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- verification of what we know or new physics?
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The theoretical predictions presented in this work are integral to the ongoing and planned experiments at RHIC and CERN-LHC laboratory.
The innovation of the research lies in the possibility of making distributions of many measurable kinematic variables, which are often key to
better understanding the reaction mechanism, rather than being limited to presenting only the value of the total cross section. The presented
aspect of the research can be used to plan future experiments as well as to interpret already existing experimental results. The correctness of
the results is strongly influenced by the type of nuclear form factor used.
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1. Introduction

Nuclei with Ze charge moving at ultrarelativistic speed are
surrounded by a strong electromagnetic field. The interac-
tion between the nuclei is due to the exchange of photons -
electromagnetic field carries. A small value of photon vir-
tuality, Q2 ≤ 1/R2 ∼= 800 MeV2 (assumingR = 7 fm),
qualifies photons as quasi-real particles. In collisions of two
nuclei, photon-nucleus and photon-photon collisions occur.
The Equivalent Photon Approximation (EPA) in heavy-ion
collisions is an approach used mainly for ultraperipheral col-
lisions (UPC,ang. UltraPeripheral Collisions). As has been
explored, the approximation can be successfully applied also
to describe more central cases.

The equivalent photon approximation is a commonly ap-
plied method that is used to determine the probability on the
production of particles that are created as a result of ultra-
peripheral collisions of heavy ions, Ref. [1-3]. The creators
of the theory, E. Fermi, Ref. [4] and independently C. von
Weizs̈acker and E. Williams, Ref. [5,6] demonstrated a way
to replace the electromagnetic field of a fast moving charge
by the spectrum of photons.

The total cross section, expressed in impact parameter
space, Fig. 1, Refs. [1,7], is given as:

σA1A2→A1A2X1X2 =
∫

σγγ→X1X2 (Wγγ)N (ω1,b1)

×N (ω2,b2)S2
abs (b)

Wγγ

2

× dWγγ dYX1X2 dbx dby d2b , (1)

whereN(ωi,bi) is the flux of photon with energyωi, Wγγ =
MX1X2 andYX1X2 = (yX1 + yX2) /2 are invariant mass and
rapidity of theX1X2 system. Energies of photons emitted
from the nucleus and invariant mass of the pair of particles
satisfy the relation:

FIGURE 1. Perpendicular view in the direction of the collision of
two ions. The blue point indicates the place of interaction of two
photons and at the same time the place of creation of a pair of parti-
cles. Vectorsb1, b2 andb specify quantities occurring in the impact
parameter space. Vectorsbi are hooked in the centre of the nucleus.
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is the so-called transverse mass of the particles andPT,X1X2

is the vector sum of the transverse momentum of the particles.
The vectorbi defines the distance between the centre of the
nucleus and the photon interaction point, Fig. 2b). The im-
plementation of the formulas in the impact parameter space
is based on the relation:

b = b1 − b2 . (4)
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Additionally, in Eq. (1) the quantitiesbx andby are com-
ponents of the(b1 + b2)/2 vector:

bx = (b1x + b2x)/2 and by = (b1y + b2y)/2 . (5)

S(b) - the survival factor (absorption factor) depends on the
impact parameter and with a good approximation can be ex-
presses by the radius ofA andB nuclei:

S(b) ≈ θ(b−RA −RB) . (6)

The absorption factor plays a key role in the UPC, as it ex-
cludes cases where nuclei break up as a result of their colli-
sion. The photon flux,N(ω, b), appearing as a primary com-
ponent of the EPA model, Refs. [1, 8], is expressed by the
nuclear form factor,F (q2), which depends on the photon vir-
tuality:

N(ω, b) =
Z2αem

π2

1
bω

×

∣∣∣∣∣∣∣∣

∫
du u2J1 (u)

F

(
(ωb

γ )2
+u2

b2

)

(
ωb
γ

)2

+u

∣∣∣∣∣∣∣∣

2

. (7)

Here,γ is the Lorentz factor. Treating the nucleus as a point
charge, the photon flux is expressed by a modified Bessel
function of the second kind:

d3N(ω, b)
dωd2r

=
Z2αemX2

π2ωr2
K2

1 (X) , (8)

whereω is the energy of emitted photon,b - distance between
a photon and the centre of the emitting nucleus in the impact
parameter space, and theX = bω/γ parameter takes rela-
tivistic effects into account. The analyses were performed
for the most realistic description of the nucleus by applying
the Fourier transform of the charge distribution:

Freal(q2) =
4π

q

∫
ρ(r) sin(qr)rdr . (9)

The two-parameter Fermi distribution (also called the
Woods-Saxon charge distribution), Ref. [9], is normalized to
the atomic number.

