hereafter). They find a weak logarithmic suppression with
the energy and have predicted an integrated cross section of ≈ 50 pb at HERA energy. This
prediction is a factor 5 larger than the value obtained by Kwiecinski and collaborators in Ref.
[93] (CKMS model hereafter), which has considered a simplified three gluon exchange model for
the Odderon that implies an energy independent cross section. A shortcoming of these analysis
is the large value used for the effective strong coupling constant present in the coupling of the
Odderon to the external particles. As pointed in Ref. [95] the cross sections reported in Refs.
[92, 93] have to be reduced by a factor 30. In Refs. [28, 29] we have considered the approach
proposed in Ref. [92] and used a more realistic value for αs (= 0.3). For completeness we also
have presented the results of the approach proposed in [93].
In Table 2 we present our predictions for the total cross section considering pp collisions
√
at sN N = 8 and 14 TeV. We predict values of the order of pb, with the BBVC prediction
being a factor of ≈ 20 larger than the CKMS one. This large factor of enhancement is directly
associated to the energy dependence present in the BBVC model, which implies that the γh
cross section increases at smaller energies, while the CKMS predicts an energy independent
cross section. It is important to emphasize that the main contribution for the total h1 h2 cross
section comes from small values of ω due to dependence of the equivalent photon spectrum in
the photon energy, which is proportional to 1/ω. Furthermore, the increasing of the photon
√
flux with sN N implies that σ(h1 h2 → h1 ⊗ ηc ⊗ h2 ) also increases with the center-of-mass
energy. In comparison to the cross sections for the J/Ψ photoproduction [18], our predictions
are a factor ≥ 103 smaller, with the difference increasing with the energy due to the Pomeron
exchange present in the J/Ψ production. In Table 3 we present our predictions for the total cross
section considering P bP b collisions at two values of center-of-mass energy. As the photon flux is
proportional to Z 2 , because the electromagnetic field surrounding the ion is very larger than the
proton one due to the coherent action of all protons in the nucleus, the nuclear cross sections
are amplified by this factor. Moreover, our predictions also are amplified by the mass number
A, since in our calculations for the nuclear case we have assumed in a first approximation that
σ(γA → ηc A) = A.σ(γp → ηc p). Consequently, we predict cross sections of the order of µb for the
diffractive ηc photoproduction in P bP b collisions at LHC. Considering the design luminosities at
LHC for pp collisions (Lpp = 1034 cm−2 s−1 ) and P bP b collisions (LPbPb = 4.2 × 1026 cm−2 s−1 )
we have calculated the production rates (See Tables 2 and 3). Although the cross section for the
diffractive ηc photoproduction in AA collisions is much larger than in pp collisions, the event
rates are higher in the pp mode due√to its larger luminosity. In particular, we predict that the
events rate/year for pp collisions at s = 14 TeV should be larger than 65000.
In Table 4 we present our predictions for the total cross sections in the kinematical range
probed by the AFTER@LHC experiment [96]. We predict cross sections for the ηc production
in P bp and P bP b collisions that are a factor ≥ 104 larger than the pp predictions. For the

√
sN N
8 TeV
14 TeV

CKMS
0.55 pb (55000)
0.65 pb (65000)

BBCV
10.10 pb (1 × 106 )
13.90 pb (1.4 × 106 )

Table 2. Cross sections (event rates/year) for the diffractive ηc photoproduction in pp collisions
at LHC energies.
√

sN N
2.76 TeV
5.5 TeV

CKMS
0.30 µb (126)
0.40 µb (168)

BBCV
14.25 µb (5985)
23.59 µb (9912)

Table 3. Cross sections (event rates/year) for the diffractive ηc photoproduction in P bP b
collisions at LHC energies.
h h
√ 1 2
pp ( s = 115 GeV)
√
P bp ( s = 72 GeV)
√
P bP b ( s = 72 GeV)

