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Abstract

Research on the quark–gluon plasma (QGP) in high-energy heavy-ion
collisions has spanned over four decades, advancing our understanding of
Quantum Chromodynamics (QCD). Recently, attention has shifted to the
intense electromagnetic fields generated during these collisions. These
fields may exceed the Schwinger limit, potentially reaching strengths of
up to 1015 T at LHC energies. Such extreme conditions not only present a
unique testbed for nonlinear QED phenomena but may also significantly
influence the QCD matter formed in the collision.

Although various attempts have been made to observe these intense
magnetic fields, direct experimental evidence remains elusive. A promis-
ing approach involves virtual photons produced concurrently with the mag-
netic field at early times. Because virtual photons can decay into lepton
pairs without traversing the bulk QCD medium, they offer a direct win-
dow onto magnetic-field effects. In particular, the polarization of these
photons, reflected in the angular distribution of the resulting lepton pairs,
may reveal how strong fields alter electromagnetic processes in heavy-ion
collisions.

The main aim of this work is to investigate the polarization of virtual
photons under a strong magnetic field and evaluate whether such polar-
ization can be measured in current or future ALICE datasets. Focusing
on muon pairs (µ+µ−) detected by the ALICE muon spectrometer, we an-
alyze prompt virtual photons generated at the collision’s earliest stages
while taking background processes into account. Because Dalitz decays
of pions, which often dominate the electron–positron channel, are largely
absent in the muon channel, we expect a better signal-to-background ratio.

Our study integrates a realistic time evolution of the magnetic field,
modeled with resistive relativistic magnetohydrodynamics (RRMHD). We
find that the virtual photon polarization Pcal could reach about 0.05 un-
der typical LHC conditions. However, preliminary significance estimates
indicate a low detection probability based on the data of Pb-Pb collisions
collected in 2011–2012 or 2015–2018. In contrast, future and ongoing runs
at √

sNN = 5.36TeV will benefit from higher collision rates and contin-
uous data readout, substantially boosting the available statistics. This
improvement raises the prospect of measuring virtual photon polarization
as a novel probe of the intense electromagnetic fields in heavy-ion collisions.
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1 Introduction

1.1 Quantum Electrodynamics (QED)
Quantum Electrodynamics (QED) is a theory that describes how electrically
charged particles, such as electrons, interact with electromagnetic fields. It com-
bines the principles of quantum mechanics, which govern small-scale phenomena,
and special relativity, which describes high-speed motion. This unification allows
QED to explain the behavior of particles and fields in a way that agrees with
experiments to an extraordinary degree of precision.

The central mathematical expression in QED is called the Lagrangian den-
sity, which encodes the rules governing the behavior of charged particles and
electromagnetic fields. It is given by:

LQED =
∑
f

ψ̄f (iγ
µDµ −m)ψf −

1

4
FµνF

µν

=
∑
f

ψ̄f (iγ
µ∂µ −m)ψf −

∑
f

eψ̄fγ
µAµψf −

1

4
FµνF

µν ,
(1.1)

where, ψ represents the Dirac spinor field, which describes the charged fermions,
like electrons. The term ψ̄ is the adjoint spinor, related to ψ through the conjugate
and the gamma matrices. The γµ matrices are essential for ensuring that the
theory is consistent with special relativity. The covariant derivative, Dµ = ∂µ +
ieAµ, describes how charged particles interact with the electromagnetic field,
where Aµ is the four-potential of the electromagnetic field and e is the electric
charge of the fermion. The field intensity tensor, Fµν = ∂µAν − ∂νAµ, encodes
the electric and magnetic field components in a relativistically invariant form.
Finally, m denotes the mass of the fermion.

The Lagrangian can be broken into three distinct parts. The first term,
ψ̄(iγµ∂µ − m)ψ, describes the motion of a free charged fermion with mass m.
It consists of two components: the first part, ψ̄iγµ∂µψ, represents the kinetic
energy of the fermion, while the second part, −mψ̄ψ, accounts for the rest mass
energy of the fermion. The second term, −eψ̄γµAµψ, represents the interaction
between the charged fermion and the electromagnetic field. The coupling con-
stant e determines the intensity of this interaction, while the factor γµAµ ensures
that the interaction is relativistically formulated. The third term, −1

4
FµνF

µν ,
governs the dynamics of the electromagnetic field itself, describing both the en-
ergy density of the electric and magnetic fields and their propagation through
space-time.

This Lagrangian provides a complete description of the interaction between
charged fermions and the electromagnetic field, forming the foundation for the
theory of quantum electrodynamics.

1.1.1 Nonlinear Extensions of QED

Quantum Electrodynamics (QED) excels in describing electromagnetic interac-
tions under typical conditions, where the fields involved are relatively weak. How-
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1.1 Quantum Electrodynamics (QED)

ever, in extreme electromagnetic environments, such as those generated in high-
intensity laser experiments or during heavy-ion collisions, the assumptions of
linear field behavior in standard QED break down. Nonlinear effects, which arise
due to quantum corrections like vacuum polarization and electron-positron pair
creation, become significant. These effects are theoretically described by extend-
ing QED to include higher-order interactions, as encapsulated in the Heisenberg-
Euler Lagrangian [35].

The Heisenberg-Euler Lagrangian for a constant electromagnetic field is given
by:

LHE = −1

4
FµνF

µν +
1

8π2

∫ ∞

0

ds

s3
e−m

2s

[
(es)2 coth(es)− (es)2

3
− 1

]
, (1.2)

where e is the elementary charge, m is the electron mass, and s is a proper-
time integration parameter. This expression is an effective field theory result
that accounts for quantum corrections to the classical Maxwell equations due to
virtual electron-positron pairs interacting with the electromagnetic field.

For weak fields, the Heisenberg-Euler Lagrangian can be expanded to yield
an approximate form, where the quantum corrections become more transparent:

LHE ≈ −1

4
FµνF

µν +
α2

90m4

[
(FµνF

µν)2 +
7

4
(FµνF̃

µν)2
]
, (1.3)

where α is the fine-structure constant, and F̃ µν = εµνρσFρσ is the dual field
intensity tensor. This approximate form highlights the nonlinear nature of QED,
predicting effects such as photon-photon scattering, vacuum birefringence, and
pair production in strong electromagnetic fields.

A key concept in nonlinear QED is the Schwinger limit, which defines the
critical field intensity at which quantum vacuum effects become dominant. For
electric fields, the Schwinger limit is given by:

Ec =
m2c3

eh̄
≈ 1.32× 1018 V/m. (1.4)

Bc =
m2c2

eh̄
≈ 4.41× 109 T. (1.5)

Figure 1 illustrates the propagation of a fermion in the presence of an intense
magnetic field. When the external magnetic field is perturbatively incorporated
into the fermion propagator, each insertion introduces a factor of eB/m2

e = B/Bc.
The strength of the magnetic field compensates for the small coupling constant
e, necessitating the inclusion of contributions up to infinite orders with respect to
the external magnetic field. In this regime, where strong magnetic fields induce
significant higher-order effects, the resulting physics exhibits non-perturbative
and nonlinear behavior, commonly referred to as“nonlinear QED.”

Exploring these nonlinear extensions of QED provides researchers with an
opportunity to deepen our understanding of quantum field theory under extreme
conditions, bridging theoretical advancements with experimental frontiers.

10



1.2 Quantum Chromodynamics (QCD)

FIG. 1. Dressed fermion propagator (a double

line) includes all the tree-level interactions with a

strong external field (wavy lines).

FIG. 2. One-loop diagram of the

vacuum polarization tensor in a

strong magnetic field.

to the gauge and Lorentz symmetries, we show that quantum excitations in an externally

applied electromagnetic field behave like electron-hole excitations in dielectric substances

[3]. Indeed, the vacuum polarization tensor corresponds to a response function of the Dirac

sea to an electromagnetic field induced by an incident photon.

To compute the vacuum polarization tensor in the external field, we use the “proper-time

method” which was developed by J. Schwinger [24]. One can equivalently rewrite the dressed

propagator (3) in a different way as

G(p|Acl) = i
(

/p→ e /Acl +m
)

×
1

i

∫ →

0

dω̂ eiω̂{(/p−e /Acl)
2−(m2−iε)} , (5)

where the integral with respect to the “proper time” ω̂ is convergent owing to a prescription

by →iε. Note that ω̂ has dimension of inverse mass squared. Infinite sum with respect to the

external field is now encoded into the exponential factor in the integrand. As summarized

in Appendix A, one can explicitly compute G(p|Acl) when the external field is constant.

By using the dressed propagator shown in Eq. (A7), we can now calculate the 1-loop

vacuum polarization tensor in the external magnetic field (see Fig. 2):

i Πµν
ex (q) = (→ie)2(→1)

∫

d4p

(2π)4
Tr
[

γµG(p|Acl)γ
νG(p+ q|Acl)

]

, (6)

where an overall minus sign arises from the fermion loop. This is a gauge invariant quantity

and should be independent of the gauge we adopt.2 Note that momentum integration gives

rise to an ultraviolet divergence, because the fermion propagator behaves as G(p|Acl) ∼ p−1

for large p. While we find a quadratic superficial degree of divergence from a näıve power

2 In the actual calculation, however, we adopt specific gauges. For computation of the fermion propagator

G(p|Acl), we worked in the Fock-Schwinger gauge for the background field Acl (see Appendix A). As we

will see below, we then compute the polarization tensor in the covariant gauge which fixes the residual

gauge symmetry of the dynamical gauge field aµ.
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Figure 1: Dressed fermion propagator includes all the tree-level interactions with
a vacuum polarization tensor in a strong external field

1.2 Quantum Chromodynamics (QCD)
Quantum Chromodynamics (QCD) is the fundamental theory describing the
strong interaction, which binds quarks and gluons into hadrons such as protons
and neutrons. As a non-Abelian gauge theory based on the SU(3) symmetry
group, QCD differs significantly from Quantum Electrodynamics (QED), which
is an Abelian theory. The gauge bosons of QCD, called gluons, mediate the strong
force and possess a unique property: they themselves carry the color charge. This
enables gluons to interact with each other, unlike the photons in QED, which are
electrically neutral and do not interact among themselves.

The dynamics of QCD are encapsulated in its Lagrangian density, given by:

LQCD =
∑
q

ψ̄q,a(iγ
µ∂µ −mq)ψq,a − gs

∑
q

ψ̄q,aγ
µT aabψq,bA

a
µ −

1

4
Ga
µνG

aµν , (1.6)

where ψq represents the Dirac spinor for quarks of flavor q, with mq being the
quark mass, Dµ = ∂µ− igsT aAaµ is the covariant derivative, where gs is the strong
coupling constant, Aaµ is the gluon field, and T a are the SU(3) generators, and
Ga
µν = ∂µA

a
ν − ∂νA

a
µ + gsf

abcAbµA
c
ν is the gluon field intensity tensor, with fabc

being the structure constants of the SU(3) group. The QCD Lagrangian can be
divided into three distinct parts. The first term describes the dynamics of free
quarks, including their kinetic energy and masses. The second term captures the
interaction between quarks and gluons, governed by the strong coupling constant
gs. Finally, the third term governs the dynamics of gluons and includes their
self-interaction due to the non-Abelian nature of SU(3). The self-interaction of
gluons arises from the nonlinear terms in the gluon field intensity tensor Ga

µν .
These terms, proportional to gsfabcAbµAcν , lead to three-gluon and four-gluon ver-
tices in Feynman diagrams. This self-interaction is a defining feature of QCD
and is responsible for the unique properties of the strong interaction, such as
confinement and asymptotic freedom.

One of the most remarkable properties of QCD is asymptotic freedom, which
states that the intensity of the strong interaction becomes weaker at shorter

11



1.3 Quark-Gluon Plasma (QGP)

distances or higher energies. This phenomenon can be quantitatively described
by the running of the strong coupling constant αs with the squared momentum
transfer Q2:

αs(Q
2) ' 12π

(33− 2Nf ) ln
(
Q2/λ2QCD

) , (1.7)

where Nf is the number of active quark flavors, and λQCD is the QCD scale
parameter, typically around 200 MeV. At large Q2, αs becomes small, allowing
perturbative techniques to be employed for calculations in high-energy processes
such as deep inelastic scattering or jet formation in particle collisions.

At lower energies or larger distances, however, αs increases significantly, lead-
ing to the phenomenon of confinement. This property ensures that quarks and
gluons are never observed in isolation but are always confined within color-neutral
hadrons. The confinement mechanism is often phenomenologically described by
a potential between quarks:

Vs(r) = −4

3

αsh̄c

r
+ kr, (1.8)

where the 1/r term dominates at short distances and resembles the Coulomb
potential, while the linear term kr becomes significant at larger distances. Here,
k is the string tension, a parameter characterizing the intensity of the confining
potential.

When two quarks are pulled apart, the linear potential increases the energy of
the system. Once the energy exceeds a critical threshold, it becomes energetically
favorable to create a new quark-antiquark pair from the vacuum. This process
results in the formation of two new color-neutral hadrons rather than isolating a
single quark. This characteristic feature of QCD is a direct consequence of the
non-Abelian nature of the SU(3) gauge symmetry and the self-interacting gluons.

QCD plays a crucial role in explaining phenomena across a wide range of
energy scales, from the formation and structure of nucleons to the high-energy
interactions observed in particle colliders. The interplay between asymptotic
freedom and confinement underpins much of our understanding of the strong
force and continues to drive experimental and theoretical research in particle
physics.

1.3 Quark-Gluon Plasma (QGP)
Under normal conditions, quarks and gluons are confined within protons, neu-
trons, and other hadrons due to the strong interaction described by Quantum
Chromodynamics (QCD). However, at extremely high temperatures or densities,
this confinement can break down, leading to a state where quarks and gluons are
no longer bound together. This deconfined state of matter is called Quark-Gluon
Plasma (QGP), a concept first proposed by Bjorken [17].

Lattice QCD, a computational approach to solving QCD on a discrete space-
time lattice, predicts that such a phase transition occurs at a critical temperature
TC of approximately 150 ∼ 200 MeV. At this temperature, the energy is sufficient
to overcome the confining potential that normally binds quarks and gluons within
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41 9. Quantum Chromodynamics

Table 9.1: Unweighted and weighted pre-averages of –s(m2

Z) for each sub-
field in columns two and three. The bottom line corresponds to the com-
bined result (without lattice gauge theory) using the ‰

2 averaging method.
The same ‰

2 averaging is used for column four combining all unweighted
averages except for the sub-field of column one. See text for more details.

averages per sub-field unweighted weighted unweighted without subfield
· decays & low Q

2 0.1173 ± 0.0017 0.1174 ± 0.0009 0.1177 ± 0.0013
QQ̄ bound states 0.1181 ± 0.0037 0.1177 ± 0.0011 0.1175 ± 0.0011
PDF fits 0.1161 ± 0.0022 0.1168 ± 0.0014 0.1179 ± 0.0011
e

+
e

≠ jets & shapes 0.1189 ± 0.0037 0.1187 ± 0.0017 0.1174 ± 0.0011
hadron colliders 0.1168 ± 0.0027 0.1169 ± 0.0014 0.1177 ± 0.0011
electroweak 0.1203 ± 0.0028 0.1203 ± 0.0016 0.1171 ± 0.0011
PDG 2023 (without lattice) 0.1175 ± 0.0010 0.1178 ± 0.0005 n/a

αs(mZ
2) = 0.1180 ± 0.0009
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Figure 9.5: Summary of determinations of –s as a function of the energy scale Q compared to
the running of the coupling computed at five loops taking as an input the current PDG average,
–s(m2

Z) = 0.1180 ± 0.0009. Compared to the previous edition, numerous points have been updated
or added.

that the weighted averages are rather close to the unweighted ones. However, the uncertainties
become significantly smaller. This approach may be too aggressive as it ignores the correlations
among the data, methods, and theory ingredients of the various determinations. We feel that the
uncertainty of ±0.0005 is an underestimation of the true error. We also note that in the unweighted
combination the estimated uncertainty for each sub-field is larger than the spread of the results as
given by the standard deviation. In the weighted fit this crosscheck fails in four out of six cases.