2. Light-by-light scattering

In Maxwell’s classical theory, photons do not interact with
each other,i.e. no γγ → γγ type process can occur.
At the classical level, two electromagnetic waves in vac-
uum overlap and pass through each other without scatter-
ing. Already in 1933 it was suggested, Ref. [10], that virtual
electron-positron pairs are the source of photon-photon scat-
tering. Further analysis led to the Euler-Kockel-Heisenberg
Lagrangian, which modifies the classical Maxwell equations
in vacuum by nonlinear conditions, Ref. [11]. Quantum the-
ory states thatγ-quanta can interact through quantum fluctu-
ations. Elastic light-by-light scattering in LO and NLO has

FIGURE 2. Light-by-light mechanisms. a) Lepton and quark loop,
b) W boson exchange loop (spin1), c) VDM-Regge mechanism
and d) two-gluon exchange.

has been discussed many times in the literature, Ref. [12-14],
while it has never been measured experimentally before (be-
fore the date of the theoretical analysis,i.e. 2016). For ex-
ample, ine+e− collisions, the energy of the subprocess as
well as the photon to electron coupling is relatively small, so
the corresponding cross section is difficult to measure. The
enhancement of the cross section by the charge of heavy ions
(∝ Z2

1Z2
2 ) gave a premise for the possibility to obtain opti-

mistic predictions.

Performing a comprehensive analysis of the process re-
quires consideration of as many mechanisms as possible that
contribute to a given final state. Predictions for nuclear light-
by-light scattering have considered contributions from:

• Fermionic loop, Fig. 2a). The amplitude for the so-
called boxes was calculated using theFormCalc
software [15] and theLoopTools library [16] in
Mathematica . The grid for the given photon
polarization vectors, taking into account the four-
momentum of incoming and outgoing photons, was
used to determine the elementary cross section,γγ →
γγ. The obtained result for the lowest order QED
mechanism is identical to the distributions determined
by other methods, Refs. [13,14,17]. Including the
QCD and QED corrections (two-loop Feynman dia-
grams), Ref. [14], in the ultrarelativistic approximation
(ŝ, |t̂|, |û| À m2

f ) gives a small numerical correction
compared to the main contribution.

• Loop withW± boson exchange, Fig. 2b), Ref. [18].

• VDM-Regge (Vector Dominance Model), Fig. 2c),
Ref. [19]. Both photons in the initial state fluctuate to
a virtual vector meson (three light mesons are consid-
ered,i, j = ρ, ω, φ). The interaction between photons
occurs only when each photon is in one of the three
considered hadronic states. The characteristic parame-
ters for the VDM-Regge model were determined using
the standard Regge factorization and the Donnachie-
Landshoff parameterization, Ref. [20-22].
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• Two-gluon exchange, Fig. 2d), Ref. [23]. The three-
loop mechanism considers 16 diagrams that differ in
the configuration of gluon coupling to a given loop.
The amplitude defined in the interaction coefficient
representation,J , Ref. [24,25], depends on the trans-
verse momentum transferq. The parametrization of
the momentum loop has occurred such that the gluons
carry a transverse momentumq/2± κ.

• The decay of resonances, Fig. 2f), Ref. [26].

The first measurement of two photon production was
made in ultraperipheral heavy ion collisions. The ATLAS
group made the first experimental verification, Ref. [27], a
theory predicted more than 80 years ago, Ref. [28]. Exper-
imental distributions of invariant mass and acoplanarity are
compared with results determined according to the theoret-
ical model presented in Sec. 2 (red lines in Fig. 2). Com-
parison of theoretical and experimental total cross sections
taking into account experimental cuts,i.e. Mγγ > 6 GeV,
pt,γ > 3 GeV, |ηγ | < 2.4, Pt,γγ < 2 GeV, Aco < 0.01,
looks as follows:

σtheory
PbPb→PbPbγγ = 51± 0.02 nb ,

σATLAS/2017
PbPb→PbPbγγ = 70± 20stat.± 17syst.nb;

Ref. [30] ,

σATLAS/2019
PbPb→PbPbγγ = 78± 13 stat.± 7syst.± 7lumi.nb;

Ref. [31].