CKMS
0.05 pb (1000.0)
28.1 pb (31.0)
5870.0 pb (41.0)

BBCV
0.30 pb (6000.0)
356.6 pb (393.0)
74366.0 pb (520.0)

Table 4. Cross sections (event rates/year) for the exclusive ηc photoproduction in pp/P bp/P bP b
collisions at AFTER@LHC experiment.

exclusive ηc production in pp collisions we predict values of the order of a fraction of pb, with
the BBVC prediction being a factor of ≈ 6 larger than the CKMS one. This enhancement is
directly associated to the energy dependence present in the BBVC model, which implies that the
γh cross section increases at smaller energies, while the CKMS predicts an energy independent
cross section. For the ηc production in P bp and P bP b collisions, we predict cross sections of the
order of nb for the exclusive ηc photoproduction in P bP b collisions at AFTER@LHC experiment.
Moreover, we predict that the P bp cross sections are two orders of magnitude smaller than those
predicted for P bP b collisions. In Ref. [29] we have estimated the background associated to the
(γγ)

ηc production in γγ interactions for pp collisions and obtained that σ[pp −→ p ⊗ ηc ⊗ p] = 2.2
pb, which is a factor ≈ 8 larger than the predictions for the ηc production in photon - hadron
interactions. As both processes generate two rapidity gaps in the final state, the detection of the
gaps is not, in a first analysis, an efficient trigger for the separation of the γh production of the
ηc . An alternative is the reconstruction of the entire event with a cut on the summed transverse
momentum of the event. As the typical photon virtualities are very small, the hadron scattering
angles are very low. Consequently, we expect that a different transverse momentum distribution
of the scattered hadron, with γh interactions predicting larger pT values. In contrast, the
background is not present in nuclear collisions, since the maximum γγ center-of-mass energies
in P bp and P bP b collisions are smaller than threshold of production. Considering the design
luminosities at AFTER@LHC for pp (Lpp = 2 × 104 pb−1 yr−1 ), P bp (LPbp = 1.1 pb−1 yr−1 )
and P bP b collisions (LPbPb = 7.0 × 10−3 pb−1 yr−1 ) we can calculate the production rates (See
Table 4). Although the cross section for the exclusive ηc photoproduction in P bP b collisions is
much larger than in pp collisions, the event rates are higher in the pp mode due to√its larger
s = 115
luminosity. In particular, we predict that the events rate/year for pp collisions at √
GeV should be larger than 1000. On the other hand, for P bp and P bP b collisions at s = 72
GeV we predict that the events rate/year should be larger than 30. Although smaller than the