The last several years have seen clarification of some persistent concerns and a wealth of new
results at NNLO, providing not only a rather precise and reasonably stable world average value
of –s(m2

Z), but also a clear signature and proof of the energy dependence of –s in full agreement

31st May, 2024

Figure 2: summary of αs determinations as a function of energy scaleQ, compared
to the five-loop running of the coupling using the Particle Data Group average
αs(m

2
Z) = 0.1180± 0.0009 [36].

hadrons. As the system transitions from the hadronic phase to the QGP, the
degrees of freedom increase significantly, resulting in a step-like behavior of the
energy density normalized by the fourth power of the temperature, ε/T 4, as shown
in Fig. 3 .

Phase transitions in general can occur in different ways: they can be a first-
order transition, where the properties of the medium change abruptly, a second-
order transition with continuous but rapid changes, or a crossover, where the
change is smooth and gradual. Recent lattice QCD calculations suggest that
the transition to QGP at low net baryon densities and high temperatures is a
crossover [18, 14].

Figure 4 illustrates the phase diagram of QCD matter. The vertical axis rep-
resents the temperature, while the horizontal axis corresponds to the net baryon
density normalized to the density of normal nuclear matter. This diagram shows
regions corresponding to hadronic matter and QGP, as well as possible critical
points or transition boundaries between these states. The QGP is believed to
have existed naturally in the early universe, within the first few microseconds af-
ter the Big Bang, when temperatures were extraordinarily high. Understanding
the QGP helps us probe the fundamental properties of the strong interaction and
the behavior of matter under extreme conditions.

1.4 High-Energy Heavy-Ion Collisions and Space-Time Evo-
lution

High-energy heavy-ion collisions provide a unique opportunity to study strongly
interacting matter, particularly the quark-gluon plasma (QGP). When two highly
Lorentz-contracted nuclei (such as gold at RHIC or lead at the LHC) collide, they
overlap in a finite region of space, creating extremely hot and dense matter. The
primary geometric parameter describing the collision is the impact parameter b,
which is the transverse distance between the centers of the two colliding nuclei.
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Figure 5. The energy density in QCD. The left (right) figure shows results from a calcula-
tion with improved staggered (Wilson) fermions on lattices with temporal extent Nτ = 4
(Nτ = 4, 6). Arrows in the left figure show the ideal gas values ϵSB as given by Eq. 3.

for QCD with light quarks. From an analysis of the cut-off dependence of the p4-action
and the experience gained in the pure gauge sector one expects that the results shown in
Figure 4 are still systematically below the final continuum extrapolated result.
The pressure shown in Figure 4a for QCD with different number of flavours as well as

for the pure SU(3) gauge theory clearly reflects the strong change in the number of degrees
of freedom in the high temperature phase. Moreover, the dependence of Tc on the number
of partonic degrees of freedom is clearly visible. In view of this it indeed is striking that
p/pSB is almost flavour independent when plotted in units of T/Tc (Figure 4b).
Unfortunately, Wilson actions with similarly good high temperature behaviour have not

been constructed so far. The Clover action does not improve the ideal gas behaviour, i.e. it
has the same infinite temperature limit as the Wilson action. Consequently one observes
an overshooting of the ideal gas limit at high temperature which reflects the cut-off effects
in the unimproved fermion sector [16]. These cut-off effects are, however, unimportant in
the vicinity of the phase transition where correlation lengths become large. It thus makes
sense to compare results obtained with different actions in this regime. In Figure 5 we
show recent results for the energy density obtained with improved staggered3 and Wilson
[16] fermions. We note that these calculations yield consistent estimates for the energy
density at Tc

ϵc ≃ (6± 2)T 4
c . (4)

This estimate also is consistent with results obtained for the energy density from calcu-
lations with a standard staggered fermion action [17].

3This figure for staggered fermions is based on data from Ref [11]. Here a contribution to ϵ/T 4 which is
proportional to the bare quark mass and vanishes in the chiral limit is not taken into account.

Figure 3: The energy density ε divided by 4th power of the temperature T 4

predicted bby lattice QCD [41]

Figure 1. A schematic QCD phase diagram in the temperature (T ) and baryonic chemical
potential (µB) plane. The regions probed by di↵erent accelerator facilities are indicated.

future, this program will be complemented by upcoming facilities at Dubna, Russia, and GSI,
Germany to explore large µB regions in the phase diagram. The regions probed by di↵erent
accelerator facilities are indicated in Fig. 1.

Fluctuations play a crucial role in the study of phase transition and any associated critical
phenomena. Event-by-event fluctuations in a number of observables have been predicted as
signatures of the QCD phase transition and the critical point [9, 10, 11]. Several thermodynamic
quantities show varying fluctuation patterns when the system goes through the phase boundary.
The defining characteristics of the QCD phase transition are the abrupt changes in the physical
properties of the system which can be inferred through the analysis of fluctuations of di↵erent
observables. At the critical point, the fluctuations are expected to be very large. The main
fluctuation signatures emanate in the form of event-by-event measurement in the number of
particles, momenta of particles, as well as the spatial and energy driven patterns of multiplicity
distributions. In this article, we discuss some of the fluctuation techniques, experimental results,
and future prospects.

• Thermodynamic response functions: Response functions such as isothermal compressibility
(kT), specific heat (cv), and speed of sound, are related by the equation of state (EOS),
which governs the evolution of the system. The nature of phase transitions in a system can
be understood by the measurement of thermodynamic response functions. These quantities
can be accessed experimentally by the fluctuation of measured quantities. The heat capacity
is related to the fluctuations in temperature [12, 13], whereas in the grand canonical
ensemble (GCE) framework kT is related to the fluctuation in particle multiplicity [14].
Skewness of mean transverse momentum (hpTi) fluctuations has recently been proposed as
a probe of hydrodynamic behavior in nuclear collisions [15]. By measuring the event-by-
event fluctuations in particle multiplicity (N), hpTi, and mean transverse energy, we can
get access to the response functions.

• Fluctuations of conserved quantities: Lattice QCD calculations reveal that the higher
order cumulants of conserved quantities, such as net-charge (Q), net-proton (B), and
net-strangeness (S), within a limited acceptance, are proportional to the powers of the
correlation length and are expected to diverge at the critical point [16, 17]. Experimentally,
it is possible to measure Q, B, and S on an event-by-event basis and obtain the cumulants

Figure 4: QCD phase diagram illustrating the region investigated by experi-
ments. [50]
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1.4 High-Energy Heavy-Ion Collisions and Space-Time Evolution

Although b itself is not directly measured, model calculations (e.g., the Glauber
model [47]) can simulate the collision geometry and estimate:

• Npart: The number of participants, i.e., nucleons in the overlap region that
actively interact.

• Ncoll: The number of binary nucleon-nucleon collisions within the overlap
region.

These quantities are of practical importance: Npart correlates with the volume of
the interaction region, while Ncoll helps in scaling particle production from hard
scatterings.

BeamBeam  Space

Pre−equilibrium

Equilibrated QGP

Mixed Phase

Hadron Gas

Freeze− outtime

FIG. 1: A schematic diagram of space-time evolution of ultra-relativistic heavy-ion collisions.

partons. The time of the pre-equilibrium state is predicted to about 1 fm/c or less. (ii)

After the short pre-equilibrium stage, the QGP phase would be formed, in which parton-

parton and/or string-string interactions quickly contribute to attain thermal equilibrium in

the medium. The energy density of this state is expected to reach above 3 − 5 GeV/fm3,

equivalent to the temperature of 200 − 300 MeV . The volume then rapidly expands and

matter cools down. (iii) If the first order phase transition is assumed, the “mixed phase”

is expected to exist between the QGP and hadron phases, in which quarks and gluons are

again confined into hadrons at the critical temperature Tc. In the mixed phase, the entropy

density is transferred into lower degrees of freedom, and therefore, the system is prevented

from a fast expansion. This leads to a maximum value in the lifetime of the mixed phase

which is expected to last for a relatively long time (τ > 10 fm/c). (iv) In the hadronic

phase, the system keeps collective expansion via hadron-hadron interactions, decreasing it’s

temperature. Then, the hadronic interactions freeze after the system reaches a certain size

and temperature, and hadrons freely stream out from the medium to be detected. There are

two types of freeze-out stages. When inelastic collisions between constituents of the fireball

do not occur any longer, we call this as chemical freeze-out stage. Later when the elastic

collisions also cease to happen in the fireball, this stage specifies the thermal freeze-out.

Since many experiments running at various places measure the multiplicity, ratios etc.

of various hadrons, it is necessary to know to which extent the measured hadron yields

3

Figure 5: A schematic diagram of the space-time evolution in ultra-relativistic
heavy-ion collisions. After an initial hard scattering phase and possible pre-
equilibrium dynamics, a quark-gluon plasma (QGP) may form. As the system
expands and cools, it transitions to a hadron gas and eventually freezes out. [57]

Figure 5 sketches a typical space-time evolution of a heavy-ion collision, high-
lighting several key stages:

Pre-equilibrium Phase. At t = 0 and z = 0 (in the center-of-mass frame), two
highly accelerated nuclei pass through each other. The overlap region is briefly
energized by initial hard scatterings (e.g., parton-parton collisions) and attains a
high energy density. This phase is often described by perturbative QCD parton
cascades and is referred to as the pre-equilibrium stage. During this short period,
the system rapidly evolves toward local thermal equilibrium.

Quark-Gluon Plasma (QGP). Once local thermal equilibrium is achieved,
the system forms a quark-gluon plasma if the temperature (300–600 MeV) and
energy density are sufficiently high. This QGP phase, expected to start around
∼ 0.6 fm/c after the collision, can be described by relativistic hydrodynamics. In
this state, quarks and gluons move relatively freely over distances larger than a
typical hadron size, indicating deconfinement.
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1.5 Intense Electromagnetic Fields in High-Energy Heavy-Ion Collisions

Mixed Phase and Hadronic Gas. As the plasma expands, it cools. Even-
tually, the temperature falls below a critical value TC ≈ 170MeV, prompting a
transition (hadronization) back to confined matter. Depending on the nature of
the phase transition (crossover vs. first-order), a mixed phase may occur, where
both partonic and hadronic degrees of freedom coexist. Lattice QCD suggests
that the transition at zero or small net baryon density is a crossover, meaning
thermodynamic variables change smoothly without a sharp phase boundary. Af-
ter hadronization, the system becomes a hadronic gas, which continues to expand.

Freeze-out. As the expansion persists, the temperature and density drop fur-
ther to the freeze-out point (TF ≈ 100MeV). At this stage, inelastic collisions
effectively cease, and the species of particles is fixed. A short time later, even elas-
tic collisions end, causing the momentum distributions of the particles to“freeze
out”(i.e., no further re-scattering). All final-state hadrons, photons, and leptons
stream freely to the detectors, carrying information about the last scattering
conditions.

High-energy heavy-ion collisions, therefore, provide a multi-stage dynamical
system in which one can study the formation and properties of the QGP and trace
the evolution of strongly interacting matter from partonic degrees of freedom to
hadronic final states. The large initial energy densities, short time scales, and
rapid expansion all combine to offer a fascinating glimpse into matter under
extreme conditions.

1.5 Intense Electromagnetic Fields in High-Energy Heavy-
Ion Collisions

When heavy ion (such as gold or lead) collide at extremely high energies in
accelerators like the Relativistic Heavy Ion Collider (RHIC) or the Large Hadron
Collider (LHC), they move at speeds close to the speed of light. In non-central
collisions (where the colliding ions do not collide head-on, but rather pass each
other slightly off-center), the large number of electric charges moving at these
tremendous speeds can create extraordinarily intense magnetic fields as shown
Fig. 6 [55, 61, 23].

The maximum intensity of the generated magnetic field can be on the order
of 1014 T, corresponding to |eB| ∼ m2

π [20] at the RHIC energy by applying the
Biot-Savart law,

−eBy ' 2Zγ
e2

4π
(
2

b
)2, (1.9)

where vz =
√

1− (2mN/
√
sNN) is the velocity of the nucleus, /gamma = 1/

√
1− v2z

is the Lorentz factor of nucleus. At the LHC, these fields can be even larger
(|eB| ∼ 10m2

π) [62, 63]. Here, mπ refers to the mass of the pion, a subatomic
particle whose mass often serves as a natural reference scale in strong-interaction
physics. These huge magnetic fields, however, exist for only a very short time
—roughly the duration of the collision. Despite their short lifetimes, they allow
researchers to explore how matter behaves under intense electromagnetic condi-
tions, linking both QED and QCD in a single experimental setting.

16



1.6 Phenomena Driven by Intense Magnetic Fields

B

spectator

participant

zx

y

Figure 6: The schematic view of heavy-ion collision with electromagnetic fields
generated by heavy-ion collision.

1.6 Phenomena Driven by Intense Magnetic Fields
Under these immense magnetic fields, many intriguing phenomena are predicted
to occur according to both QED and QCD theories:

• Schwinger mechanism: If the magnetic field exceeds a critical strength
of about 4.4× 109 T, it can pull electron-positron pairs out of the vacuum,
a process known as the Schwinger mechanism [53].

• Photon splitting: High-energy photons traveling through such fields can
split into two lower-energy photons, illustrating the nonlinear nature of the
QED vacuum [12].

• Vacuum polarization: Strong fields polarize the vacuum, meaning that
the properties of empty space itself (as seen by photons) can change. One
result is that virtual photons decay into lepton pairs in an anisotropic way
(i.e., with a preferred direction).

• Reduction of Critical temperature: Lattice QCD studies suggest that
intense magnetic fields might lower the temperature at which ordinary mat-
ter transitions into a quark-gluon plasma (QGP) [13, 21].

• Chiral Magnetic Effect (CME): In the presence of a intense magnetic
field, a medium where left-handed and right-handed quarks are imbalanced
(chirally imbalanced) can exhibit charge separation along the field direc-
tion [28].

• Quark synchrotron radiation: Quarks moving in intense magnetic fields
can emit synchrotron radiation, much like electrons in astrophysical con-
texts, potentially shedding light on quark dynamics within the QGP [58].
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Figure 1: Doubled image through a birefringent substance “calcite”.
Rays split at the refraction on the surface of calcite because of a po-
larization dependence of refractive index.

as shown in Fig. 2. By using the resummed propaga-
tor (for explicit forms, see, e.g., [4, 10]), the anisotropic
spectrum can be taken into account in the computation
of the optical properties.
The useful tool for the resummation is the proper-

time method [11] which has been used to show the phe-
nomena seen in the strong external fields such as the
Schwinger pair creation in strong electric fields. In the
context of heavy-ion physics, the pair creation in the
Coulomb field of high-Z atoms were studied in early
days (see Ref. [12] and references therein). Such quan-
tum phenomena will become sizable effects when the
strengths of the external electromagnetic fields exceed
the critical field strength Bc = m2/e for the mass of the
vacuum fluctuation and the coupling constant.

3. Vacuum birefringence and real-photon decay

Refractive indices can be obtained from the vacuum
polarization diagram in Fig. 3. In the ordinary vacuum
without external field, this quantum fluctuation does not
give rise to any modification of the refractive index, be-
cause of the Lorentz and gauge symmetries. However,
the external magnetic field breaks the Lorentz symme-
try, and then the refractive indices get non-trivial modi-
fications such as the polarization dependence discussed
above due to the anisotropic fermion spectrum (1) from
the Landau-level discretization.

3.1. Analytic computation of the polarization tensor
The general form of the polarization tensor is com-

plicated due to the resummation. Nevertheless, one can
get simple results in some particular limits. Figure 4
shows a summary of the relevant scales in the problem
which are specified by the strength of the magnetic field
and the photon momentum. For example, one can get
a useful approximation in the strong field limit by in-
cluding a contribution of only the lowest Landau level

Figure 2: Resummation with respect to external-field insertions.