Subsequent measurements were associated with
higher statistics and extension of the invariant range:
σtheory

PbPb→PbPbγγ = 103± 0.034 nb vs σCMS
PbPb→PbPbγγ =

120 ± 46 stat.± 28 syst. nb [30],σtheory
PbPb→PbPbγγ = 80±

0.033 nb vsσ
ATLAS/2020
PbPb→PbPbγγ = 120 ± 17 stat.± 13 syst. nb

[31].
Current experimental capabilities allow the measurement

of light-by-light scattering in the UPC for the invariant mass
rangeMγγ > 5 GeV, Ref. [30, 31]. Below this limit, in ad-
dition to fermion diagrams, the decay ofη, η′(958), ηc(1S),
ηc(2S), χc0(1P ) resonances plays a non-negligible contri-
bution to theγγ, Ref. [26]. The amplitude of theγγ →
R → γγ process for the resonance in thes channel was de-
termined according to the formula discussed in Ref. [32]. Al-
though the inclusion of resonances int andu channel leads
to a broad continuum, these contributions are several orders
of magnitude smaller than the contribution for channels,
Ref. [26]. The masses and decay widths of pseudoscalar and
scalar mesons were taken from PDG [33].

A completely new issue, not previously considered in the
literature, was the consideration of the pionic background
from the γγ → π0(→ γγ)π0(→ γγ) process, where the
measurable photon comes from the decay of another pion,
Ref. [34]. An excellent description of the Belle [35] and

Crystall Ball [36] data for theγγ → π0π0 process is given in
Ref. [32]. The correctness of the data description is based on
the consideration of nine resonances, meson exchange in the
t-channel and the so-called pQCD contributions. The results
of the analysis carried out, Ref. [32], are the only correct in-
terpretation of the data for the production of a pair of charged
and neutral pions in the full energy range. The nuclear cal-
culations were based on the calculation of the dense three-
dimensional grid in the rapidity of each pion and its trans-
verse momentum, Eq. (10). The radiative decays of both pi-
ons were considered in the Monte Carlo code. The pions are
mesons with spin 0, so the decay was treated as an isotropic
decay in the rest system of the decaying pion. The kinematic
distributions of the photons were defined by transforming the
variables to the photon laboratory system (nucleus-nucleus
centre-of-mass system). Different kinematic cuts were ap-
plied to the photons to extract the possibility of measuring a
pure signal.

Predictions targeting Run3@LHC have been made for the
acceptance of the two-photon state measurement, taking into
account the energy resolution of the measurement. The possi-
bility of two photons detection in central rapidity for the AL-
ICE experiment (|ηγ | < 0.9 andEt,γ > 0.2 GeV), Ref. [37],
and in the so-called forward direction for the LHCb experi-
ment (2 < ηγ < 4.5 andEt,γ > 0.2 GeV). For the measure-
ment of photons in ALICE, the electromagnetic calorimeters
EMCal and PHOS or the photon conversion method (PCM)
are used. Photons transform intoe+e− pairs and are recon-
structed by detecting the tracks of two leptons. The advan-
tage of electromagnetic calorimeters is their high capabil-
ity, but unfortunately they have a limited range of solid an-
gle. Measurement with the PCM covers the full solid an-
gle, but has a reduced efficiency. The possibility of a hy-
brid measurement was assumed, in which one photon is de-
tected by the calorimeter and the other is reconstructed by the
PCM. For ALICE, the energy resolution was set to a level of
σEγ /Eγ = 1.3% and in the case of the LHCb experiment a
parameterization was used, Ref. [38]:

σEγ

Eγ
=

0.085√
Eγ

+
0.003
Eγ

+ 0.008 , (10)

whereEγ is the energy of a single outgoing photon. It should
be emphasized that for a massless particle,pt,γ andEt,γ kine-
matic variables are identical. Similar relation is observed be-
tween rapidity and pseudorapidity of the photon.

A summary of the contributions to theγγ state that come
from fermion loops, meson decays and the pionic back-
ground, Table I, shows that the largest cross section occurs
for the production of theη resonance. Although the con-
tribution coming from the pionic background exceeded the
fermion signal (in the range up toMγγ = 2 GeV), with suf-
ficiently good measurement statistics, it is possible to mea-
sure the signal coming from theη meson. Above the limit,
Mγγ = 2 GeV, the unwanted two-pionic background is no
longer a leading contributor to the total cross section. The
prediction phase space was limited toMmax

γγ = 5 GeV. The
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FIGURE 3. Differential cross section as a function of a photon pair
invariant mass. Predictions were made for the indicated kinematic
cuts:2 < ηγ < 4.5 andpt,γ > 0.2 GeV. Results with energy reso-
lution parametrization, Eq. (10). “Boxed” signal - black solid line,
two-pionic background - blue dashed lines, meson decay - solid
green line.

TABLE I. Total nuclear cross section in [nb] for ultraperipheral Pb-
Pb collisions at energy

√
sNN = 5.02 TeV.