pp predictions, the observation of the ηc production in nuclear collisions would clearly indicate
the existence of the Odderon.
5. Probing Charmoniumlike exotic states at the LHC
In the past eleven years a series of charmoniumlike states X, Y, Z has been announced at various
experimental facilities (For recent reviews see, e.g., Refs. [97, 98, 99]). These exotic mesons are
a class of hadrons that decay to final states that contain a heavy quark and a heavy antiquark
but cannot be easily accommodated in the remaining unfilled states in the cc̄ level scheme. One
of the most interesting exotic states are the charged states, e.g. Z(4430) and Zc (3900), that
clearly have a more complex structure than cc̄ pair, being natural candidates for molecular or
tetraquarks states.
So far, most of the available experimental and theoretical investigations of the charmoniumlike
exotic candidates have been focused on the spectrum and decays or the production in e+ e−
collisions. In order to decipher the nature of these states, more accurate data and new processes
involving these states would be equally important. The search of X, Y, Z charmoniumlike states
by other production processes will not only confirm these observed states, but also will be useful
to study their underlying structures. In the last years, the study of the production of exotic
hadrons in proton - proton [100], heavy ion [101] and photon - hadron [102, 103, 104, 105]
collisions was proposed by several authors. In particular, the results obtained in Refs. [102, 104]
for the photoproduction of charged charmoniumlike states Z(4430) and Zc (3900) indicate a large
enhancement of the cross section near the threshold, which could be considered a signature for
the existence of these states in γp collisions. Unfortunately, as the DESY - HERA ep collider
stopped its operations in 2007, the experimental analysis of these states in photon - hadron
collisions was not possible and remains an open question.
The production of some exotic states in γγ interactions considering pp collisions at LHC
energies was analysed in Ref. [106], which have demonstrated that the experimental analysis of
these states is, in principle, feasible. A similar conclusion was obtained in Ref. [107] for P bP b
collisions. On the other hand, in Ref. [108] we have proposed by the first time the study of
the charmoniumlike exotic states in γp interactions at the RHIC and LHC and demonstrated
that this process provide complementary and independent checks on the properties of the exotic
states, and help to understand their underlying nature. In particular, in Ref. [108] we estimated
the photoproduction of the charmoniumlike states Y (3940), X(3915), Z(4430) and Zc (3900)
in proton - proton collisions at the RHIC and LHC and shown that the prospect to observe
these states is rather promising and thus an experimental analysis is strongly motivated. In this
Section we will briefly review our results for the Zc (3900) photoproduction since the results for
the other exotic states can be obtained in a similar way (For details see Ref. [108]).
The main input in our calculations is the photon - hadron cross section for the production
of the of exotic charmoniumlike state σγp→Hc . Currently the unique available predictions in
the literature [102, 103, 104, 105] were obtained considering an effective Lagrangian approach
combined with the vector meson dominance (VMD) assumption [109]. In this approach
the interaction is described in terms of a meson exchange, which is neutral/charged for the
production of neutral/charged exotic charmoniumlike states. Considering the approach proposed
in Ref. [104] the photoproduction of the Zc (3900)+ in pp collisions is described by the diagram
presented in Fig. 12(a), where we also represent the decay of the exotic meson in a J/Ψ + π +
final state, which we assume to be the dominant channel. The basic idea is that the photon
stemming from the electromagnetic field of one of the incident protons fluctuates into a J/Ψ
which interacts with the other proton through the π + exchange producing a neutron n and a
Zc (3900)+ state which decays in the J/Ψ + π + system. Assuming the VMD model to describe
the coupling between the intermediate vector meson and the photon, an effective Lagrangian to
describe the coupling between the pion and the nucleons and another describing the Zc J/Ψπ
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Figure 12. (a) The pp → pZc+ n → pJ/Ψπ + n process through the π + exchange. (b) The
pp → pJ/Ψπ + n process through the Pomeron exchange.
coupling, the squared amplitude for the process γp → Zc+ n can be expressed by (See Ref. [104]
for details)
|M|2 = C

−q 2 (q 2 − MZ2 c )2 2
FπN N FZ2c J/Ψπ
(q 2 − m2π )2

(18)

where q is the four momentum of the pion exchanged and
C=

√

gZ J/Ψπ e
2gπN N c
MZc fJ/Ψ

!2

(19)

with the couplings gπN N , e/fJ/Ψ and gZc J/Ψπ being respectively determined assuming that
2
+ −
gπN
N /4π = 14, by the decay J/Ψ → e e and by the decay width of Zc → J/Ψπ. In what
follows we assume Γ[Z + → J/Ψπ + ] = 29 MeV as calculated in [110]. Moreover, the form factors
FπN N and FZc J/Ψπ are given by
FπN N =

Λ2π − m2π
Λ2π − q 2

!

, FZc J/Ψπ =

Λ2Zc − m2π
Λ2Zc − q 2

!