Figure 3: Polarization tensor and triangle diagram with the resummed
propagator.

(LLL) [4, 5, 13]. However, the validity of the approxi-
mation also depends on the other scale, i.e., the photon
momentum, and the LLL approximation will not suffice
when the momentum scale becomes large. Actually, the
regime of the large momentum and the strong field is
relevant for the ultrarelativistic heavy-ion collisions. As
far as we know, there has not been the general result
which is valid in such a regime.
The formal expression of the resummed polarization

tensor has a gauge-invariant form

Πµω(q2) = →(χ0Pµω + χ1Pµω‖ + χ2P
µω
⊥ ) (2)

where the transverse projection operators Pµω = q2gµω →
qµqω, Pµω‖ = q2‖g

µω

‖ → q
µ

‖q
ω
‖ , and P

µω
⊥ = q2⊥g

µω
⊥ → q

µ
⊥qω⊥

are defined by the metrics in the longitudinal and trans-
verse subspaces gµω‖ = diag(1, 0, 0,→1) and gµω‖ =

diag(0,→1,→1, 0), and the longitudinal and transverse
momenta qµ‖ = gµω‖ qµ and q

µ
⊥ = gµω⊥ qµ. Here, the mag-

netic field is applied in the third direction.
We could perform analytic computation of the coef-

ficient functions χ0,1,2 by using relations among spe-
cial functions [4]. The analytic results are expressed
by the wave functions of charged particles, namely the
associated Laguerre polynomials, which naturally arise
in the calculation, and by the summation with respect
to the contributions of the Landau levels. The exact
expressions of the resummed polarization tensor were
missing in the last few decades (c.f. earlier attempts in
Ref. [14]). Our general result covers the whole param-
eter region in Fig. 4, and will be useful to study a wide
variety of systems which contain quite different scales,
e.g., heavy-ion collisions, neutron star/magnetars, early
universe, high-intensity laser field, etc.

Figure 7: Feynman diagram of photon splitting in a strong magnetic field.

2 Phenomena in Strong Electromagnetic Fields
• Schwinger Mechanism: When the magnetic field exceeds a critical in-

tensity 1.5, it can trigger the creation of real electron-positron pairs directly
from the vacuum via tunneling, a process known as the Schwinger mech-
anism [53]. This phenomenon highlights the interplay between quantum
tunneling and the energy provided by the external field. The magnetic
field acts as a source, breaking the vacuum symmetry and enabling pair
production at an energy scale defined by the field strength.

• Photon Splitting: High-energy photons traversing a strong magnetic field
can split into two lower-energy photons. This process, known as photon
splitting, occurs due to the interaction between the external field and vir-
tual electron-positron loops [12]. While forbidden in free space, photon
splitting becomes possible in the presence of intense fields. The underlying
mechanism is shown in Fig. 7.

• Reduction of Critical Temperature in QCD: Lattice QCD studies sug-
gest that intense magnetic fields reduce the critical temperature (Tc) for the
phase transition from hadronic matter to quark-gluon plasma (QGP) [13,
21]. This effect is related to magnetic catalysis, where strong fields en-
hance chiral symmetry breaking, influencing the QCD vacuum structure
and shifting the phase diagram under extreme conditions.

• Chiral Magnetic Effect (CME): In a chirally imbalanced medium sub-
jected to a strong magnetic field, an electric current can be generated along
the field direction due to the interplay between quantum anomalies and
topological charge. This phenomenon, known as the chiral magnetic effect,
provides a possible explanation for charge separation observed in heavy-ion
collision experiments [28].

• Quark Synchrotron Radiation: Quarks moving in extreme magnetic
fields undergo acceleration and emit synchrotron radiation, akin to electrons
in astrophysical environments [58]. This radiation sheds light on energy
loss mechanisms for quarks within the QGP and offers insights into the
medium’s electromagnetic properties and quark dynamics.

18



2.1 Experimental Signatures

Figure 8: The critical temperature in QCD phase diagram in an external magnetic
field. [21]

2.1 Experimental Signatures
Although these strong fields vanish rapidly, they can leave measurable footprints
in the particles emerging from the collision. Some key observables include:

• Global Polarization of Λ and Λ̄: The global polarization of Λ and Λ̄
hyperons is one of the key observables for studying the interplay between
strong vorticity fields and intense magnetic fields in heavy-ion collisions.
The spin of these hyperons aligns with the angular momentum of the sys-
tem, which is enhanced by the initial magnetic field. Measuring this polar-
ization provides indirect evidence of the field strength and direction. The
global polarization is typically reconstructed by analyzing the angular dis-
tribution of the daughter particles (protons and pions) from Λ decays in
the hyperon rest frame.

• Charge-Dependent Directed Flow: Intense magnetic fields generated
during the early stages of heavy-ion collisions can cause positively and neg-
atively charged particles to experience different Lorentz forces, resulting
in charge-dependent directed flow. This manifests as a difference in the
directed flow parameter v1 between particles of opposite charges. Such
charge-dependent flow patterns can be particularly pronounced for heavy-
flavor mesons, such as D and D̄ mesons, due to their longer formation times
and sensitivity to the early-time magnetic field [7, 3].

• J/Ψ Polarization: The polarization of J/Ψ mesons, which are formed by
charm-anticharm quark pairs (cc̄), provides a unique probe of the initial
magnetic field configuration. In the presence of a strong magnetic field,
the spin alignment of the charm quark pairs during the quarkonium for-
mation can be affected. Studying the polarization of J/Ψ mesons in differ-
ent kinematic regions and centrality classes allows researchers to infer the
spatial and temporal evolution of the magnetic field. Such measurements
require precision data and detailed theoretical modeling to disentangle con-
tributions from the magnetic field and other sources, such as final-state
interactions and medium-induced effects.
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2.2 Relevance to Fundamental Physics

• Charge Separation by the Chiral Magnetic Effect (CME): The Chi-
ral Magnetic Effect (CME) predicts charge separation along the direction
of the magnetic field in the presence of a chirally imbalanced medium. This
phenomenon arises due to the coupling of the magnetic field with the chiral
anomaly, leading to a net current of charges. Experimentally, the CME
is studied by analyzing charge correlations and asymmetries in the final
particle distributions. Detecting charge separation consistent with CME
predictions would provide direct evidence of the role of magnetic fields in
shaping the particle dynamics of the QGP. However, isolating the CME sig-
nal from background effects, such as local charge conservation and collective
flow, remains a significant challenge. Advanced statistical and experimental
techniques are being developed to enhance the sensitivity of such measure-
ments.

2.2 Relevance to Fundamental Physics
Studying these extreme electromagnetic fields does more than reveal interesting
features of heavy-ion collisions. It can also provide:

• New Tests of QED and QCD: Observing how matter behaves under
fields of such strength can validate or challenge theoretical models, including
high-order corrections in QED and the magnetic response of QCD matter.

• Insights into the Early Universe: Shortly after the Big Bang, similar
(or even larger) field strengths may have existed. Understanding how strong
fields affect matter in collisions can offer clues about processes in the early
universe.

For detailed reviews on the physics of intense electromagnetic fields in heavy-
ion collisions and related theoretical developments, see Refs. [33, 26] and refer-
ences therein.

2.3 Direct Real/Virtual Photons
In high-energy heavy-ion collisions, photons (both real and virtual) are produced
at every stage of the reaction. As electrically neutral particles, they interact only
weakly with the surrounding medium after being emitted. This weak final-state
interaction allows photons to escape the collision zone with minimal distortion
of the information they carry. Consequently, direct photons, which do not origi-
nate from hadron decays, serve as essential probes of the hot and dense matter
created in such collisions. Furthermore, intense electromagnetic fields (including
magnetic fields) are expected to be generated in non-central collisions, and the di-
rect photons produced in these early stages co-exist with these fields, potentially
carrying information about the field strength and orientation.

Real photons are on-shell (q2 = 0), meaning they satisfy the usual energy-
momentum relation of massless particles. These photons can be detected by
calorimeters in experiments. In contrast, virtual photons are off-shell (q2 > 0) and
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2.3 Direct Real/Virtual Photons
5

hundred MeV – few GeV pT range, and we will put the word in quotation marks whenever experimental
results are discussed.
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FIG. 1. Prevalent terminology, referring to the sources of real photons in heavy ion physics

Other sources include photons from jet fragmentation in vacuum, well known and measured in pp [19, 31–
34]. They should be distinguished from jet Bremsstrahlung which occurs while the parton is still traversing the
(QGP) medium and losing energy in it [19]. Jet-medium or jet-photon conversion, jet-thermal photons [35, 36]
are a special case of the ultimate parton energy loss where a high pT quark collides with a thermal parton and
transfers all its momentum to a photon flying out in the same direction (see IV B). Hadron Bremsstrahlung
happening in the hadron gas is yet another source of photons [37, 38]).

Words of caution.
There are many sources of direct photons that are hard or impossible to disentangle experimentally. This

often leads to some misunderstanding when comparing data to model calculations. For instance, in the high
pT region (above 4-5 GeV/c), dominated by hard scattering, experiments often publish results on isolated
photons even in A+A collisions [39], using well-defined isolation criteria. These results are then compared
to perturbative QCD (pQCD) calculations, but the comparison is only valid if the same isolation criteria are
applied as in the data. In case of pp this is relatively straightforward but in A+A the underlying event has
to be properly simulated, too – a very non-trivial task. Also, in A+A “jet-conversion” photons (from the
interaction of a hard-scattered fast parton with the medium) are an additional source of isolated photons in
the experiment, but seldom included in theory calculations.

Even the distinction between direct and decay photons can become problematic. Short-lived resonances,
like !,�, a1 are sources of decay photons [40], but rarely if ever are actually subtracted by the experiments
from the inclusive photon yields (not the least because the parent distributions are usually not or poorly
known. Typically only ⇡

0 and ⌘ decays are considered and the e↵ect of all other hadron decays included in
the systematic uncertainties). While raising this issue may sound somewhat pedantic, we should point out
that at some point for instance the a1 has been predicted to be a major source of photons [41].

B. The fundamental processes to produce direct photons

In this section we review the fundamental sources that were believed for a long time to be the main sources
of photons in relativistic heavy ion collisions. More “exotic” mechanisms will be described in the context of
the “direct photon puzzle” (see Sec. VI).

Figure 9: Schematic illustration of photon production processes in high-energy
heavy-ion collisions [22]. Photons are emitted at all stages of the collision, pro-
viding information about the evolving system.

cannot be observed directly as free photons. Instead, they manifest in experiments
through their decay products, often lepton pairs (e+e− or µ+µ−). Measuring these
lepton pairs allows one to reconstruct the properties of the virtual photon (such
as invariant mass and momentum). Both real and virtual photons are considered
“direct”when they originate from partonic or early-time processes, rather than
hadronic decays. An important theoretical link between the two channels is
provided by the Kroll–Wada formula [44]:

dNγ∗→l+l−

dmµµ

=
2α

3π

1

m2
µµ

√
1−

4m2
µ

m2
µµ

(1 +
2m2

µ

m2
µµ

)SdNγ, (2.1)

where α is the fine-structure constant, me and mee are the mass of electron and
electron pair, respectively, and S is a process dependent factor, including a from
factor and a phase-space. This factor goes to 1 as mee → 0 or mee � pT. This
formula relates the yield of virtual photons (observed via lepton-pair production)
to that of real photons. Although virtual photons do not emerge as free particles,
they can be experimentally detected through their decay into lepton pairs (l+l−).
By measuring these pairs and reconstructing their invariant mass and momen-
tum, one can trace back to the kinematics of the off-shell (virtual) photon. This
approach grants access to kinematic regions—particularly low-energy or low-pT
domains—where calorimeter-based detection of real photons proves challenging.
Moreover, virtual photons help disentangle overlapping processes and probe the
same physical sources (for instance, thermal radiation) that produce real pho-
tons. The PHENIX experiment at RHIC and the ALICE experiment at the LHC
have both successfully measured virtual photon signals (via dileptons), confirm-
ing that such measurements provide crucial insights into the medium and its
electromagnetic properties.
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2.3 Direct Real/Virtual Photons

2.3.1 Production Mechanisms of Direct Photons

Figure 9 provides an overview of photon production in high-energy nuclear colli-
sions. The yield of direct photons can be theoretically calculated using different
frameworks, for example, perturbative QCD (pQCD) for prompt photons, hy-
drodynamic models for thermal photons, and transport or kinetic approaches for
the pre-equilibrium stage [49, 51]. Below, we outline the main sources of direct
photons, focusing on how they reflect different stages of the collision:

• Prompt Photons: At the earliest stage of the collision, parton-parton
scattering (e.g., q+g → q+γ or q+q̄ → g+γ, as shown in Fig. 10) generates
high-energy photons, often referred to as prompt photons. These photons
co-exist with the intense electromagnetic fields generated in non-central
collisions and thus may carry signatures of those fields. In experimental
analyses, the prompt-photon spectra from proton-proton collisions can be
scaled by the number of binary collisions Ncoll to estimate their contribution
in heavy-ion collisions:

E
dNγ

scaled
d3p

= 6745

√
s

p5T

Ncoll

σin
pp

, (2.2)

where σin
pp is the inelastic nucleon-nucleon cross section in picobarns (pb) [60].

Prompt photons dominate at high transverse momentum (pT), where per-
turbative QCD (pQCD) calculations are generally reliable.

q

g
γ

q
q

q̄

g

γ

Figure 10: Feynman diagrams for (a) q+ g → q+γ and (b) q+ q̄ → g+γ. These
processes occur at the initial stage of heavy-ion collisions, producing high-energy
(prompt) photons.

• Thermal Photons: As the quark-gluon plasma (QGP) forms and ther-
malizes, photons are produced from interactions among quarks and gluons
(e.g., q+g → q+γ). Because these emissions reflect the temperature of the
medium, they are called thermal photons. Experimentally, their spectra
can be approximated by an exponential A × exp(−pT/Teff), where Teff is
an effective temperature. For instance, PHENIX at RHIC reported Teff =
221±19stat ±19syst MeV in Au+Au collisions at √sNN = 200 GeV [10, 9] as
shown Fig. 11, while ALICE at the LHC found Teff = 297±12stat±41syst MeV
in Pb+Pb collisions at √sNN = 2.76 TeV [8] as shown 12. Thermal photons
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2.3 Direct Real/Virtual Photons

are summarized in Table I, where A is converted to dN=dy
for pT > 1 GeV=c. For central collisions T ¼ 221"
19stat " 19syst MeV. Using, instead, a power-law function
(/p#n

T ) to fit the pþ p spectrum yields n ¼ 5:40" 0:15,
and TAuAu ¼ 240" 21 MeV. If the direct photons inAuþ
Au collisions are of thermal origin, the inverse slope T is
related to the initial temperature Tinit of the dense matter. In
hydrodynamical models, Tinit is 1.5 to 3 times T due to the
space-time evolution [22]. Several hydrodynamical models
can reproduce the centralAuþ Au data within a factor of 2
[9]. These assume formation of a hot system with initial
temperature ranging from Tinit ¼ 300 MeV at thermaliza-
tion time !0 ¼ 0:6 fm=c to Tinit ¼ 600 MeV at !0 ¼
0:15 fm=c [22]. As an example, the dotted (red) curve in
Fig. 4 shows a thermal photon spectrum in central Auþ
Au collisions calculated with Tinit ¼ 370 MeV [7].