Energy Wγγ = (0− 2) GeV Wγγ > 2 GeV

Kinematic cutting ALICE LHCb ALICE LHCb

boxes 4 890 3 818 146 79

tło π0π0 135 300 40 866 46 24

η 722 573 568 499 - -

η′(958) 54 241 40 482 - -

ηc(1S) - - 9 5

χc0(1P ) - - 4 2

ηc(2S) - - 2 1

determination of the split results presentation atMγγ =
2 GeV arose from the desire to reduce the background in the
invariant mass range, where it dominates.

The mass distributions of the invariant photon pair, taking
into account the kinematic constraints of ALICE and LHCb,
are similar in normalization and shape. Two distinct peaks
originating from the decay of theη and η′ meson are ob-
served, Fig. 3. AboveMγγ = 2 GeV there will be a pos-
sibility to detect two photons, which will come from a pure
signal and should not be disturbed by the pionic background.
Taking into account the energy resolution does not change
the total cross section, but results in a reduction of the maxi-
mum value of the distributions, Fig. 3b). The effect is clearly
visible for low-energy resonant contributions.

Appropriate signal correlations were introduced to reduce
the pionic background, which were quantified using scalar
and vector asymmetry:

AS =
∣∣∣∣
|pt,γ1

| − |pt,γ2
|

|pt,γ1
|+ |pt,γ2

|

∣∣∣∣ , AV =
|pt,γ1

− pt,γ2
|

|pt,γ1
+ pt,γ2

| . (11)

The formalism used assumes thatpt,γ1
= pt,γ2

. The scalar
asymmetry,AS , is a measure of the relative difference in the
transverse momenta of the photons. Due to the finite value
of the energy resolution, the value ofAS is non-zero for two
oppositely directed photons. The vector asymmetry reflects
the convolution of the experimental energy resolution and the
azimuthal angle measurement. The implementation of an az-
imuthal angle resolution of2% allows for a quantitative rep-
resentation of the correlation of the two defined asymmetries.
The results for the signal, Fig. 3a), and for the pionic back-
ground, Fig. 3b), show the relation:AV > AS . The distribu-
tion for photon background pairs derived fromπ0π0 decays is
an order of magnitude broader compared to the signal distri-
bution. Careful selection of constraints on the asymmetry pa-
rameters results in a significant reduction of the background
and an increase in the signal-to-background ratio, while neg-
ligibly changing the signal.

The signal is extracted by using the scalar asymmetry as
the separation variable. Normally, a one- or two-dimensional
distribution of signal and background, Fig. 4a), is fitted to
the intervals of the separation variable and successively trans-
formed to a distribution in another measurable quantity. Here
the one-dimensional analysis is based on the mass distri-
bution of an invariant photon pair, Fig. 4b). The separa-
tion variable is divided into three independent areas:AS =
(0, 0.02), (0.02, 0.04), (0.04, 0.06), which are marked in
red, green and grey in Fig. 4a), respectively. The signal area
defined by the interval0 < AS < 0.02 contains about95%
of the events originating from the signal. The remaining5%
is distributed in further areas of scalar asymmetry. At the
same time, less than10% of the pionic background is con-
centrated in the firstAS interval. The reduction of the back-
ground at the limit0 < AS < 0.02 is indisputably noticeable
in the invariant mass distribution of the two photons, Fig. 4b).
However, although the considered cut has reduced the back-
ground by a factor of10 this contribution still dominates in
the invariant mass rangeMγγ < 2 GeV. Extracting the signal
in the mass range where the largest background cross section
appears,i.e. Mγγ ≈ 1.2 GeV, is possible using the mul-
tidimensionalsideband subtractionmethod, Ref. [38]. The
quantitative results of signal efficiency and background sup-
pression are dependent on the statistics data available in the
analysis. Analogous calculations can be performed as a func-
tion of the rapidity or transverse momentum of a single pho-
ton.

The theoretical analysis of the light-by-light scattering,
Refs. [19,23,34], has been extended to include the predic-
tions for Run3&Run4i@LHC, Ref. [39]. Summary of distri-
butions for lead-lead (

√
sNN = 5.52 TeV) and argon-argon

collisions (
√

sNN = 6.3 TeV) with planned acceptance pa-
rameters indicates real possibility to measure photon signal
in the range of invariant mass:Mγγ = (2− 5) GeV. In the
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FIGURE 4. a) Distribution of scalar asymmetry of signal and pionic background. b) Distribution of invariant mass of two photons with
limitation on scalar symmetry. Signal - solid line, two-pionic background - dashed lines.

case ofAr − Ar collisions, the cross sections are about two
orders of magnitude smaller than those predicted forPb−Pb
collisions. This is a direct result of smaller electric charge of
argon nucleus,ZPb/ZAr ≈ 430. Assuming dedicated lumi-
nosity forAr−Ar collisions in the rangeL = (3−8.8) pb−1,
one obtains possibility of1460− 4280 events for ALICE ex-
periment and11− 34 events for LHCb. The estimation con-
cerns the invariant mass range, where the two-pionic back-
ground does not play an important role,i.e. Mγγ > 2 GeV.