(20)

where we assume Λπ = 0.7 GeV and ΛZc = MJ/Ψ for the cut-offs. The resulting γp cross section
is strongly enhanced close to the threshold [104]. This formalism can be directly extended to
take into account the Zc decay in the J/Ψ + π final state. However, as this final state can
also be produced in a γp interaction through the Pomeron exchange, we should include this
background in our calculations. In Fig. 12(b) we present a typical diagram for the background
contribution. Following Ref. [111] we assume that the Pomeron behaves like an isoscalar photon
with C = +1. The corresponding amplitude has a Regge-like energy dependence ∝ sαIP (t)−1 ,
where αIP (t) = 1 + ∆ + α′ t is the Pomeron trajectory, ∆ is the Pomeron intercept, α′ = 0.25
GeV−2 and t is the exchanged Pomeron momentum squared.
In Fig. 13 we present our predictions for √
the rapidity distribution for
√ the production of a
J/Ψ + π final state in pp collisions at RHIC ( s = 0.2 TeV) and LHC ( s = 14 TeV) energies
considering the diagrams presented in Figs. 12 (a) and (b). The cross section for the background,
associated to the Pomeron exchange, has been estimated considering two different values for the
Pomeron intercept ∆ = 0 and 0.08, which determines its energy dependence. At RHIC energy
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Figure 13. (Color online) Rapidity
distribution for the√ photoproduction of a J/Ψ + π final
√
state in pp collisions at RHIC ( s = 0.2 TeV) and LHC ( s = 14 TeV) energies. The solid lines
represent the background associated to the Pomeron exchange for two values of the intercept
∆. The dashed lines represent the sum of the background with the signal associated to the
γp → Zc (3900)+ n → J/Ψπn interaction through π exchange.
these two predictions for the Pomeron contribution are almost identical, while at LHC they differ
by almost 10 % at Y = 0. We predict that the signal dominates the rapidity distributions for
large values of the rapidity |Y |, where we are probing the γp cross section at small values of the
c.m. energy. The resonancelike structure present in the γp cross section, which is a signature of
the Zc+ production, can be directly probed at |Y | ≥ 2.0 (5.5) at RHIC (LHC) energy. A similar
behaviour is predicted in the rapidity distribution for the photoproduction of the Z(4430)+ .
These results shown that the resulting cross sections for the Zc (3900) photoproduction at the
RHIC energy are at 1 nb level, while at LHC are larger by roughly one order of magnitude.
Taking into account the design luminosity at the LHC the number of events has been estimated,
being of the order of 10 events/second for this processes. The results presented in Ref. [108]
indicated that the four exotic states analysed could be copiously produced. Consequently, we
believe that the study of these states at RHIC and LHC is feasible and will provide valuable
information on hadron spectroscopy as well as hadron interactions.
6. Probing the Photon Flux at the LHC
The equivalent photon approximation of a charged pointlike fermion was formulated many years
ago by Fermi [112] and developed by Williams [113] and Weizsacker [114]. In contrast, the
calculation of the photon distribution of the hadrons still is a subject of debate, due to the
fact that they are not point like particles. In this case it is necessary to distinguish between
the elastic and inelastic components (See Fig. 14). The elastic component [Fig. 14 (a)] can
be estimated analysing the transition h → γh taking into account the effects of the hadronic
form factors, with the hadron remaining intact in the final state [115]. In contrast, the inelastic
contribution [Fig. 14 (b)] is associated to the transition h → γX, with X 6= h, and can be
estimated taking into account the partonic structure of the hadrons, which can be a source of
photons (See, e.g. Refs. [34, 116, 117, 118, 119, 120, 121, 122]). Therefore the total photon
distribution of a hadron is given by
γ(x, µ2 ) = γel (x) + γinel (x, µ2 )