In conclusion, we have measured eþe# pairs withmee <
300 MeV=c2 and 1< pT < 5 GeV=c in pþ p and Auþ

Au collisions. The pþ p data show a small excess over the
hadronic background while theAuþ Au data show a much
larger excess. By treating the excess as internal conversion
of direct photons, the direct photon yield is deduced. The
yield is consistent with a NLO pQCD calculation in pþ p.
In central Auþ Au collisions the shape of the direct pho-
ton spectrum above the TAA-scaled pþ p spectrum is
exponential in pT , with an inverse slope T ¼ 221"
19stat " 19syst MeV. Hydrodynamical models with Tinit %
300–600 MeV at !0 % 0:6–0:15 fm=c are in qualitative
agreement with the data. Lattice QCD predicts a phase
transition from hadronic phase to quark gluon plasma at
%170 MeV [1].
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FIG. 4 (color online). Invariant cross section (pþ p) and
invariant yield (Auþ Au) of direct photons as a function of
pT . The filled points are from this analysis and open points are
from [19,20]. The three curves on the pþ p data represent NLO
pQCD calculations, and the dashed curves show a modified
power-law fit to the pþ p data, scaled by TAA. The dashed
(black) curves are exponential plus the TAA scaled pþ p fit. The
dotted (red) curve near the 0%–20% centrality data is a theory
calculation [7].

TABLE I. Summary of the fits. The first and second errors are
statistical and systematic, respectively.

Centrality dN=dy (pT > 1 GeV=c) T (MeV) "2=DOF

0–20% 1:50" 0:23" 0:35 221" 19" 19 4:7=4
20–40% 0:65" 0:08" 0:15 217" 18" 16 5:0=3
Min. Bias 0:49" 0:05" 0:11 233" 14" 19 3:2=4
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Figure 11: Direct photon spectra measured with virtual photon method in
Au+Au collisions at √

sNN = 200 GeV by the PHENIX experiment

ALICE Collaboration / Physics Letters B 754 (2016) 235–248 241

Fig. 6. (Color online.) Comparison of model calculations from Refs. [59–62] with the 
direct photon spectra in Pb–Pb collisions at √sNN = 2.76 TeV for the 0–20% (scaled 
by a factor 100), the 20–40% (scaled by a factor 10) and 40–80% centrality classes. 
All models include a contribution from pQCD photons. For the 0–20% and 20–40% 
classes the fit with an exponential function is shown in addition.

(297 ± 12stat ± 41syst) MeV in the range 0.9 < pT < 2.1 GeV/c for 
the 0–20% class and Teff = (410 ± 84stat ± 140syst) MeV in the 
range 1.1 < pT < 2.1 GeV/c for the 20–40% class. Alternatively, 
to estimate the sensitivity to the pQCD photon contribution, the 
slope was extracted without the subtraction of pQCD photons. This 
yields inverse slopes of T no subtr

eff = (304 ± 11stat ± 40syst) MeV for 
the 0–20% class and T no subtr

eff = (407 ± 61stat ± 96syst) MeV for the 
20–40% class. The dominant contribution to the systematic uncer-
tainty of the inverse slopes is due to the type B uncertainties.

A significant contribution of blueshifted photons from the late 
stages of the collision evolution with high radial flow velocities has 
to be taken into account [22,63]. This makes the relation between 
the medium temperature and the inverse slope parameter less di-
rect and a comparison to full direct photon calculations including 
the photons emitted during the QGP and hadron gas phase is nec-
essary to extract the initial temperature. A comparison to state-
of-the-art direct photon calculations is shown in Fig. 6. All shown 
models assume the formation of a QGP. The hydrodynamic mod-
els, which fold the space–time evolution with photon production 
rates, use QGP rates from Ref. [64] and equations of state from 
lattice QCD. All models include the contribution from pQCD pho-
tons, however, different parameterizations are used. The model of 
van Hees et al. [60] is based on ideal hydrodynamics with initial 
flow (prior to thermalization) [65]. The photon production rates in 
the hadronic phase are based on a massive Yang–Mills description 
of gas of π , K , ρ , K ∗ , and a1 mesons, along with additional pro-
duction channels (including anti-/baryons) evaluated with the in-
medium ρ spectral function [19]. Bremsstrahlung from π–π and 
K –K̄ is also included [66], in the calculation shown here together 
with π–ρ–ω channels recently described in Ref. [67]. The space–
time evolution starts at τ0 = 0.2 fm/c with temperatures T0 = 682, 
641, 461 MeV for the 0–20%, 20–40%, and 40–80% classes, respec-

tively, at the center of the fireball. The calculation by Chatterjee 
et al. [61,68] is based on an event-by-event (2 + 1D) longitudi-
nally boost invariant ideal hydrodynamic model with fluctuating 
initial conditions. An earlier prediction with smooth initial condi-
tions was presented in Ref. [69]. Hadron gas rates are taken from 
the massive Yang–Mills approach of Ref. [19]. Bremsstrahlung from 
hadron scattering is not included. The hydrodynamic evolution in 
the model of Chatterjee et al. starts at τ0 = 0.14 fm/c with an av-
erage temperature at the center of the fireball of T0 ≈ 740 MeV
for the 0–20% class and T0 ≈ 680 MeV for the 20–40% class. The 
calculation by Paquet et al. [59] uses event-by-event (2 + 1D) lon-
gitudinally boost invariant viscous hydrodynamics [70] with IP-
Glasma initial conditions [71]. Viscous corrections were applied 
to the photon production rates [59,72,73]. The same hadron gas 
rates as described above for the calculation by van Hees et al. 
are used. The hydrodynamic evolution starts at τ0 = 0.4 fm/c
with an initial temperature (averaged over all volume elements 
with T > 145 MeV) of T0 = 385 MeV for the 0–20% class and 
T0 = 350 MeV for the 20–40% class. The PHSD model prediction 
by Linnyk et al. [62] is based on an off-shell transport approach in 
which the full evolution of the collision is described microscopi-
cally. Bremsstrahlung from the scattering of hadrons is a significant 
photon source in this model. The comparison of the measured 
direct-photon spectra to the calculations in Fig. 6 indicates that the 
systematic uncertainties do not allow us to discriminate between 
the models.

5. Conclusions

The pT differential invariant yield of direct photons has been 
measured for the first time in Pb–Pb collisions at √sNN = 2.76 TeV
for transverse momenta 0.9 < pT < 14 GeV/c and for three cen-
trality classes: 0–20%, 20–40%, and 40–80%. Two independent and 
consistent measurements (PCM, PHOS) have been averaged to ob-
tain the final results. In all centrality classes, the spectra at high 
transverse momentum pT ! 5 GeV/c follow the expectation from 
pQCD calculations of the direct photon yield in pp collisions at 
the same energy, scaled by the number of binary nucleon col-
lisions. Within the sensitivity of the current measurement, no 
evidence for medium influence on direct photon production at 
high pT is observed. In the low pT region, pT " 2 GeV/c, no di-
rect photon signal can be extracted in peripheral collisions, but 
in mid-central and central collisions an excess above the prompt 
photon contributions is observed. An inverse slope parameter of 
Teff = (297 ± 12stat ± 41syst) MeV is obtained for the 0–20% most 
central collisions from an exponential function fit to the direct 
photon spectrum, after subtraction of the pQCD contribution, in 
the range 0.9 < pT < 2.1 GeV/c. Models which assume the forma-
tion of a QGP were found to agree with the measurements within 
uncertainties.
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Figure 12: Direct photon spectra measured with virtual photon method in Pb-Pb
collisions at √

sNN = 2.76 TeV with the ALICE
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2.4 Organization of this thesis

can be real photons measured by calorimeters or can appear as virtual pho-
tons that decay into lepton pairs, allowing the same temperature extraction
from dilepton spectra.

• Pre-equilibrium Photons: Before the system reaches local thermal equi-
librium, collisions among partons in an off-equilibrium state can emit pho-
tons. These pre-equilibrium photons carry information about the early-time
evolution, the approach to equilibration, and potentially the strongest mag-
netic fields present immediately after the collision.

Because these prompt photons (both real and virtual) are produced at early
times, they co-exist with the intense magnetic fields generated in non-central
collisions. Thus, the prompt photons may carry information about the intensity
and spatiotemporal profile of the electromagnetic fields. Therefore, measuring
direct real/virtual photons at LHC energies provides a valuable probe for studying
both the hot QCD matter and the intense magnetic fields generated in high-energy
heavy-ion collisions.

2.4 Organization of this thesis
This thesis explores virtual photon polarization as a new probe for the intense
magnetic fields generated during high-energy heavy-ion collisions. The feasibility
of measuring virtual photon polarization is evaluated using the statistical data
collected during the first three operational phases with ALICE. Additionally, the
thesis presents an analysis of the Pb – Pb collision data at √

sNN = 5.36 TeV
collected in 2023 This thesis is organized as following. Section 3 provides an
overview of the LHC and the ALICE detector, highlighting their relevance to this
study. Section 4 discusses the feasibility of measuring virtual photon polarization
within the ALICE experiment, emphasizing the potential as a probe for intense
magnetic fields. In Section 5, I presents the analysis of the Pb – Pb collision
data at √

sNN = 5.36 TeV taken in 2023. In Section 6, I show the results of
measurement of the virtual photon polarization. Finally, the conclusion of this
thesis in Section 7

3 Experimental Setup

3.1 Large Hadron Collider (LHC)
The Large Hadron Collider (LHC) is a two-ring superconducting hadron accel-
erator and collider located at CERN. The LHC is installed in the existing 26.7
km-long tunnel at CERN, situated on the border between France and Switzer-
land [25]. The tunnel of the LHC, located on the border of France and Switzer-
land, has a circumference of 26.7 km. It lies at depths ranging from 45 m to 170 m
below the surface on the plane inclined by 1.4% towards Léman Lake. The LHC
can collide protons at center-of-mass energy (CME) up to 14 TeV and lead ions
up to 5.5 TeV per nucleon. Before Long Shutdown 2 (2019 – 2021, LS2), protons
were generated by stripping electrons from hydrogen gas using an electric field
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3.1 Large Hadron Collider (LHC)

and then accelerated to 50 MeV by Linac2, which served as the injector for the
Proton Synchrotron Booster (PSB). During LS2, to improve luminosity, Linac2
was upgraded to Linac4. Linac4 generates H− ions from hydrogen gas and accel-
erates them along an 86 m linac comprising an RF quadrupole, a chopper line,
an Alvarez drift tube linac (DTL), a cell-coupled drift tube linac (CCDTL), and
a Pi-mode structure (PIMS), eventually reaching 160 MeV. Before injection into
the PSB, the electrons are stripped from the H− ions using a carbon foil, leaving
a proton beam that is injected into the PSB. In the PSB, the beam is acceler-
ated to 2 GeV, and in the Proton Synchrotron (PS), it is further accelerated to
a maximum of 25 GeV. The beam is then sent to the Super Proton Synchrotron
(SPS), where it reaches 450 GeV, before finally being accelerated to 6.8 TeV in
the LHC.

The Large Hadron Collider (LHC) is a two-ring superconducting hadron ac-
celerator and collider located at CERN, installed in a 26.7 km tunnel straddling
the border of France and Switzerland [25]. The tunnel depth varies between 45 m
and 170 m below ground level, following a plane inclined by about 1.4% toward
Lake Léman. The LHC is designed to collide protons at center-of-mass energies
(CME) up to 14 TeV and lead ions up to 5.5 TeV per nucleon.

Before Long Shutdown 2 (LS2, 2019–2021), protons were produced from hy-
drogen gas by stripping electrons using an electric field, then accelerated to
50 MeV by Linac2. During LS2, Linac2 was replaced by Linac4 to enhance lu-
minosity. Linac4 generates H− ions from hydrogen gas and accelerates them to
160 MeV using an 86 m linac that includes an RF quadrupole, a chopper line, an
Alvarez drift tube linac (DTL), a cell-coupled drift tube linac (CCDTL), and a Pi-
mode structure (PIMS). Prior to injection into the Proton Synchrotron Booster
(PSB), a carbon foil strips electrons from H−, leaving a proton beam. The
beam then travels through the PSB, where it is accelerated to 2 GeV, and subse-
quently through the Proton Synchrotron (PS), where it reaches 25 GeV. It is then
transferred to the Super Proton Synchrotron (SPS) and accelerated to 450 GeV.
Finally, the beam is injected into the LHC, where it can reach energies up to
6.8 TeV per beam.

The process of preparing lead-ion beams for the LHC begins with a small piece
of pure lead, about 2 centimeters long and weighing 500 milligrams. This lead
sample is heated to approximately 500 degrees Celsius, causing a tiny fraction of
the atoms to vaporize. An electric current is then used to strip a few electrons
from each atom, turning them into ions that are ready to begin their journey
through the accelerator complex.

The first stage in this journey is a linear accelerator known as Linac3. Here,
the lead ions are given their initial energy boost, reaching about 4.5 MeV per
nucleon. During this stage, additional electrons are removed from the ions, leaving
them in a higher charge state, which makes it easier to accelerate them further.
From Linac3, the ions move into the Low Energy Ion Ring (LEIR), a specialized
circular accelerator designed to accumulate and increase the intensity of the lead-
ion beam. In LEIR, the ions are further accelerated to an energy of 72 MeV per
nucleon.

At this point, the ions transition from the unique ion-specific part of the
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Figure 13: The CERN accelerator complex [46]

accelerator complex to the shared path used by both ions and protons. They first
enter the Proton Synchrotron (PS), despite its name, which is also capable of
accelerating heavy ions. In the PS, the lead ions are accelerated to an energy of
5.9 GeV per nucleon, and their last remaining electrons are stripped away, leaving
them as fully ionized lead nuclei.

Next, the ions are transferred to the SPS, where they are further accelerated
to 177 GeV per nucleon. Finally, the SPS injects the lead-ion beams into the
LHC, where they are accelerated to their final energy—approximately 2.56 TeV
per nucleon. This corresponds to a total collision energy of up to 5.5 TeV per
nucleon pair when two lead-ion beams collide.

3.2 Overview of the ALICE apparatus
ALICE (A Large Ion Collider Experiment) is a dedicated heavy-ion physics de-
tector at the LHC, designed to study QCD matter in collisions such as Pb–Pb
at energies up to √

sNN = 5.36TeV. In central Pb–Pb events, as many as 8,000
charged particles can be produced. ALICE’s subsystems collectively handle high
multiplicity, provide extensive momentum coverage, and enable robust particle
identification. Unlike other LHC experiments, ALICE runs a relatively low mag-
netic field (0.2–0.5 T) inside the L3 solenoid, which allows good acceptance of
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Figure 14: Overview of The ALICE detectors in Run 3 [56]

very low-pT tracks.
The LHC’s third data-taking period (Run 3) follows the second Long Shut-

down (LS2, 2019–2021). During this period, Pb–Pb collisions may reach √
sNN =

5.36TeV, and pp collisions can go up to
√
s = 13.6TeV. ALICE, along with the

other major LHC experiments, has undergone significant upgrades to enhance
detector performance at higher collision rates and to increase sensitivity to rare
physics processes. The primary goal is to record up to ∼ 10 nb−1 of Pb–Pb col-
lisions (roughly 1011 interactions), with a continuous or near-continuous readout
at 50 kHz in Pb–Pb and 200 kHz in pp. Large reference datasets in pp and p–
Pb collisions will also be collected to isolate medium-specific effects in heavy-ion
collisions.

3.2.1 Central Barrel

Although the central barrel forms the core region of ALICE (covering |η| < 0.9),
it is summarized here only briefly. It comprises several crucial subsystems, each
designed to cover a wide momentum range and to identify particles with high
precision:

• Inner Tracking System (ITS): Positioned closest to the beam axis,
the ITS provides high-resolution vertexing and precision tracking for low-
momentum charged particles. Consisting of seven concentric layers of sili-
con detectors, the upgraded ITS features reduced material budget and finer
segmentation. This allows for better detection of secondary vertices (e.g.
from charm or beauty decays) and improved efficiency in reconstructing
low-pT tracks.