3. Four-lepton productions

The production of two electron pairs in ultraperipheral heavy
ion collisions was studied in full phase space,i.e. without im-
posing a limitation on kinematic variables, Ref. [40]. Formal-
ism taking into account the integral over the impact parame-
ter allows determining the value of the total cross section and
the distribution of the impact parameter. The significant cross
section comes from small values of the transverse momen-
tum of the lepton. Unfortunately, such smallpt,e cannot be
measured with available detectors. The presented analysis,
Ref. [41], represents the first description of the production
of double scattering of two electron-positron pairs in a UPC
including kinematic restriction dictated by experimental re-
quirements. The aim of the study was to make predictions
that are likely to be verified experimentally at the LHC. It is
worth mentioning that so far no double scattering mechanism
has been verified in ultraperipheral heavy ion collisions.

Before performing calculations for the production of two
electron-positron pairs, the formalism defined in Eq. (9) was
verified by comparing theoretical results with experimental
ALICE data, Ref. [42], for thePbPb → PbPbe+e−. The
theoretical result, based on the equivalent photon approxi-
mation, correctly describes the available experimental data,
Fig. 5. The implemented lowest order of the QED perturba-
tion calculus seems to be sufficient and no higher order cor-

rections are necessary. Corrections from the Coulomb effect
have been discussed many times, Refs. [43-48]. However, the
analysed models have not taken into account the possibility
of imposing experimental limitation, which is a key aspect of
the research. The situation looks even more complicated for
double scattering. The problem should be returned to when
the first data for theA1A2 → A1A2`

+`−`+`− process ap-
pears.

After a successful verification of the theoretical model for
the electron-positron pair production, calculations were per-
formed for the production of double scattering ofe+e− two
pairs, Ref. [41]. Table II contains the number of events for
thePbPb → PbPbe+e−e+e− process at

√
sNN = 5.5 TeV

FIGURE 5. Elementary cross section for the production of two (dot-
ted line) and four muons (dashed line). Results for the muon trans-
verse momentum are shown with different conditions on the phase
space:pt,µ > 0, 0.2, 0.5 and1 GeV.
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TABLE II. Number of events for thePbPb → PbPbe+e−e+e−

process at collision energy
√

sNN = 5.5 TeV. Results are given for
different cuts on the rapidity and transverse momentum of a single
electron/positron. Assumed:L = 1 nb−1. Results are from the
Ref. [41].

Limitation Nevents

pte > 0.2 GeV 52 525

pte > 0.2 GeV, |ye| < 2.5 10 636

pte > 0.2 GeV, |ye| < 1 649

pte > 0.3 GeV, |ye| < 4.9 7 447

pte > 0.3 GeV, |ye| < 2.5 2 052

pte > 0.5 GeV, |ye| < 4.9 704

pte > 0.5 GeV, |ye| < 2.5 235

pte > 1.0 GeV 25

pte > 1.0 GeV, |ye| < 4.9 23

pte > 1.0 GeV, |ye| < 2.5 10

pte > 1.0 GeV, |ye| < 1 1

collision energy. Results are given for different kinematic
limits imposed by the ALICE, ATLAS and CMS experi-
ments. For example, the ALICE main detector allows identi-
fication of particles practically frompt,e > 0.2 GeV. ATLAS
detector measures leptons in the rapidity range:|ye| < 2.5ii

and with the limit: pt,e > 0.5 GeV. As a final results, the
statistics of the event collected by ALICE are∼ 45 larger
than those calculated for the ATLAS detector conditions. The
number of particles decreases drastically with a higher limi-
tation on the given kinematic variables. However, it does not
change the fact that even a detector with relatively narrow ra-
pidity range (|ye| < 2.5) andpt,e > 0.3 GeV could make
the first measurements of the four-lepton state (e+e−e+e−)
in the UPC with a successful detection of more than2 000
cases (assuming the value of luminosity:L = 1 nb−1).

The cross section for the leptons production is strongly
dependent on the collision energy, Fig. 5. At relativistic en-
ergies,

√
sNN = 50 GeV, the cross section for production

of two electron-positron pairs is of the order of1 nb for
the cutoffpt,e > 0.3 GeV and20 orders smaller for cutoff
pt,e > 2 GeV. That is, the largerpmin

t,e , the greater the differ-
ence in the cross sections for the production of one and two
e+e− pairs. This drastic difference becomes blurred for ul-
trarelativistic collisions of heavy ions (

√
sNN ≥ 100 GeV).