(21)

where x is the fraction of the hadron energy carried by the photon and µ has to be identified
with a momentum scale of the photon - induced process. It is important to emphasize that
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Figure 14. (a) Elastic and (b) Inelastic components of the equivalent photon distributions of
a hadron.
while γel is proportional to squared charge of the hadron (Z 2 ), due to the coherent action of all
protons in the nucleus, γinel is proportional to the mass number A. Consequently, for a heavy
nuclei, the total photon distribution is determined by its elastic component. In contrast, for
a proton, both components contribute equally and should be taking into account in the study
of photon - induced processes. Currently, the description of the inelastic component still is an
open question, with the predictions for its x dependence being largely distinct.
The concept of the photon content of a charged fermion is based on the equivalent photon
approximation (EPA) [34, 33], which implies that the photon distribution of a nucleon consist
of two parts: the elastic and inelastic components. A detailed derivation of the elastic photon
distribution of a nucleon was presented in Ref. [115] which can be written as
α
γel (x) = −
2π

2 2

Z

x
− m1−x

−∞

dt
t

(" 

#

)

2m2 x
1
−1 +
2
H1 (t) + xG2M (t)
x
t


,

(22)

where t = q 2 is the momentum transfer squared of the photon,
H1 (t) ≡

G2E (t) + τ G2M (t)
1+τ

(23)

with τ ≡ −t/m2 , m being the nucleon mass, and where GE and GM are the Sachs elastic form
factors. Although an analytical expression for the elastic component is presented in Ref. [115],
it is common to found in the literature the study of photon - induced processes considering
an approximated expression proposed in Ref. [123], which can be obtained from Eq. (22) by
disregarding the contribution of the magnetic dipole moment and the corresponding magnetic
form factor. As demonstrated in Ref. [106] the difference between the full and the approximated
expression is smaller than 5% at low-x. Consequently, in what follows we will use the expression
proposed in Ref. [123], where the elastic photon distribution is given by
γel (x) =

α
π

1 − x + 0.5x2
x

!

3
3
1
11
+ −
+
× ln(Ω) −
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6
Ω 2Ω
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,

(24)

where Ω = 1 + (0.71GeV 2 )/Q2min and Q2min ≈ (xm)2 /(1 − x).
On the other hand, there are different models for the contribution of the inelastic component
of the photon distribution of a nucleon. In Ref. [117], a naive approach to the photon flux
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Figure 15. (Color online) Comparison between the different models for the inelastic photon
distribution for two different values of the hard scale µ2 = Q2 . The elastic component is
presented for comparison.
was proposed, with the photon distribution in the proton being given by a convolution of the
distribution of quarks in the proton and the distribution of photons in the quarks as follows
2

γinel (x, µ ) =

XZ
q

1

x

x
dxq
fq (xq , µ2 )e2q fγ/q ( , Q21 , Q22 ) ,
xq
xq

(25)

where the sum runs over all quark and antiquark flavours and the flux of photons in a quark
fγ/q is given by
fγ/q (z) =

Q2
α 1 + (1 − z)2
log 21 ,
2π
z
Q2

(26)