• Time Projection Chamber (TPC): The TPC is the primary track-
ing detector, offering three-dimensional charged-particle trajectory mea-
surements over a large volume. By collecting ionization electrons drifting
to the readout endplates, the TPC can reconstruct charged tracks with
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excellent momentum resolution. The upgraded TPC now uses Gas Elec-
tron Multiplier (GEM) readout chambers to accommodate continuous data-
taking at rates up to 50 kHz in Pb–Pb collisions. Together with the ITS, it
provides robust charged-particle identification through energy-loss (dE/dx)
measurements.

• Time of Flight (TOF): Covering charged-particle identification in the
intermediate momentum range (∼ 0.2–2.5 GeV/c), the TOF system mea-
sures the arrival times of particles with an intrinsic timing resolution of
tens of picoseconds. By correlating these times with the measured path
length, ALICE can separate pions, kaons, and protons over a broad kine-
matic range.

• Electromagnetic Calorimeters (EMCal): These sampling calorimeters
detect electromagnetic showers from electrons, photons, and jets. EMCal
and its extended DCal region are essential for jet-quenching studies (energy
loss of partons in the quark–gluon plasma) and the identification of direct
photons. The readout system has been upgraded to handle higher collision
rates and to maintain fine spatial granularity for improved shower-profile
measurements.

• PHOton Spectrometer (PHOS): PHOS provides high-resolution mea-
surements of photons over a smaller angular coverage than EMCal. Using
high-granularity crystal modules and a charged-particle veto (CPV), PHOS
can distinguish direct photons from those originating in neutral pion and
η decays. This capability is crucial for probing thermal radiation from the
QGP and searching for other rare photon-related signals.

All of these subsystems operate within the 0.2–0.5 T magnetic field of the L3
solenoid, originally from the LEP L3 experiment. The moderate field strength
allows ALICE to track particles with both high and low transverse momentum.
Upgrades introduced for Run 3 and beyond focus on improving the tracking reso-
lution, raising the readout frequency to match higher collision rates, and enabling
near-continuous data acquisition. More technical details on each detector can be
found in Refs. [4].

3.2.2 Muon Detectors

The muon spectrometer is crucial for investigating quarkonia (e.g., J/ψ, Υ) and
other muon probes of the hot, dense medium formed in heavy-ion collisions. By
covering the pseudorapidity range −4 ≤ η ≤ −2.5 with the Muon Tracking Cham-
bers (MCH) and Muon Identifier (MID), and −3.6 ≤ η ≤ −2.45 with the Muon
Forward Tracker (MFT), ALICE gains sensitivity to heavy-flavor production and
suppression patterns, as well as potential signals of the QGP.

• Muon Chambers (MCH): The front-end electronics have been upgraded
to sustain up to 100 kHz readout, ensuring compatibility with higher inter-
action frequencies. The MCH measures charged tracks emerging from the
absorber, providing precise muon trajectory reconstruction.
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application-specific integrated circuits that are used in 1.1 × 106 measuring channels and devices for commu-
nication with the data-acquisition system. The first generation of the electronics operates in the trigger mode
and is characterized by an input throughput of 3 × 103 events/s at an output data rate of 3.2 Gbit/s. The sec-
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INTRODUCTION
The ALICE setup [1] is focused on studying the

physics of heavy nuclei collisions. It contains a num-
ber of subsystems, one of which is a muon spectrome-
ter [2, 3]. The most important task of the spectrometer
is to study the yields of heavy J/ψ and Y quarkonia,

which are identified by the spectrum of invariant
masses of a muon pair. The structure of the spectrom-
eter is shown in Fig. 1.

Particles produced at the interaction point pass
through an absorber, which reduces the total particle
flux by approximately 100 times, whereas muons pass

APPLICATION OF COMPUTERS
IN EXPERIMENTS

Fig. 1. The position of muon tracking stations СТ1–СТ5 in the ALICE setup of the Large Hadron Collider.

7405

FRONT VIEV

IP LHC

A–A

ABSORBER

DIPOLE
MAGNET

MUON
FILTER

MUON
TRIGGER

BEAM LHC
YB B

5081

0.794˚

262 262

CT1
CT2

CT3

CT4

CT5

Z

Figure 15: View of the muon spectrometerALICE LS2 upgrades ALICE Collaboration

Figure 35: Schematic view of the Muon Forward Tracker (left) and its integration with the central barrel (right).

3.3 Muon Forward Tracker

The Muon Forward Tracker detector (MFT), see Fig. 35, is a high position resolution silicon detector,
which has been designed to extend the physics program of the muon spectrometer (see Sec. 3.6). Its
primary goal is to improve the pointing resolution of muons by matching the tracks reconstructed down-
stream of the hadron absorber to those reconstructed inside the MFT upstream of the absorber [23].
This approach allows the removal of multiple scattering effects in the hadron absorber and improves the
pointing resolution of muon tracks down to about 100 µm. The MFT is located between the interaction
point and the front absorber and surrounds the beam pipe at the closest possible distance. It provides
charged particle tracking in the pseudorapidity interval �3.6 < h < �2.45, which covers most of the
muon spectrometer acceptance. The acceptance boundaries are defined on one side by the size of the
beam pipe, and on the other side by the volume and position of the ITS2, the FIT-C and the beam pipe
support, as shown in Fig. 35.

3.3.1 Detector layout

The MFT has a projective geometry (see Fig. 35) based on five disks, coaxial with the beam pipe and
labelled D00 (innermost) to D04 (outermost), the first two (D00 and D01) being identical and the others
(D02, D03 and D04) having their diameters increasing with the distance from the interaction point. To
ease assembly and insertion, the detector is divided into two identical halves, labelled H0 for the bottom
part and H1 for the top part. The MFT is composed of a total of 936 ALPIDE silicon sensors (see
Sec. 2.3) distributed on both sides faces of the ten half-disks, and arranged in detection modules called
ladders. Each ladder is a hybrid integrated circuit with two to five sensors (depending on the position
within the disk), which are glued and interconnected on a flexible printed circuit (FPC) board to provide
the power and readout connections. In order to minimize the material budget, the silicon-pixel sensors
constituting the MFT are thinned down to the same thickness of 50 µm as the ITS2 inner barrel sensors
(see Sec. 3.2), and the FPC to which they are connected are made of polyamide with two layers of
aluminum on either side. Each ladder is connected to a PCB that is located outside the acceptance,
external to each half face. The MFT contains 240 ladders whose positions were defined to ensure an
85% overlap of the sensors between the two faces of each disk. The face of the half-disks is subdivided
into four zones (each containing between three and five ladders) which yields a total of 80 zones for the
full MFT.

The ten half-disks are then assembled into half-cones. The first three half-disks are connected to a set of
motherboards that provide the connection of the readout lines with 6.5 m long copper cables, which run
alongside the whole absorber towards the front-end electronics boards. For the two larger half-disks, the
same type of copper cables is used, connected directly to the PCBs. Each half-cone also houses a Power
Supply Unit (PSU), which controls and monitors the powering of the zones to guarantee the ladder safety
and is located outside the acceptance between the last two half-disks. The disks and the PSU are water-
cooled and air ventilation is used to ensure temperature homogeneity inside the confined space where the
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Figure 16: View of the Muon Forward tracker (MFT)

• Muon Identifier (MID): Formerly referred to as the Muon Trigger Cham-
bers, it now operates in a continuous or near-continuous mode with lower
gain and newly developed front-end chipst. This system identifies muons
by filtering out hadrons that fail to penetrate the absorber material.

• Muon Forward Tracker (MFT): A newly installed detector placed be-
fore the front absorber, improving the precision of vertexing in the forward
region. The MFT substantially enhances measurements of muon pairs,
allowing detailed studies of heavy-flavor and vector-meson production in
kinematic regions previously out of reach.

By running in continuous-readout mode, the muon detectors (MCH, MID, and
MFT) can handle the higher collision rates of Pb–Pb (50 kHz) and pp (200 kHz).
This increased data volume is vital for rare processes such as quarkonium sup-
pression, regeneration, and flow studies in heavy-ion collisions.
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3.5 Fast Interaction Trigger

The Fast Interaction Trigger (FIT)[36] serves as an interaction trigger, online and offline luminometer,
initial indicator of the vertex position, and forward multiplicity counter. Offline analysis of FIT data
provides the precise collision time for TOF-based particle identification, yields the collision centrality
and the event plane orientation, and provides the main input for the measurement of cross sections of
diffractive processes. The FIT consists of five distinct detector stations, positioned at different locations
along the beam line. Three different detector technologies, as detailed below, are used. An illustration
of FIT is shown in Fig. 56; the distance from the interaction point (IP) and pseudorapidity coverage of
the different arrays are displayed in the inset table. The naming convention relates to the similar ALICE

Figure 56: View of the FIT detectors illustrating the relative sizes of each component. From left to right FDD-A,
FT0-A, FV0, FT0-C, and FDD-C are shown. Note that FT0-A and FV0 have a common mechanical support. FT0-
A is the small quadrangular structure in the centre of the large, circular FV0 support. Note that all detectors are
planar with the exception of FT0-C, which has a concave shape centered on the IP. The inset table lists the distance
from the interaction point and the pseudorapidity coverage for each component.

detectors used during Run 2. FT0 is the successor of T0 [37], which owes its name to the fact that it was
used to provide a start time. FV0 is the successor of V0 [38], which provided the vertex location. Finally,
FDD (Forward Diffractive Detector) is the successor of ALICE diffractive detector, AD, which detects
charged particles at large pseudorapidity for the selection of diffractive and ultra-peripheral events. [39].

A new, fast electronics and readout system [40] that can handle the larger interaction rates in Runs 3 and
4 has been designed and implemented for all FIT subdetectors [41].

3.5.1 FT0

The FT0 consists of two arrays of quartz Cherenkov radiators, FT0-A and FT0-C, which are optically
coupled to MicroChannel Plate-based photomultipliers (MCP). The FT0-A is located at 3.3 m from the
IP and comprises 24 MCPs and 96 quartz radiators. Due to the close proximity to the IP, the FT0-C
support has a convex shape (as seen from the IP), positioning all 28 MCPs such that each of the 112
quartz radiators is at a distance of 84 cm from the nominal IP. The Photonis XP85002/FIT-Q MCPs are
factory-customized versions of the Planacon XP85012. The customization is a new back-plane design for
FT0 which groups the usual 64 anodes into four outputs, one for each of the four optically isolated quartz
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Figure 17: View of the FIT detectors illustrating the relative sizes of each com-
ponent. From left to right FDD-A, FT0-A, FV0, FT0-C, and FDD-C are shown.
Note that FT0-A and FV0 have a common mechanical support. FT0- A is the
small quadrangular structure in the centre of the large, circular FV0 support.
Note that all detectors are planar with the exception of FT0-C, which has a
concave shape centered on the IP. The inset table lists the distance from the
interaction point and the pseudorapidity coverage for each component.

3.2.3 Forward Detectors

ALICE’s forward region complements the central barrel and muon systems by
providing trigger signals, luminosity monitoring, multiplicity measurements at
large |η|, and event-plane determination. These forward detectors enable AL-
ICE to characterize global properties of each collision, distinguish diffractive and
ultra-peripheral events, and measure background or beam-gas interactions. Fast
Interaction Trigger (FIT) [FIT] Delivers rapid event triggers, monitors lu-
minosity, provides initial vertex information, measures forward multiplicity, and
tags diffractive/ultra-peripheral collisions. Operates with upgraded electronics
for continuous or near-continuous readout. Replaces and extends the functional-
ities of the T0, V0, and AD detectors from Run 2.

• Subcomponents:

1. FT0: Two arrays of quartz Cherenkov radiators (FT0-A and FT0-C),
read out by MicroChannel Plate (MCP) photomultipliers. Achieves
∼ 25 ps time resolution per MIP, crucial for minimum-bias triggers
and precise TOF start-time.

2. FV0: A large, segmented scintillator disk with fiber-based light col-
lection, covering forward pseudorapidity. Provides timing (single-MIP
σt ∼ 200 ps) and multiplicity data. Also helps generate fast triggers
and centrality/event-plane estimates.
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3. FDD: Two arrays of rectangular scintillator pads in overlapping layers.
Covers large |η| and detects single MIPs, making it ideal for diffrac-
tive and ultra-peripheral collision tagging. Also offers an independent
centrality measurement in p–Pb and Pb–Pb collisions.

3.2.4 Online-Offline Computing system (O2) [19]

The Online-Offline (O2)system is a key ALICE upgrade for Run 3, enabling ”con-
tinuous readout” of up to 50 kHz in Pb – Pb collisions and 200 kHz in pp or p
–Pb. Rather than discarding entire events at the hardware trigger level, all de-
tector signals stream to the computing facility, where real-time reconstruction
algorithms compress raw data into compact objects (such as TPC clusters) on-
the-fly. This approach significantly boosts the event statistics—potentially by
a factor of 100 compared to earlier runs—while maintaining full reconstruction
quality even under severe pile-up conditions. The software architecture integrates
calibration, reconstruction, and offline analysis in a single framework, supported
by local storage at Point 2 and additional resources on the Grid. By merging on-
line and offline workflows, ALICE can collect and process vastly more collisions,
which is vital for probing rare processes.

3.3 Basic kinematic variables in ALICE coordinates
The ALICE experiment uses a right-handed Cartesian coordinate system (x, y, z),
centered at the interaction point (IP) with the origin at (0, 0, 0). In this setup:

• The z-axis is aligned with the beam direction.

• The x-axis is defined to run from the IP toward the center of the LHC ring.

• The y-axis points upward.

Hence, the x–y plane is transverse (perpendicular) to the beam axis (z-axis).
This choice ensures consistency across analyses within ALICE and with other
LHC experiments.

In many physics analyses, coordinates are expressed in a spherical system
(r, θ, ϕ):

r =
√
x2 + y2 + z2,

θ = arctan
(√

x2 + y2

z

)
,

ϕ = arctan
(
y
x

)
.

(3.1)

Here, ϕ is the azimuthal angle around the beam (z) axis, measured from ϕ = 0
at x = 0 (the center of the LHC ring), and θ is the polar angle measured from
the z-axis. To characterize particle emission along the beam axis in high-energy
collisions, the rapidity y is often used:

y = 1
2

ln
(
E + pz
E − pz

)
, (3.2)
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where E is the particle’s total energy and pz is the momentum component parallel
to the z-axis. In the relativistic limit (p � m), the pseudorapidity η frequently
substitutes for y:

η = − ln
[
tan(θ/2)

]
, (3.3)

where θ is the polar angle from above. Pseudorapidity is favored in certain
detector analyses because it depends only on the emission angle and not on the
particle’s mass.

A particularly important momentum component in collider physics is the
transverse momentum pT , defined in the plane perpendicular to the beam:

pT =
√
p2x + p2y = p sin θ = p

cosh η
. (3.4)

4 Feasibility study

4.1 Estimation of the Time Evolution of Intense Mag-
netic Fields Using a Resistive Relativistic Magneto-
Hydrodynamics Model

In high-energy heavy-ion collisions, the quark–gluon plasma (QGP) that emerges
can host significant electric currents, which in turn influence the external mag-
netic field [29]. Understanding these induced currents is crucial because they can
extend the lifetime of the magnetic field well beyond its initial peak. To simulate
this phenomenon, relativistic magnetohydrodynamics (RMHD) models have been
introduced [30, 37, 38], but we employ a more advanced approach—resistive rel-
ativistic magnetohydrodynamics (RRMHD). This formalism incorporates a
finite electrical conductivity for the QGP, as implied by results from Lattice QCD,
perturbative QCD, and the AdS/CFT correspondence [2, 34, 45]. Such a non-zero
conductivity dramatically affects both the strength and duration of the magnetic
field, a key input for studies of polarization and related observables.