Both cross section increase rapidly with increasing collision
energy. However, the result for the double scattering mecha-
nism increases faster than for single photon fusion. A similar
effect was also observed forcc̄cc̄ production in proton-proton
collisions, Ref. [49].

A potential background for the process under consid-
eration is the production of four charged pions. The
π+π− pairs may originate from the decay of twoρ0(770)
mesons formed as a result of two-photon fusion, Ref. [7],
as well as from the double scattering mechanism of the

ρ0(770) meson, Ref. [50]. By equating the four-pionic
contribution (derived from the vector meson photoproduc-
tion) to the e+e−e+e− production, it was found that the
total cross section depends very strongly on the limit on
the transverse momentum of the particle. The ratio of the
cross sectionsσ(PbPb → PbPbe+e−e+e−)/σ(PbPb →
PbPbπ+π−π+π−) for given limits on transverse momen-
tum, looks as follows:pmin

t = 0.3 GeV→ 0.2%, pmin
t =

0.5 GeV → 8%. The greaterpmin
t value, the greater the

chance of measuring four leptons. Knowing contributions
from the pionic background, it seems possible to remove this
“unwanted” contribution by an appropriate selection of vari-
ables.

The performed analysis, Ref. [41], showed that at a suf-
ficiently high luminosity value, it seems possible to mea-
sure for the first time the double scattering process of two
electron-positron pairs in UPC. Detection of two electrons or
two positrons (particles with the same charge) would already
be a clear signal of the double scattering mechanism. There-
fore, it was valuable to analyse the distribution of the rapidity
distance of two out four produced leptons,ydiff = ye+−ye−

or ydiff = ye± − ye± . The distributions for a pair with the
same charge have a wider distribution regardless of the limit
on the transverse momentum of the lepton. It is assumed
that electron and positron created from the same scattering
have the same values of transverse momentum. By imposing
a restriction to exclude back-to-back production cases, one
can expect to measure electron/positron coincidences from
different scattering. Similarly, making predictions for triple
scattering is possible, but the cross section will be suppressed
by several orders of magnitude.

The lepton scattering analysis was also performed for two
muon pairs, Ref. [51]. The results are compared with a mech-
anism not yet considered in the literature - four leptons direct
production, Fig. 6b). The distributions for the elementary
cross section,γγ → µ+µ−µ+µ−, were determined by using
the power ofKATIE [52] and theAVHLIB library [53]. The
event generator in general is intended for processes in which
the initial states (here photons) have a clear dependence in
the transverse momentum. The implementation of several
corrections has made it possible to move from hadron scat-
tering (at the parton level) to a scattering model for photons,
which are treated as particles on a mass shell. The ampli-
tude of the process with four particles in the final state was
calculated numerically using recursive methods, thus keeping
the computational complexity under control, Ref. [51]. The
σ(γγ → µ+µ−µ+µ−; W ) grid obtained with the generator,
taking into account the limit on the transverse momentum of
a single muon, was implemented into a code calculating the
nuclear cross section in UPC in the impact parameter space.

The single scattering mechanism is understood as a di-
rect creation of particles inγγ fusion. Comparison of to-
tal elementary cross sections forγγ → µ+µ− andγγ →
µ+µ−µ+µ− processes shows dependence on the value of
pmin

t , Fig. 5. For production of one pair of muons, the value
of the cut on transverse momentum of the lepton is signifi-
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FIGURE 6. Differential cross section for theγγ → µ+µ−µ+µ− process. a) Rapidity, b) difference in rapidity of muon of opposite charge
and c) difference in rapidity of muons of the same sign are shown for a fixed energy value,Wγγ = 5, 10, 20 GeV, solid, dashed and dotted
line respectively.

cant at small values ofWγγ . For production of four muons,
the bigger value ofpmin

t , the smaller cross section in the
whole energy range. At the same time, it should be noted
that the cross section for production of a single pair of muons
is about ten times larger atWγγ = 20 GeV and at least four
orders of magnitude larger for lower energy values compared
to σγγ→µ+µ−µ+µ− .

The direct production of two muon pairs is a new mech-
anism that has never been analysed before. Muon rapidity
distribution, Fig. 6a), clearly shows that muons originating
from the four-body final state, Ref. [51], are predominantly
produced in the forward/backward direction. The spectrum
broadens with increasing energy. With increasing value of
Wγγ , the maximum of the distribution shifts towards larger
values of rapidity. It follows that the muon scattering angle
increases for higher energies. From the distribution in the dif-
ference of muon rapidity [particles with the same, Fig. 6b),
and opposite sign of charge, Fig. 6c)], respectively) it is de-
duced, that the maximal value of the probability of produc-
tion of four muons is in the case, when muonsµ+ andµ−

are moving exactly in opposite directions in a perpendicular
plane and muons of the same charge sign move in the same
direction at large rapidity distances.