with Q21 being assumed to be the maximum value of the momentum transfer in the process
and Q22 is assumed to be equal to 1 GeV2 in order to the parton model to be applicable.
Recently, different groups have studied the modification of the Dokshitzer - Gribov - Lipatov
- Altarelli - Parisi equations for the quark and gluon distributions by the inclusion of QED
contributions and have performed global parton analysis of deep inelastic and related hardscattering data [119, 120, 121, 122]. Basically, the DGLAP equations and the momentum sum
rule are modified considering the presence of the photon as an additional point-like parton in the
nucleon. The parametrizations for the photon distribution currently available in the literature
[119, 120] differ in the approach for the initial condition for the photon distribution. While
the MRST group assume that γinel (x, Q20 ) is given by a expression similar to Eq. (25), the
NNPDF group parametrize the input photon PDF and attempt to determine the parameters
from the global data. The preliminary CTEQ analysis presented in Ref. [121] assume a similar
theoretical form for γinel (x, Q20 ) to that proposed by the MRST group, but with an arbitrary
normalization parameter, which is expressed as the momentum fraction carried by the photon.
More recently, a distinct approach for the initial condition for the evolution of the photon
distribution was proposed in Ref. [122], where the authors have proposed that the starting
distribution for the photon PDF should be the total photon distribution, i.e. by the sum of the
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Figure 16. Diffractive quarkonium photoproduction in hadronic collisions associated to the (a)
elastic and (b) inelastic component of the photon distribution of the hadron.
elastic and inelastic components as given in Eq. (21). The main motivation of this approach
is the reduced uncertainty in the input photon PDF, since the major part of the distribution
is given by the elastic component, which is well known. As a consequence of this assumption,
the elastic component is dominant also at large values of the hard scale µ2 (See Fig. 5 in
[122]). Unfortunately, the current data is not sufficient accurate to precisely determine the
initial condition. Thus the current predictions for the inelastic photon component strongly
differ in its x dependence. In what follows we will consider the MRST2004QED and NNPDF
parametrizations, since only these two are currently available to public use. In Fig. 15 we present
the predictions of the MRST2004QED and NNPDF parametrizations for the inelastic photon
distribution considering two different values for the hard scale µ2 . For comparison the predictions
of the Naive approach [Eq. (25)] and the elastic component [Eq. (24)] are also presented. While
the elastic component is independent of the hard scale µ2 , the inelastic component is strongly
dependent, increasing at larger values of µ2 . Moreover, all models predict that the inelastic
contribution is dominant at very small values of x. However, as demonstrated in the figure,
the x-dependence of the inelastic parametrizations is very distinct. This result motivates the
analysis of observables which are strongly dependent on the photon flux.
In Refs. [30, 31] we have proposed to probe the photon flux of a proton in the analysis of
two different processes at the LHC: (a) in the diffractive vector meson photoproduction and (b)
in the dilepton and W + W − production in two - photon interactions. Lets initially present the
basic concepts and main results from Ref. [30]. As discussed before, the diffractive vector meson
production in ultra peripheral heavy ion collisions (UPHIC) have been largely discussed in the
literature in the last years [129, 12, 13, 14, 132, 16, 17, 131, 24, 18, 13, 19, 20, 21, 15, 22, 23].
However, such studies have only considered the process in which the hadron which emits the
photon remain intact represented in Fig. 16 (left panel). In other words, these studies have
assumed that the total photon distribution is dominated by the elastic component and that
the hadron which emits the photon remains intact. Such approximation is reasonable for a
nuclear projectile. On the other hand, for a proton projectile, the magnitude of the contribution
associated to the inelastic component of the photon distribution, where the proton which emits
the photon dissociates, represented in Fig. 16 (right panel), was an open question, discussed by
the first time in Ref. [30]. In Ref. [30] we have estimate the diffractive vector meson production
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√ Rapidity distribution for the diffractive J/Ψ and Υ photoproduction
in pp collisions at LHC ( s = 7 TeV) considering different models for the inelastic component of
the photon distribution. The predictions associated to the elastic component are also presented
for comparison.
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in pp collisions assuming that the cross section for σγp→V p was given by the H1 fit [124]
σγp→J/Ψp (Wγp ) = N



Wγp
90GeV

λ

(27)

where N = 81 ± 3 nb and λ = 0.67 ± 0.03. Moreover, for the Υ production, we assumed that
σγp→Υp = (0.12pb)(Wγp /W0 )1.6 with W0 = 1 GeV, as given in Ref. [19].
In order to estimate the diffractive quarkonium photoproduction associated to the inelastic
component of the photon distribution we should to specify the hard scale µ2 . As can be verified
in the literature, the choice of this scale is a bit ambiguous [117, 125, 126, 119, 120, 127]. In
general it is assumed that it is related to the center-of-mass energy of the photon - induced
subprocess or to a hard scale in the final state. Following previous analysis that demonstrate
that the mass of the vector meson can be considered a hard scale which justifies a perturbative
calculation of its photoproduction, in what follows we will assume that µ2 = MV2 . It is important
to emphasize that larger values of the hard scale increase our predictions, since the magnitude
of the inelastic photon distribution is amplified by the DGLAP evolution. Moreover, in order
to estimate the inelastic component using the Naive approach given by Eq. (25) we will assume
that µ2 = Q21 = MV2 and that the parton distributions are given by the MRST 2001 leading
order parametrization [53]. In Fig. 17 we present our predictions for the rapidity distribution of