4.1.1 Milne Coordinates

In heavy-ion collisions, the fluid expands rapidly along the beam axis, and rela-
tivistic hydrodynamic simulations often face numerical instabilities at large space-
time rapidities. To mitigate these issues, it is common to work in Milne coordi-
nates (τ, x, y, ηs), defined by:

τ =
√
t2 − z2, ηs =

1
2

ln
(
t+z
t−z

)
. (4.1)

Here, τ is the longitudinal proper time and ηs is the space-time rapidity. This
choice leverages approximate boost invariance along the beam axis, which is a
reasonable assumption at RHIC and LHC energies [166–172].

In these coordinates, the four-velocity transforms as follows:

uτ = cosh(ηs)ut − sinh(ηs)uz,

uηs =
1

τ

[
− sinh(ηs)ut + cosh(ηs)uz

]
.

(4.2)
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4.1 Estimation of the Time Evolution of Intense Magnetic Fields Using a
Resistive Relativistic Magneto-Hydrodynamics Model

4.1.2 Resistive Relativistic Magnetohydrodynamics (RRMHD) Model

Simulating the magnetic field in a fast-expanding, conductive medium requires a
comprehensive approach. We use a 3+1D resistive relativistic magnetohydrody-
namics (RRMHD) model [48] to estimate the time evolution of these fields under
realistic conditions:

• Fluid Conservation Laws: The baseline equations of ideal hydrodynam-
ics remain:

∇µN
µ = 0,∇µT

µν = 0, (4.3)
where Nµ is the fluid (baryon) current, T µν the energy-momentum tensor,
and ∇µ the covariant derivative.

• Maxwell’s Equations:
∇µF

µν = − Jν , 1
2
∇µε

µνρσ Fρσ = 0, (4.4)
where F µν is the electromagnetic field tensor, Jµ is the electric current, and
εµνρσ is the Levi-Civita tensor density.

• Ohm’s Law:
Jµ = q uµ + σe F

µν uν . (4.5)
Here, σe is the electric conductivity (treated as a constant in this model),
q = −Jµuµ is the charge density in the fluid’s comoving frame, and uµ is
the fluid four-velocity.

By including finite σe, our RRMHD model simultaneously incorporates the QGP’
s expansion and its non-zero conductivity, providing a self-consistent picture of
how intense magnetic fields persist or decay.

Initial Conditions and Conductivity. We initialize the energy density using
an optical Glauber approach, assuming the colliding nuclei move only along the
beam (z) axis and are Lorentz-contracted in the transverse plane. Because we
start hydrodynamics at τ = 0.2 fm/c, the magnetic fields are already in a conduc-
tive QGP medium. The model calculates the initial fields by combining a scalar
electric conductivity σe with the boosted Coulomb fields of the nuclei, following
Refs. [48, 59]. While this approach simplifies the genuine pre-equilibrium dynam-
ics (e.g., see [30] for a discussion of the difficulties in modeling pre-equilibrium
EM fields), it still captures the essential evolution of B-fields in an expanding,
conductive plasma. Consequently, we neglect magnetic-field-induced polarization
before the QGP is established.

We separately checked the consistency of model parameters, finding it can
describe relevant experimental data well. Nevertheless, we adopt an electric con-
ductivity σe ≈ 0.46 fm−1 that is about an order of magnitude larger than typical
LQCD or pQCD estimates. Although this higher value increases the field in-
tensity at later times, we observe that our RRMHD model underestimates the
electromagnetic-field strength if spectator contributions are omitted. Missing
spectator currents lead to a smaller predicted B-field, and this larger σe partly
compensates for that effect [48]. The full details of why and how this choice was
made are beyond our current scope.
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4.2 Time Evolution of Intense Magnetic Fields

4.2 Time Evolution of Intense Magnetic Fields
We now illustrate the time dependence of the magnetic field using this RRMHD
approach. Because the field strength decreases quickly from its initial maximum,
capturing the temporal decay is crucial for computing polarization and other
electromagnetic effects. Moreover, the field’s initial intensity depends on the
collision centrality, as the protons that remain spectators generate most of the
field.

To maximize the initial field, we use a mid-central collision with an impact
parameter of b = 10 fm, ensuring the hydrodynamics is still applicable. The
RRMHD model is started at τ = 0.2 fm/c under the same conditions (e.g. table 1
of Ref. [37]) that also provide realistic agreement with experimental observables.
We extract the By component at the grid center where the energy density exceeds
0.15GeV/fm3, saving snapshots every 0.1 fm/c.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
)c (fm/τ

10

2102 π
|/m y

eB|

Pb-Pb@2.76TeV, RRMHD
-1=0.46 fm

e
σ=3.36 fm, ηb=10 fm, 

Figure 18: Time evolution of By at the collision center from our RRMHD
model [48] with b = 10 fm and σe ≈ 0.46 fm−1. This conductivity is larger than
usual lattice estimates, compensating for omitted spectator currents that other-
wise diminish the calculated field. Even under these conditions, the magnetic
field rapidly decreases as the medium expands.

Figure 18 shows how By changes with proper time. Despite an initially large
value, the field decays substantially within a few fm/c of the collision, underscor-
ing the importance of a realistic time evolution model when calculating polariza-
tion or other magnetic-field-driven effects in QGP physics.
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4.3 Muon pair production rate asymmetry

γ∗
µ−γ∗

µ+

Figure 19: One-loop vacuum polarization diagram in the presence of an external
magnetic field, leading to muon pair production.

4.3 Muon pair production rate asymmetry
In high-energy nuclear collision experiments, a intense external magnetic field
can induce anisotropy in the production rate of muon pairs from virtual photons.
This effect can be understood by considering the one-loop vacuum polarization
diagram of a virtual photon with the infinite contribution of the magnetic field
(Fig. 19). The infinite series of magnetic-field contributions (eB/m2) in the one-
loop polarization modifies the photon’s polarization relative to the field direction,
thus generating anisotropic responses in photon propagation [39].

I focused on this phenomenon as a factor that induces anisotropy in the muon
pair production rate. The production rate is given by:

Rµ+µ− =
α2

2π4
Lµν(p1, p2)Dµα(q, eB)D∗

νβ(q, eB)
ImGαβ

R (q, T, eB)

eq0/T − 1
, (4.6)

where α is the fine-structure constant, e is the electric charge, B = |B| is the
magnitude of the magnetic field, and T is the system temperature. p1 and p2
are the muon and anti-muon four-momentum, q is the virtual photon momentum
satisfying q = p1 + p2. The leptonic tensor, Lµν is given by

Lµν = pµ1p
ν
2 + pν1p

µ
2 −

(
p1 · p2 +m2

µ

)
gµν , (4.7)

where mµ is the muon mass and gµν = diag(1,−1,−1,−1) is the metric tensor.
The virtual photon source term ImGαβ

R (q, T, eB)/(eq0/T−1) contains the retarded
Green function of the electric currents in the thermal and magnetic fields. Since
it is difficult to show the details of the virtual photon source in high-energy
heavy-ion collision, we replace it with the current conservation form as

ImGαβ
R (q, T, eB)

eq0/T − 1
=

(
−gαβq2 + qαqβ

)
C, (4.8)

where C is a constant. The effect of the polarization of the photon source term
is partially canceled in the polarization ratio for the anisotropy. The photon
propagator Dµν(q, eB) is given by

Dµν(q, eB) = − i

q2

[
gµν − 1

q2
Πµν(q, eB)

]−1

, (4.9)

where [Aµν ]−1 means the matrix inverse of the tensor Aµν . The vacuum polariza-
tion tensor Πµν is evaluated at one-loop level in the Furry picture with a constant
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4.4 Vacuum polarization tensor in constant external intense magnetic field

intense magnetic field, and evaluated numerically in the Landau summation form
[32, 39]. We consider the contribution of electron and muon for virtual fermions
included in the polarization tensor.

4.4 Vacuum polarization tensor in constant external in-
tense magnetic field

The vacuum polarization tensor with the effect of an intense external magnetic
field in it, Πµν , is given by [11].

Πµν(k) = (Pµν − Pµν
‖ − Pµν

⊥ )N0(k) + Pµν
‖ N1(k) + Pµν

⊥ N2(k), (4.10)

where, Ni(i = 0, 1, 2) are form factors, kµ is the photon four-momentum and the
projection tensors are defined by

Pµν = k2ηµν − kµkν , Pµν
‖ = k2‖η

µν − kµ‖k
ν
‖ , Pµν

⊥ = k2⊥η
µν − kµ⊥k

ν
⊥. (4.11)

The direction of the magnetic field is the y-axis direction in a right-handed
coordinate system. kµ and the metric tensor ηµν are defined in the direction with
respect to the magnetic field as follows.

kµ‖ = (k0, 0, k2, 0) = (ω, 0, ky, 0), k
µ
⊥ = (0, k1, 0, k3) = (0.kx, 0, kz) (4.12)

ηµν‖ = diag(1, 0,−1, 0), ηµν⊥ = diag(0,−1, 0,−1) (4.13)

k2‖ = ω2 − k2y (4.14)

k2⊥ = −(k1)2 − (k3)2 = −k3
⊥ (4.15)

The form factor Ni (i=0,1,2) in eq.(4.10) is given by

Ni = − α

4π

∫ 1

−1

dv

∫ ∞−0ε

0−iε
[Ñi(y, v)e

−iψ(z,v)η−iφ(v;r,µ) − 1− v2

y
e−i

y
µ ]dy, (4.16)

Ñ0(y, v) =
cos(vy)− ccot(y)sin(vy)

sin(y)
, (4.17)

Ñ1(y, v) = (1− v2)cot(y), (4.18)

Ñ2(y, v) = 2
cos(vy)− cos(y)

sin3(y)
, (4.19)

ψ(y, v) =
cos(vy)− cos(y)

sin(y)
, (4.20)

φ(v; r, µ) =
1− (1− v2)r

µ
, (4.21)
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4.4 Vacuum polarization tensor in constant external intense magnetic field

where the dimensionless quantities µ, r, and η are defined as follows

µ =
eB

m2
, r =

k2‖
4m2

, η =
2q

µ
where, q =

~k2⊥
4m2

(4.22)

Since it is a complicated double integral as in Eq.4.16, analytical calcula-
tions have been difficult. Calculations have been performed only under limited
conditions, such as the red and green regions in Fig.20 [24, 40, 27].

In 2012, K. Hattori and K. Itakura derived the complete sum of Landau levels
for the photon vacuum polarization tensor in a constant external magnetic field at
the one-loop level, originating from fermion-antifermion pairs [43]. In this process,
a double series over n and l is obtained by expansion. Here, n and l correspond
to the Landau levels of virtual fermions confined in the external magnetic field
and are the indices in the one-loop diagram. In 2013, Ishikawa et al. obtained
a tabular form of the sum of Landau levels that is easily renormalized for the
evaluation of the vacuum polarization tensor in the LHC energy region [39]. The
form factor in Eq. 4.16 has already been renormalized, so it cannot be calculated
numerically. This expression can be split into two terms: r 6= 0 (first term) and
r = 0 (second term), as shown in Eq. 4.23.

Nj = − α

4π

∫ 1

−1

dv

∫ ∞−0ε

0−iε
[Ñj(y, v)e

−iψ(y,v)η(e−iφ(v;r,µ) − e−i
y
µ )]dy

− α

4π

∫ 1

−1

dv

∫ ∞−0ε

0−iε
[(Ñj(y, v)e

−iψ(y,v)η − 1− v2

y
)e−i

z
µ )] (4.23)

The first term is transformed into a series using the method of [43], while the
second term is analytically connectable.

Nj = − α

4π

∞∑
n=0

Cn

∞∑
l=0

Ωn
lj(r, η, µ)

− α

4π

∫ 1

−1

dv

∫ ∞−0ε

0−iε
[(Ñj(y, v)e

−iψ(y,v)η − 1− v2

y
)e−i

y
µ )] (4.24)

In the presence of a strong external magnetic field, when pair production
occurs, the final state particles are confined in the magnetic field, so their energies
are determined by the Landau levels. The kinematic condition for pair production
is that the photon’s longitudinal momentum r must exceed the Landau levels,
which is given by:

r =
{√

m2 + 2leB +
√
m2 + 2(l + n)eB

}2

(4.25)

Here, n and l are the Landau levels, and r is the longitudinal momentum of the
photon.

Thus, all regions of Fig. 20 can be numerically verified. The line in Fig. 20
represents the threshold at which a photon decays into a fermion-antifermion pair.
The photon decays when its longitudinal momentum exceeds the right-hand side
of Eq. 4.25, and this value is determined by the Landau levels.
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4.5 Definition of calculated Virtual photon polarization

Figure 20: The region in which the theoretical interpretation of the vacuum
polarization tensor is obtained in terms of the photon longitudinal momentum
and the intensity of the magnetic field [31].

4.5 Definition of calculated Virtual photon polarization
To define the virtual photon polarization in the context of high-energy heavy-ion
collisions, we consider the coordinate system depicted in Fig. 21. This coordinate
system provides the geometric foundation for polarization calculations and plays
a crucial role in expressing the relationship between particle momenta and the
direction of the external magnetic field.

Here, the z-axis is aligned with the beam axis of the heavy-ion collision, and
the x-z plane is defined as the event plane. The magnetic field is oriented along
the y-axis, reflecting its perpendicular alignment to the event plane in non-central
collisions. This configuration also accounts for the rotational symmetry of particle
production rates within the x-z plane.

Within this coordinate system, the momenta of the muon and anti-muon
are defined as p1 and p2, respectively. Based on this, we introduce the normal
vector to the decay plane of the muon pair, nµµ, which is defined by the following
equation:

nµµ =
p1 × p2

|p1 × p2|
(4.26)

Next, nref is a vector orthogonal to the magnetic field, defined based on the
virtual photon’s momentum as follows:

nref =
(p1 + p2)× (p1 + p2)xz
|(p1 + p2)× (p1 + p2)xz|

(4.27)

Finally, we consider the angle θ between the magnetic field B and the decay
plane’s normal vector nµµ. This angle is given by:

θ = cos−1(nµµ · nref) (4.28)

Using this coordinate system, the polarization of the virtual photon, Pcal, is
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x
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θ

Figure 21: The definition of the angle between decay plane of muon pair and the
intense magnetic field. p1 and p2 are momentum of µ− and µ+.The vector nB is
the unit vector of B, and nµµ is the unit vector of the decay plane of muon pair
which is determined by p1 and p2.

defined based on the muon pair production rates as:

Pcal =
R⊥ −R‖

R⊥ +R‖
(4.29)

Here, R⊥ denotes the muon pair production rate when θ = π/2 (perpendicular
to the magnetic field), and R‖ represents the production rate when θ = 0 (parallel
to the magnetic field).

In numerical calculations, these production rates are evaluated by incorporat-
ing the intensity of the magnetic field based on the model. The results will be
discussed in the next section, along with details about the experimental setup,
the time evolution of the magnetic field, and the kinematics of the muons.

This analysis reveals the role of the external magnetic field in determining
the polarization of the virtual photon and how the geometry of the decay process
influences its polarization characteristics.

4.6 Calculation setup
To numerically evaluate the polarization of the virtual photon, Pcal, it is essential
to appropriately define the virtual photon’s four-momentum and its geometrical
configuration. These settings significantly influence the physical interpretation of
the results and their consistency with experimental observations.

The virtual photon’s mass is chosen based on the following considerations.
As shown in Fig. 22 [42], Pcal tends to increase as the virtual photon’s mass
decreases. However, for muon pair production to occur, the squared mass of the
virtual photon, q2, must exceed (210 MeV/c2)2. Considering this threshold and
the experimental preference for lighter virtual photons due to higher production
yields, we set q2 = (300 MeV/c2)2. This value is physically meaningful and
ensures consistency with experimental conditions.

The geometrical configuration of the virtual photon’s momentum is defined
based on experimental observations. In high-energy heavy-ion collisions, the total
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Figure 22: Mass dependence of virtual photon polarization

momentum of the produced muon pairs is predominantly aligned with the beam
axis (z-axis) within the acceptance range of the ALICE experiment’s muon spec-
trometer (2.5 < |η| < 4.0) [1]. To simplify the configuration while maintaining
realism, we assume the virtual photon propagates along the z-axis.