The analysis of the production of four leptons via the
double scattering mechanism, Fig. 6c), Ref. [41], has been
extended to include results for muons, Ref. [51]. A qual-
itative comparison of the cross sections was performed us-
ing the invariant mass distribution of four muons, Fig. 6a).
By imposing a limit on the transverse momentum of each
muon, one notices a strong dependence on the value of cuts
independently of the considered production mechanism of
µ+µ−µ+µ−. Since the result for double scattering produc-
tion, γγ → µ+µ− ⊗ γγ → µ+µ− (DS, double scattering),
turns out to be unbeatable, the first experimental measure-
ment of four leptons produced as a result of an ultraperipheral
collision of heavy ions should not include cases coming from
the single scattering process,γγ → µ+µ−µ+µ− (SS, single
scattering). In addition, the distribution of the rapidity differ-
ence, Fig. 7b), shows a strong correlation of muons coming
from the same scattering,i.e., muons with opposite charge

FIGURE 7. Nuclear differential cross section as a function of in-
variant mass of four muons. Comparison of contributions for the
mechanism of production of one pair of muons (legend:µ+µ−),
two pairs of muons coming from single scattering (legend: SS)
and from double scattering (analogously as it was done for the
production of two pairs ofe+e−; legend: DS). Collision energy:√

sNN = 5.02 TeV.

signs. The corresponding distribution for these cases reaches
maximum inydiff = yµ+ − yµ− = 0. No similar correlation
is expected for muons of the same sign. The cross section
for the production of one muon pair is about three orders of
magnitude larger than for the creation of four muons coming
from the double scattering mechanism. It was not possible
to show the distributions inydiff for the direct production of
four leptons (SS). This is due to the organization of nuclear
calculations and the method of determining the elementary
cross section, Eq. (11). The map prepared with theKATIE

generator determined the dependence of the cross section on
the energy for a fixed limitation on the muon transverse mo-
mentum. Preparation of a more detailed, multidimensional
map, which could be used to determine the nuclear cross sec-
tion e.g. as a function of differential rapidity, was beyond the
scope of the performed analysis. This fact seemed justified
given the following comparison:
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FIGURE 8. Nuclear differential cross section as a function of dif-
ferential rapidity. Comparison of contributions for the mechanism
of production of one pair of muons (legend:µ+µ−), two pairs of
muons coming from single scattering (legend: SS) and from dou-
ble scattering (analogously as it was done for the production of two
pairs ofe+e−; legend: DS). Collision energy:

√
sNN = 5.02 TeV.

σA1A2→A1A2(µ+µ−)(µ+µ−)/σA1A2→A1A2µ+µ−µ+µ−

≈ (102 − 103) ,

σA1A2→A1A2µ+µ−/σA1A2→A1A2(µ+µ−)(µ+µ−)

≈ (102−103).

The last result is also true for electron-positron pair/pair
production. It is worth mentioning that for a relatively small
limit on the value of the transverse momentum of the lep-
ton,pt,` > 0.5 GeV, the nuclear cross section is the same for
electrons and muons. Distributions forτ+τ− pair production
indicated similar coincidence atpmin

t,` > 4 GeV. Presented
analyses for leptons production considerγγ → `+`− LO
QED. The correctness of this choice is justified by the agree-
ment of theoretical results with experimental data,i.e. the
PbPb → PbPbe+e− process with data of the ALICE group
[42] and thePbPb → PbPbµ+µ− process with data from
the ATLAS group [54].

4. Summary

The theoretical predictions presented in this work are an in-
tegral part of the ongoing and planned experiments at RHIC
and CERN-LHC laboratory. The innovation of the research
lies in the possibility of making distributions of many mea-
surable kinematic variables, which are often key to better un-
derstanding the reaction mechanism, rather than being lim-
ited to presenting only the value of the total cross section.
The presented aspect of the research can be used to plan fu-
ture experiments as well as to interpret already existing ex-
perimental results. The correctness of the results is strongly

influenced by the type of nuclear form factor used, which is
known to scattering electrons on nuclei The use of a simpli-
fied monopole form factor gives about10% larger total cross
sections. For high rapidity and large transverse momenta of
the objects produced, the effects can be even larger. Appli-
cation of the Fourier transform of the charge density in the
nucleus allows obtaining a result, which is more consistent
with existing experimental data. Although the inclusion of
the aforementioned transform in the model is somewhat more
difficult - the presented theoretical results take into account
the realistic charge distribution in the nucleus.