√
the diffractive J/Ψ and Υ photoproduction in pp collisions at s = 7 (For more details see Ref.
[30]). We consider three different models for the inelastic component of the photon distribution
and also present the predictions associated to the elastic contribution for comparison. For
the J/Ψ production, we obtain that at midrapidities the NNPDF predictions are a factor ≈ 1.5
smaller than the elastic one. On the other hand, the MRST2004QED predictions are larger than
elastic one, with the Naive predictions being of the same order of the elastic one. The results
presented in Ref. [30] indicated that inelastic predictions obtained using the MRST2004QED
parametrization are larger than the elastic one in the full rapidity range. In contrast, the
NNPDF parametrization implies that the inelastic contribution is larger than the elastic one
at large rapidities. These behaviours are directly related to the x-dependence of the inelastic
2 , since at large rapidities we are probing
component of the photon distribution for µ2 = MJ/Ψ
larger values of x. For the Υ production, we now obtain that at midrapidities the inelastic
NNPDF prediction is of the same order than the elastic one. Moreover, we obtain that the
inelastic predictions dominate at large rapidities.
Lets now review the results presented in Ref. [31], where we have proposed to probe the
photon flux in two - photon interactions (For related studies see Refs. [133, 134]). Following
Ref. [128] we will write the cross sections for the γγ production of a final state F (= W + W − or
µ+ µ− ) of invariant mass M = Wγγ in a factorized form:
σ = Lef f (M 2 , Y )σ̂(M 2 )

(28)

where σ̂ is the cross section for the hard subprocess γγ → F and Lef f is the effective photon photon luminosity for the production of the system F at rapidity Y . The effective luminosity is
given in terms of the photon distribution of the incident hadrons as follows
∂Lef f
= x1 γ(x1 , µ2 ) · x2 γ(x2 , µ2 ) .
∂Y ∂ ln M 2

(29)