To compute Pcal, we first determine the magnetic field intensity and substitute
it into the formula for the muon pair production rate (Eq. (4.6)). This allows the
calculation of the production rate perpendicular to the magnetic field, R⊥, and
the production rate parallel to the magnetic field, R‖. These rates are then used
in the definition of the polarization (Eq. (4.29)) to obtain Pcal.

For the calculation of the vacuum polarization tensor, convergence is en-
sured by imposing an upper limit on the Landau level summation. Following
Ref. [39], we fix lmax = 1 × 104 and validate the dependence on nmax. As a re-
sult, (nmax, lmax) = (1 × 103, 1 × 104) is used, ensuring both the accuracy and
convergence of the numerical calculations.

To evaluate the expected Pcal with the ALICE detector, we have to perform
an averaging processes on the theoretical 〈Pcal〉 according to detector limitations
and a realistic initial virtual photon production rate. Experimentally the time
resolution is not precise enough to detect rapid changes in the muon pair pro-
duction rate, so we have to average over a time range for the prompt virtual
photon decays. To fix the time range for prompt photon production, we employ
0.2 < τ < 0.7 fm/c from the lifetime of prompt virtual photons estimated to be
τ > h̄/(Mγ∗c

2) ' 0.7 fm/c based on the uncertainty principle.
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4.7 Uncertainty

Parameter Value/Condition
Virtual photon mass, q2 (300 MeV/c2)2

Virtual photon’s three-momentum (0, 0, pz) (aligned with z-axis)
Acceptance range of ALICE detector −4.0 < η < −2.5
Production rate perpendicular to B, R⊥ θ = π/2
Production rate parallel to B, R‖ θ = 0
Landau level summation limits (nmax, lmax) = (1× 103, 1× 104)
Time range 0.2 < τ < 0.7 fm/c

Table 1: Summary of the calculation setup for evaluating the virtual photon
polarization Pcal.

4.7 Uncertainty
To estimate how momentum-resolution uncertainties affect our final polarization
values, we applied a“smearing”method for each momentum bin. Specifically,
we assumed that the momentum in a given bin is normally distributed with a
standard deviation of 0.25GeV/c, reflecting our detector’s approximate resolu-
tion for this analysis. For each momentum value, we drew 10 random samples
from this Gaussian distribution and recalculated the polarization for each sam-
pled momentum. We then took the average of these 10 polarizations to represent
the central value in that bin.

To quantify the spread introduced by momentum smearing, we used the max-
imum and minimum polarization among those 10 samples to set the uncertainty.
Thus, each bin’s polarization is shown as the mean across the sampled values,
and the difference between the highest and lowest sample results provides the
vertical error bar. Although the number of random samples is relatively small, it
gives a direct sense of how modest momentum mis-measurements—on the order
of 0.25GeV/c—can affect the polarization outcome in each bin.

4.8 Testing the Calculation and Momentum Dependence
of Virtual Photon Polarization

4.8.1 Muon Pair Production Rate

This subsection presents the calculated production rates R⊥ and R‖ for muon
pairs under the setup described earlier. Fig. 23 shows both R⊥ as well as the dif-
ferences observed between them. Additionally, characteristic fluctuations arising
from discrete Landau levels in the presence of a strong magnetic field are also
displayed. These fluctuations manifest as dips in specific momentum regions.

In addition to these dips, there is a clear difference in magnitude between R⊥
and R‖ at various momenta. This discrepancy reflects the orientation dependence
of the production rate relative to the magnetic field: transverse and longitudinal
modes behave differently due to Landau-level thresholds and the virtual photon
polarization state.

These dips can be interpreted as follows. In a sufficiently strong magnetic
field, the internal loop of the virtual photon can“open”at specific energies, al-
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4.8 Testing the Calculation and Momentum Dependence of Virtual Photon
Polarization

lowing for lepton-pair production via Landau-level thresholds. This means the
system finds additional phase-space channels where lepton pairs can form, effec-
tively reducing the production rate in other channels. In this work, we consider
the specific channel where a virtual photon transforms into a lepton pair, then
recombines back into a virtual photon, and finally decays into a real lepton pair.
Where the production rate does not dip (i.e., remains unsuppressed) is the main
contributor to the measurable muon-pair signal. Conversely, the dips indicate
energies at which the strong magnetic field opens new pair-production channels,
redistributing the production strength.
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Figure 23: Production rate of muon pair decayed parallel or perpendicular to the
magnetic field direction at each time step for 0.2 < τ < 0.7fm/c
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4.9 Dependence of virtual photon momentum

4.9 Dependence of virtual photon momentum
The behavior of virtual photon polarization, Pcal, was evaluated using the calcu-
lated magnetic field intensity at various time steps. Fig. 24 shows the dependence
of Pcal on the virtual photon’s three-momentum magnitude, |q|, for a magnetic
field intensity range 20 < |eBy|/m2

π < 80.
The systematic uncertainties in these calculations originate from two main

sources:

• Momentum resolution: Fluctuations due to the experimental uncer-
tainty in the virtual photon momentum measurement.

• Vacuum polarization effects: Discontinuities and spikes near the thresh-
old where the imaginary component of the vacuum polarization tensor
emerges, as predicted in Ref. [39].

The threshold, given by Eq. 4.25, marks a region of rapid change in the calcu-
lated polarization, which is particularly sensitive to the intensity of the magnetic
field.

The results in Fig. 24 indicate that Pcal increases with |q| for all magnetic
field intensities. This trend suggests that measurements at higher momenta are
advantageous, as they provide clearer signals with a dominant contribution from
prompt photons for pT > 4GeV/c.

4.10 Dependence of intensity of the magnetic field
Figure 25 presents the dependence of Pcal on the magnetic field intensity at dif-
ferent time steps, corresponding to momenta in the range 1 < |q| < 20GeV/c.
Notably, for 13 < |q| < 20GeV/c, Pcal decreases with increasing magnetic field
intensity. This trend highlights the sensitivity of Pcal to the time evolution of the
magnetic field, as higher field intensities correspond to earlier collision times.

Together, these results underscore the importance of tracking the magnetic
field’s evolution over time. If the field is still relatively strong when a muon
pair is produced, that pair’s polarization may be affected more than if the
field has already begun to decay. Consequently, interpreting measured muon-
pair polarization requires careful consideration of the field’s intensity profile
throughout the collision.

4.11 Threshold Effects in Form Factors
To understand the dependence on magnetic field intensity, the form factor com-
ponents (N0, N1, and N2) were analyzed, as shown in Fig. 26. A notable feature is
the appearance of thresholds, which are sensitive to the magnetic field intensity.
The width of these thresholds increases with stronger magnetic fields, indicating
that higher field strengths can influence production rates at different momentum
ranges.

For instance, in weaker fields (|eBy|/m2
π ≈ 20), the behavior observed at low

momenta (pγ∗ ≈ 4GeV/c) reappears at higher momenta (pγ∗ ≈ 10GeV/c) for
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Figure 24: The virtual photon momentum dependence of the virtual photon
polarization for 0.2 < τ < 0.7fm/c
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4.12 Implications for Future Measurements
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Figure 25: The magnetic field intensity dependence of the virtual photon po-
larization in the momentum range 1 < |q| < 20 GeV/c and the time range
20 < |eBy|/m2

π < 80 in Pb-Pb collisions at √
sNN = 2.76 TeV. The calculations

were performed using the magnetic field intensity at each time step from Fig. 18.
This means that a stronger magnetic field corresponds to an earlier time for the
virtual photon polarization.

stronger fields. This suggests that similar underlying physical mechanisms may
govern the production rate behavior across different field intensities.

To explore the role of the magnetic field intensity in more detail, we studied
the form factor components N0, N1, and N2, as shown in Fig. 26. One striking
feature is the emergence of threshold-like structures that depend on the strength
of the magnetic field. As the field becomes stronger, these thresholds broaden,
indicating that higher field intensities can affect production rates over a wider
range of momenta.

An illustrative example may be able to provided by comparing weaker fields
(|eBy|/m2

π ≈ 20) to stronger fields. Under weaker fields, a certain behavior
appears at low momenta (around pγ∗ ≈ 4GeV/c), whereas, under stronger fields,
the same behavior re-emerges but at higher momenta (about pγ∗ ≈ 10GeV/c).
A specific signature that is seen at low momentum in a weaker field shifts to
higher momentum in a stronger field, reflecting how the magnetic field modifies
the available phase space for virtual photon interactions.

4.12 Implications for Future Measurements
The observed shifts in Pcal and the threshold behavior of the form factors em-
phasize the importance of probing higher momenta and stronger magnetic fields
to fully capture the dynamics of virtual photon polarization. Further studies at
higher momentum ranges could validate the hypothesized relationship between
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Figure 26: The virtual photon momentum dependence of form factors (N0,N1

and N2) for 0.2 < τ < 0.7fm/c
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4.13 Estimation of Virtual Photon Polarization and Feasibility for Pb–Pb
Collisions at √

sNN = 2.76 TeV

low-momentum behaviors in weaker fields and high-momentum effects in stronger
fields. Such measurements would enhance our understanding of vacuum polar-
ization and its role in high-energy nuclear collisions.

4.13 Estimation of Virtual Photon Polarization and Fea-
sibility for Pb–Pb Collisions at √

sNN = 2.76 TeV
We have estimated the virtual photon polarization, Pcal, and evaluated the fea-
sibility of measuring it in Pb–Pb collisions at √

sNN = 2.76 TeV, as conducted
by the ALICE collaboration. This study focuses on detecting muon pairs orig-
inating from the decays of prompt virtual photons produced during the early,
high-temperature phase of the collision.

4.13.1 Averaged Virtual Photon Polarization

To assess the polarization expected in the ALICE detector, we take the following
steps:

1. We consider magnetic field intensities in the range 20 < |eBy|/m2
π < 80

(see Figs. 18 and 25) for each value of the virtual photon momentum |q|.

2. We then average Pcal over |q| by incorporating the virtual photon production
rate. This rate is derived from the Kroll-Wada formula [44], which links
the production of real photons to muon pairs via virtual photons, and from
a pQCD-based calculation of prompt real-photon yields [51].

3. The integration range in |q| is 1 < |q| < 20GeV/c, chosen to reflect the
detector acceptance. The link between total momentum and transverse
momentum pT of the muon pair is given in Eq. 3, implying an approximate
range of 0.1 < pT < 2GeV/c for the ALICE muon spectrometer acceptance
(−4.0 < η < −2.5).

p = pT cosh η

From these calculations, we obtain

〈Pcal〉 = 0.05, (4.30)

which serves as a lower bound on the overall polarization. Since Pcal increases with
|q| (Fig. 24), extending the momentum range could raise the average polarization.
However, due to limitations in the Landau-level summation formula for the virtual
photon propagator at large |q|, we conservatively take 〈Pcal〉 = 0.05. In the pT
region above 4 GeV/c, where prompt photons dominate as the signal, the virtual
photon polarization increases with total momentum of virtual photon, making
0.05 the lower bound.
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4.13 Estimation of Virtual Photon Polarization and Feasibility for Pb–Pb
Collisions at √

sNN = 2.76 TeV

4.13.2 Evaluation of Significance at LHC Energies

We next estimate how feasible it would be to detect a photon polarization of
〈Pcal〉 = 0.05 under ALICE conditions at √

sNN = 2.76TeV. Experimentally,
prompt-photon processes dominate over decay photons when pT > 4GeV/c [51],
so focusing on muon pairs in this transverse momentum region is reasonable.

Even though Eq. (4.30) was determined in the range 0.1 < pT < 2GeV/c, we
apply 〈Pcal〉 = 0.05 to muon pairs with pT > 4GeV/c. The statistical significance,
σ, for detecting a nonzero polarization is defined as:

σ =
Pmeas

∆Pmeas
, (4.31)

where Pmeas is the measured photon polarization and ∆Pmeas its statistical uncer-
tainty. The measured polarization Pmeas includes contributions from both signal
muon pairs arising from prompt virtual photons (γ∗ → µµ) and background muon
pairs:

Pmeas =
N⊥ −N‖

N⊥ +N‖
, (4.32)

N⊥ =
NBG

2
+

1 + 〈Pcal〉
2

NS, (4.33)

N‖ =
NBG

2
+

1− 〈Pcal〉
2

NS, (4.34)

∆Pmeas =
2

N⊥ +N‖

√
N⊥N‖

N⊥ +N‖
, (4.35)

where 〈Pcal〉 = 0.05, NS denotes the number of signal events, and NBG denotes the
background events. The signal yield NS is estimated by simulating pp collisions
in PYTHIA 8 [15, 54] and scaling up to the Pb–Pb dataset collected between
2010 and 2011 [52], while NBG is determined by simulating Pb–Pb collisions in
PYTHIA 8 [16] and counting combinatorial muon pairs from random pairing. In
this estimation, I used the following scale factors:

Fsignal = Ncoll
statistics in each period with ALICE

#(generated MB events in pp collisions)
× 20%

100%

FBG =
statistics in each period with ALICE

#(generated MB events in Pb–Pb collisions with centrality 40-– 60%)
(4.36)

where
Using this approach for the 2010–2011 ALICE data at √

sNN = 2.76TeV
yields a significance of 0.07σ. With the 2015–2018 dataset at √

sNN = 5.02TeV,
whose statistics are roughly 5 times higher, the significance improves to 0.15σ
for 〈Pcal〉 = 0.05. Although these values are modest, future runs promise higher
statistics.

The ongoing Pb–Pb collision experiments at √sNN = 5.36TeV (planned from
2023 to 2026) will collect up to 100 times the data of earlier runs [52, 5]. This
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increase is driven by both an upgraded accelerator—allowing higher collision rates
—and a new continuous data-readout system in the ALICE detector [5]. Under
these conditions, our calculations suggest a significance of about 1.7σ, assuming
〈Pcal〉 = 0.05.

Although the polarization 〈Pcal〉 could be higher at √
sNN = 5.36TeV due

to a larger Lorentz factor γ and correspondingly stronger magnetic fields [59],
we maintain the conservative estimate of 〈Pcal〉 = 0.05. Table 2 summarizes the
significance estimates at different energies, highlighting the possibility that future
ALICE runs can improve the ability to observe virtual photon polarization and,
by extension, probe the intense magnetic fields generated in high-energy heavy-
ion collisions.

In √
sNN = 5.36TeV, a larger Lorentz factor γ and correspondingly more in-

tense magnetic fields [59] could lead to a higher polarization 〈Pcal〉. However, we
conservatively assume 〈Pcal〉 = 0.05. Table 2 summarizes the estimated signifi-
cances at various energies, indicating that future ALICE operations can enhance
our ability to observe virtual photon polarization and, in turn, explore the intense
magnetic fields produced in high-energy heavy-ion collisions.

Moreover, because measurements will be performed at higher pT than those
estimated in this study, the true polarization is likely to be larger. In addition,
with the newly installed the MFT in ALICE, it becomes possible to remove muons
from secondary hadron decays, thereby improving the signal-to-background ratio
and further increasing the statistical significance. Nonetheless, we must also be
mindful that the effect of the reaction plane resolution—discussed later—could
smear the advantage, potentially reducing the gain in significance.

Period System √
sNN Integrated Luminosity NMB Significance

2010–2011 Pb–Pb at 2.76 TeV 75 µb−1 1.3× 108 0.07σ
2015–2018 Pb–Pb at 5.02 TeV 800 µb−1 6× 108 0.15σ
2023–2026 Pb–Pb at 5.36 TeV 13 nb−1 ∼ 1010 1.7σ

Table 2: Summary of significance estimates at different LHC runs, showing the
potential growth in detection feasibility for virtual photon polarization.