The differential distributions of the produced particles
were determined from multi-dimensional integrals. The ba-
sic EPA formulation, in impact parameter space, contains six
integration variables. Taking into account the full kinemat-
ics of the process, i.e. transformation to momentum space,
requires taking into account even four additional dimensions.

A landmark paper discussing the possibility of the first
measurement of light-by-light scattering, Ref. [19], showed
that from a theoretical point of view it becomes possible
and instructive to measure a foton pair for the ultraperiph-
eral case,i.e., when the nuclei collide at a distance larger
than the sum of their geometric radii. One of the key ele-
ments of the analysis was the correct determination of the
elementary cross section for mechanisms with quark and lep-
ton loops and the modification of the formulas for the nuclear
cross section to take into account the experimentally avail-
able phase space. A contribution from, not considered in this
context, is also shown, VDM-Regge mechanism, which dom-
inates for higher rapidity and low transverse momenta and is
likely to be measured at the LHC by the so-called zero-degree
calorimeter. The study was extended to include another new
mechanism, where an exchange of two gluons occurs in the
t-channel,i.e. between the incoming and outgoing photons,
Ref. [34]. The analysis was also extended for the case of
proton-proton collisions. Another study, Ref. [35], which
were performed in collaboration with members of the AL-
ICE and LHCb group, is closely related to the acceptance of a
given experiment. Theoretical predictions show the possibil-
ity to pioneer the measurement of two photons in the invariant
mass region, which has not been experimentally achievable
so far. Below the value ofMγγ = 2 GeV, the background
coming from two neutral pions which decay into four pho-
tons, never considered in the context of light-by-light scatter-
ing, is taken into account. The performed analysis takes into
account the case when one of the measurable photons comes
from the first pion and the second photon from the second
pion. The other two photons do not fall into the detection
range. Although the pion background, after taking experi-
mental constraints into account, is one order of magnitude
larger than the fermion signal, in the invariant mass range
below 2 GeV, it becomes crucial to include resonances that
decay into two photons. Predictions (made for the first time
in the world) show that the resonance contributionsη andη′

have a good chance of being measured by the ALICE and
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LHCb experiments. The results are considered as a strong
point for future measurements of thePbPb → PbPbγγ pro-
cess.

The electromagnetic production of two electron-positron
pairs, Ref. [41], was preceded by a verification of the cor-
rectness of the used model for the lowest order QEDγγ →
e+e− subprocess in ultraperipheral collisions of lead nu-
clei. The good agreement of theoretical results with AL-
ICE experimental data for the distribution in the invariant
mass of a single pair, became the premise for using EPA
to determine the cross sections for the production ofe+e−

two pairs from the double scattering mechanism in UPC. Im-
posing the kinematic constraints dictated by the ATLAS ex-
periment for the main detector, assuming a total luminos-
ity of L = 1 nb−1, gives a prediction of the observation
of 235 events. The calculations show that the distribution
of the difference in rapidity of two of the four produced
leptons is clearly broader for particles of the same sign re-
gardless of the constraint on the transverse momentum. Re-
sults are also presented for the pionic background, which

decreases with increasing kinematic cut on transverse mo-
mentum. The rareness of the calculation methodology used,
which provides a series of differential cross sections that are
a key source of information for the experimental measure-
ment, leads to the possibility of presenting predictions by
variable selection. Investigations of production of four lep-
tons were extended by analysis for muon pairs, Ref. [51],
taking into account direct creation of the stateµ+µ−µ+µ−

fromγγ fusion. An unbeatable result turns out for production
of two pairs of muons through mechanism of double scatter-
ing, σA1A2→A1A2(µ+µ−)(µ+µ−)/σA1A2→A1A2µ+µ−µ+µ− ≈
(102−103). The cross section for the one pair muon produc-
tion in the UPC is also several orders of magnitude larger:
σA1A2→A1A2µ+µ−/σA1A2→A1A2(µ+µ−)(µ+µ−) ≈ (102 −
103). This type of combination of cross sections, taking into
account also distributions in transverse momentum, rapidity
or differenceydiff = y`± − y`± , represents the first physi-
cal analysis to present elementary and nuclear distribution in
detail.

i. Run3 is planned to start in 2029.

ii. It is more correct to operate with the notation of pseudorapidity.
It was verified that for massless particles the equationη = y is
fulfilling. For light particles (as for example electrons) with a
very good approximation it is possible to apply the limitation
on the rapidity instead of pseudorapidity.
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