The photon distribution of a nucleon consist of two parts: the elastic and inelastic components.
In the elastic case, we have the coherent emission of photons from the hadron, without the
dissociation of the incident hadron. In contrast, in the inelastic case the photons are emitted
by the quarks and antiquarks present in the hadrons, and the incident hadron is excited in a
low-mass state. Consequently, we can define three different classes of γγ events: (a) the elastic
processes, where the final state F is produced with the two incident hadrons remaining intact,
and the effective luminosity is proportional to x1 γ el (x1 , µ2 ) · x2 γ el (x2 , µ2 ); (b) the semielastic
processes, where one of the incident hadrons remain intact and the other dissociates, with
Lef f ∝ [x1 γ el (x1 , µ2 ) · x2 γ inel (x2 , µ2 ) + x1 γ inel (x1 , µ2 ) · x2 γ el (x2 , µ2 )] and (c) inelastic processes,
where the two incident hadrons dissociates and Lef f ∝ x1 γ inel (x1 , µ2 ) · x2 γ inel (x2 , µ2 ). These
three classes are represented in Fig. 18. In all these processes, the final state will be characterized
by the presence of the state F and two rapidity gaps, with the hadrons or the low-mass hadron
beam fragments travelling in the beam direction.
In principle, these different processes can be separated by the tagging of the two very forward
scattered hadrons and by the requirement of the presence of large rapidities gaps in the central
detector. Unfortunately, forward detectors were not available during Run I of the LHC, and
the next run starting in 2015 is going to produce a sizeable pile-up obliterating the observation
of rapidity gaps. Therefore, experimental separation of those contributions is a hard task and
demands better knowledge of final-state kinematics in an observed event. In Run I, the CMS
Collaboration have separated the signal of two-photon production of pairs (W + W − and µ+ µ− )
by selecting lepton tracks from the information recorded in the tracking system, which can be
used to analyze exclusive events even in a scenario with large number of interaction per bunch
crossing (high pileup). Offline, events have been selected with no additional tracks associated
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Figure 19. Rapidity and invariant mass distributions for the W + W − production considering
the MRSTQED and NNPDF parametrizations. The prediction for elastic processes is presented
for comparison.
to the ℓ+ ℓ− vertex. Since both elastic and non-elastic processes contribute in this case, we have
higher photon luminosities, although larger uncertainties in the theoretical predictions, due to
the lesser theoretically controlled inelastic photon flux. Currently, there is a great expectation
due to the installation of the CMS-TOTEM Precision Proton Spectrometer (CT-PPS) [32],
which will be setup in a first stage in one of the CMS sides at about 200 metres from the
interaction point. Certainly, this new detector will improve the analysis of exclusive processes
and allow us to access a variety of physics topics at high luminosities. However, a precise
determination of the semielastic contribution will be still fundamental before the search of New
Physics in two-photon processes.
Lets now estimate the rapidity and invariant mass dependencies of the cross sections for the
+
µ µ− and W + W − production in two-photon interactions. In Fig. 19 we present our predictions
for the rapidity distributions for the µ+ µ− (left panel) and W + W − production considering the
MRSTQED and NNPDF parametrizations, as well as the prediction for elastic processes. In
the case of µ+ µ− production we have that the MRSTQED and NNPDF predictions for the
rapidity distributions differ significantly. In comparison to the elastic contribution, we have
that the semielastic MRSTQED prediction dominates at central rapidities and the NNPDF one
dominates for√large values of rapidities, with the inelastic contribution being a factor ≈ 4 smaller
for Y = 0 at s = 7 TeV. Such distinct behaviours make the analysis of the rapidity distribution
ideal to discriminate between the different models for the inelastic photon distribution. In Fig. 19
(right panel) we present the corresponding distributions for W + W − production. In this case the
shape of the rapidity distributions predicted by the MRSTQED and NNPDF parametrizations
are similar, differing only in its magnitudes, which are much larger than the prediction for
elastic processes at central rapidities. Such dominance also is present in the invariant mass
distributions.
The results presented in Ref. [31] and briefly reviewed in this Section demonstrated that the
distinct models for the inelastic photon flux implies very distinct behaviours for the effective
photon - photon luminosities and differential cross sections. It implies that the use of the two-

photon particle production mechanism to search rare events will be not a easy task before the
determination of the correct description of the inelastic photon distribution. In particular, since
in a first moment only one of the very forward detectors of CT-PPS will be installed, which
would not eliminate the semielastic processes. Our results indicated that the analysis of the
rapidity distribution for µ+ µ− production can be a discriminator among the possible models for
the photon distribution. In particular, the determination of the distribution for central rapidities
already differentiate the distinct models. Finally, we believe that the analyses carried out with
the data of the two-photon production of pairs, in conjunction with the exclusive vector meson
production discussed in Ref. [30], will allow us to precisely determine the adequate description
of the photon distribution, which still is an important open question in High Energy Physics.
7. Conclusions
In this contribution we have discussed the photon induced interactions which can be analysed
in hadronic colliders. In particular, we have demonstrated that several open questions which
remain in the Standard Model can be studied at the LHC, assuming it as a photon collider. The
recent experimental results obtained by RHIC and LHC colliders have demonstrated that the
analysis of these interactions is feasible, which has motivated the theoretical improvement of the
description of inclusive and exclusive photon - hadron interactions. Our results indicate that
at the LHC we can probe the gluon distribution at small-x, the QCD dynamics, the Odderon,
the production of Charmoniumlike exotic states and the photon flux of the proton. Such results
demonstrate that photon induced interactions are an important laboratory for the hadronic
physics.
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