These projections underscore that ongoing and upcoming data-taking periods
at ALICE may transform virtual photon polarization into a practical probe of
the strong magnetic fields present in heavy-ion collisions.

5 Analysis

5.1 Data set in Pb–Pb collisions at √
sNN = 5.36 TeV

Minimum-bias events have been analysed in this thesis. The integral luminosity
in Pb–Pb collisions at √sNN = 5.36 TeV taken in 2023 was recorded 1535.5 µb−1

for Minimum-bias with ALICE shown in 27.
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5.1 Data set in Pb–Pb collisions at √
sNN = 5.36 TeV
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Figure 27: The integrated luminosity in Pb–Pb collisions at √
sNN = 5.36 TeV

taken in 2023
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5.2 Event selection

5.2 Event selection
Events are selected according to the eventStandardSel8NoTFBorder flag, which
applies the following requirements:

• Primary Vertex Position: The vertex must lie within ±10 cm of the nominal
interaction point (along the beam axis).

• T0-Vertex Signal (TVX): A valid coincidence between the FT0A and FT0C
detectors is required to identify the closest bunch crossing (BC). This en-
sures a well-defined event timing.

• Time Frame (TF) Borders:

– The first 300 BCs at the start of the TF and the final 4000 BCs at the
end of the TF are excluded.

– For reference, each TF in 2023–24 runs is 32 orbits long (32 × 3564
BCs).

• ITS Readout Window:

– 20 BCs at the end of the ITS readout frame and 10 BCs at the begin-
ning of the frame are also rejected.

– In Pb–Pb collisions, the ITS readout frame spans about 594 BCs,
leading to an approximate 5% loss of events due to this cut.

5.3 Muon selection
To obtain a high-purity muon sample, we apply a series of selection criteria (or
“cuts”) to each reconstructed muon track. These requirements help remove
tracks that might originate from hadronic contamination, secondary interactions,
or detector noise, thereby ensuring that the final muon candidates are as clean
as possible. The primary selection cuts are:

• Track type is MCH–MID. Each track must be reconstructed in both the
Muon Tracking Chambers (MCH) and the Muon Identifier (MID). This
condition ensures that only fully reconstructed muon trajectories are re-
tained.

• Pseudorapidity range: −4 < η < −2.5. This range focuses on the central
portion of the muon spectrometer, excluding tracks lying too close to its
edges.

• Radius at absorber end: 17.6 < Rabs < 89.5 cm. Tracks must exit the muon
absorber at a distance Rabs between 17.6 cm and 89.5 cm from the beam
axis. Those outside this range are more likely to be affected by excessive
scattering or poorly reconstructed.
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5.4 Centrality

• p×DCA cut within 6σ. Here, p is the muon momentum, and DCA (distance
of closest approach) measures how close the extrapolated muon track comes
to the collision vertex in the transverse plane. Multiplying p by DCA and
imposing a threshold of 6σ rejects tracks that likely did not originate from
the primary interaction.

• Transverse momentum (pT > 0.7GeV/c). Only muons with pT above
0.7 GeV/c are accepted, ensuring that the muon can reliably traverse the
absorber and be reconstructed with sufficient accuracy.

Once the single-muon selection has been performed, muon candidates are
paired into dimuons. Additional criteria applied to these muon pairs include:

• The two muons must have opposite electric charges (i.e., one µ+ and one
µ−).

• The rapidity of the dimuon must satisfy 2.5 < y < 4.0, selecting pairs in
the forward acceptance of the muon spectrometer.

5.4 Centrality
After applying the event selection criteria, we are obtained approximately 9.4×109

accepted collisions. The percentage of collision centrality represents with 0% de-
noting the most central collisions and 100% the most peripheral collisions. In this
analysis, the centrality is estimated using the FT0C detector, as shown in Fig. 28.
One observes that the distribution appears relatively flat up to about 80%, indi-
cating that a wide range of collision geometries is well-represented. Notably, the
most intense magnetic fields in heavy-ion collisions are expected to occur in the
mid-central region, around 40%–60%, where the partial overlap of nuclei can gen-
erate large currents but there is still a substantial number of spectator nucleons.
This centrality interval is thus of particular interest for studying the maximum
effects of the magnetic field.

5.5 Event Plane Determination
In high-energy heavy-ion collisions, the determination of the event-plane angle
is essential for determining the direction of the intense magnetic fields. In this
analysis, the event-plane angle is reconstructed using the FT0A detector. The
calculation employs Q-vectors, which capture the collective anisotropy of the
particle emission in a given harmonic order n:

Qx,n =
mult∑
i=1

wi cos(nφi),

Qy,n =
mult∑
i=1

wi sin(nφi),

(5.1)
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5.5 Event Plane Determination

Figure 28: Centrality distribution measured by the FT0C detector.

Figure 29: Example distribution of an event-plane angle ψ2.
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5.6 Gain Calibration and Q-Vector Correction

where wi is a calibration weight, and φi is the azimuthal angle of the i-th particle
or detector cell. From these components, the event-plane angle ψn is calculated
as:

ψn =
1

n
arctan

(Qy,n

Qx,n

)
. (5.2)

5.6 Gain Calibration and Q-Vector Correction
Accurate reconstruction of the event-plane angle relies on precise calibration and
correction of the Q-vector. This section details the procedures for gain calibration
and Q-vector correction, ensuring that the analysis is free from systematic biases.

5.6.1 Gain Calibration

The detector amplitude, representing the number of charged particles traversing a
detector channel, is used as a weight in Q-vector calculations. However, variations
in gain across different detector channels can introduce systematic biases. To
mitigate this, a gain equalization procedure is applied.

For each run, the average amplitude across all channels, 〈M〉, is calculated.
Similarly, the average amplitude for each individual channel i, denoted as 〈Mi〉,
is computed. The corrected amplitude for each channel, Mcor, is then obtained
using the following formula:

Mcor =Mi ×
〈M〉
〈Mi〉

.

This normalization ensures uniform response across all detector channels, improv-
ing the reliability of subsequent Q-vector calculations.

5.6.2 Q-Vector Correction

The Q-vector correction addresses geometric and amplitude distortions in the
Q-vector distributions. It is performed in three steps: Recentering, Twisting,
and Rescaling. Each step removes specific types of distortions, ensuring that the
Q-vector accurately reflects the underlying anisotropic flow.

Recentering
The Recentering step shifts the Q-vector distribution to ensure that its average
position aligns with the origin. The constants for this correction are:

c1 = 〈Qn,x〉, c2 = 〈Qn,y〉,

where Qn,x and Qn,y are the components of the Q-vector. The corrected Q-vector
components are:

Q′
n,x = Qn,x − c1, Q′

n,y = Qn,y − c2.

Twisting
Twisting corrects for any misalignment between the axes of the Q-vector dis-
tribution and the Cartesian coordinate axes. This is achieved by calculating a
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parameter b that characterizes the elliptical distortion:

b =
ρ δQn,xδQn,y√

(δQ2
n,x − δQ2

n,y)
2 + 4(ρ δQn,xδQn,y)2

,

where ρ = Cov(Qn,x,Qn,y)

δQn,xδQn,y
is the correlation coefficient, and δQn,x and δQn,y are

the standard deviations of Qn,x and Qn,y, respectively. Using b, the twisting
correction constants are:

c3 =
b√

δQ2
n,x − b2

, c4 =
b√

δQ2
n,y − b2

.

The corrected Q-vector components after twisting are:

Q′′
n,x =

Q′
n,x − c4Q

′
n,y

1− c3c4
, Q′′

n,y =
Q′
n,y − c3Q

′
n,x

1− c3c4
.

Rescaling
Rescaling normalizes the magnitudes of the Q-vector components along both axes
to unity. The rescaling constants are:

c5 =
√
δQ2

n,x − b2, c6 =
√
δQ2

n,y − b2.

The final corrected Q-vector components are:

Q′′′
n,x =

Q′′
n,x

c5
, Q′′′

n,y =
Q′′
n,y

c6
.

These corrections are performed separately for each centrality class, requiring
a total of 48 constants for each subsystem. Figures 30 illustrate the step-by-
step application of the corrections using a subset of the dataset. After applying
all corrections, the event-plane angle distribution appears to be consistent and
well-calibrated.

5.6.3 Event-Plane Resolution

The event-plane resolution, REP
n , quantifies the accuracy of the reconstructed

event-plane angle relative to the true event-plane angle, ψtrue. Since ψtrue is
unobservable, the resolution is estimated using a three-subdetector method:

REP
n =

〈
cos

(
n[ψA − ψtrue]

)〉
=

√
〈cos

(
n[ψA − ψC ]

)
〉 〈cos

(
n[ψA − ψB]

)
〉

〈cos
(
n[ψB − ψC ]

)
〉

, (5.3)

where ψA represent event-plane angle reconstructed by subdetector A (FT0A
in this analysis), ψB and ψC are represent event-plane angles reconstructed by
subdetectors B and C (TPC and FT0C, respectively), and n is harmonic order
of the Fourier decomposition. In this analysis, n = 2 for elliptic flow).

This resolution reflects how well the reconstructed angle ψA correlates with
the true event-plane angle. The closer REP

n is to 1, the more accurate the recon-
struction.

55



5.6 Gain Calibration and Q-Vector Correction

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
0

50

100

150

200

250

300

350

400

450

500

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 0 - 20%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 0 - 20%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 0 - 20%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 0 - 20%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 0 - 20%

(a) Centrality 0–20%

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
0

50

100

150

200

250

300

350

400

450

500

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 20 - 40%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 20 - 40%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 20 - 40%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 20 - 40%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 20 - 40%

(b) Centrality 20 – 40%

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
0

50

100

150

200

250

300

350

400

450

500

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 40 - 60%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 40 - 60%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 40 - 60%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 40 - 60%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 40 - 60%

(c) Centrality 40–60%

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
0

50

100

150

200

250

300

350

400

450

500

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 60 - 80%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 60 - 80%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 60 - 80%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 60 - 80%

No Correction

Gain Equalization

Recentering

Twist

Full

Centrality: 60 - 80%

(d) Centrality 60 – 80%

Figure 30: Evolution of Q-vector distributions through correction steps
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5.6.4 Using REP
n to Estimate the Event-Plane Angle Resolution

In this analysis, the event-plane resolution REP
n (defined in terms of the cosine of

the angular difference between the measured and true event-plane angles) is used
to approximate the standard deviation, or“resolution,”of the event-plane angle.
Instead of applying a direct correction to each measured angle, one can estimate
the spread in angles, ∆ψn, by relating REP

n to the variance of the difference
between the true and reconstructed event-plane angles.

Small-Angle Approximation. Suppose the event-plane angle is reconstructed
as ψA while its true value is ψtrue. Under the assumption that δψ = ψA−ψtrue is
small, we can expand:

cos
(
n δψ

)
≈ 1 − 1

2

(
n δψ

)2
.

Since REP
n is defined as

REP
n =

〈
cos

[
n (ψA − ψtrue)

]〉
,

the difference 1−REP
n is proportional to the mean square of (ψA−ψtrue). Solving

yields the approximate standard deviation of the angle difference:

∆ψn =

√〈
(ψA − ψtrue)2

〉
≈ 1

n

√
2
(
1−REP

n

)
. (5.4)

This result indicates that REP
n directly quantifies how sharply (or broadly) the

event-plane angle is distributed around its true value. A higher REP
n (closer to 1)

implies a smaller ∆ψn (i.e. better resolution), while a lower REP
n indicates that

the reconstructed angle is more smeared relative to the true angle.

Interpretation in Analyses. By computing ∆ψn from REP
n , one gains a con-

cise measure of the event-plane resolution in radians. For instance, in elliptic
flow (n = 2) analyses, ∆ψ2 serves as a standard figure of merit when compar-
ing different detectors or collision systems. This measure tells us how reliably
ψA approximates ψtrue on average, which is crucial for flow studies, anisotropy
measurements, and any analysis that depends on the orientation of the reaction
plane (such as magnetic-field-induced polarization or correlations).

Practical Considerations.

• If δψ becomes large, the small-angle approximation cos(n δψ) ≈ 1−1
2
[n(δψ) ]2

no longer holds, and more detailed treatment of the resolution may be
needed.

• ∆ψn is an average or RMS measure of angle smearing across events, not a
per-event correction.

• In many heavy-ion experiments (e.g. at RHIC and LHC), the standard
usage of Eq. (5.4) is well established, allowing straightforward comparisons
of resolution factors across different runs or detector configurations.
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Figure 31: The uncertainty of event plane angle using cosine function with each
centrality

In Fig. 31 and Fig. 32, we show how the uncertainty in the event-plane angle
varies with collision centrality. Figure 31 displays the resolution factor REP

2 ,
which decreases in peripheral collisions because, in more peripheral events, the
smaller reaction area makes it harder to determine the event plane precisely.
Figure 32 then converts that resolution factor into an angular uncertainty using
the relation discussed in the previous subsection. These uncertainties provide
valuable guidance for choosing bin sizes when performing measurements of virtual
photon polarization, as they indicate how finely one can reliably slice the data in
angle between the intense magnetic field and muon pair.

6 Results

6.1 Raw Yield Extraction with the Like-Sign Method
The identification of physical signals in heavy-ion collision experiments often re-
quires careful separation of correlated pairs from uncorrelated pairs. A prevalent
source of background arises from pairs of particles that do not originate from
a common physical process (e.g., virtual photon decay or resonance decay), but
rather come from independent production in the collision. To tackle this issue,
the like-sign method is commonly employed to estimate and subtract the uncor-
related background component from the observed opposite-sign muon pairs.
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Figure 32: The uncertainty of event plane angle with each centrality

The like-sign method takes advantage of the fact that like-sign muon pairs
(µ+µ+ or µ−µ−) are predominantly uncorrelated. By examining the invariant
mass (or other kinematic distributions) of these like-sign pairs, one obtains a
template for the uncorrelated background present in the opposite-sign sample
(µ+µ−).

Specifically, we construct distributions for both like-sign and unlike-sign pairs:

• Like-sign pairs: Dominated by accidental, uncorrelated combinations.

• Unlike-sign pairs: Contains a mixture of physically correlated signals and
uncorrelated background.

By comparing these two types of distributions, one can subtract the combinatorial
background from the OS sample and isolate the signal of interest.

Let N same
+− represent the observed yield of opposite-sign muon pairs in a given

kinematic bin (e.g., invariant mass). This yield consists of two components: a
true physical signal S and an uncorrelated background B:

N same
+− = S +B. (6.1)

The background B is estimated by examining the like-sign yields in the same
event, N same

++ and N same
−− . Because these like-sign pairs are assumed to be entirely

combinatorial, one can approximate:

B = 2R×
√
N same

++ · N same
−− . (6.2)
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Here, the factor of 2 accounts for both charge states, and R is a correction factor
that compensates for any detection efficiency differences between positively and
negatively charged muons.

The factor R is evaluated using mixed-event distributions, where muons from
different events are combined to eliminate genuine correlations. In these mixed
events, one computes the yields Nmix

+− , Nmix
++ , and Nmix

−− . The factor R is then given
by:

R =
Nmix

+−

2
√
Nmix

++ · Nmix
−−

. (6.3)

A value of R ≈ 1 indicates nearly identical detection efficiencies for positive
and negative charges, while R 6= 1 implies non-negligible efficiency differences or
acceptance asymmetries.

Once B is estimated, the physical signal S is computed by:

S = N same
+− −B. (6.4)

To assess the reliability of this extracted signal, we define the statistical signifi-
cance as:

Significance =
S

∆S
, ∆S =

√
S + 2B. (6.5)

This metric quantifies how clearly the signal stands out relative to the background
fluctuations.

Figure 33 shows the observed unlike-sign (OS) pair distribution, the com-
binatorial background estimated by the like-sign method, and the signal after
background subtraction in four centrality classes: 0–20%, 20–40%, 40–60%, and
60–80%. In all classes, one can identify peaks corresponding to η, ω, and ρ mesons
once the background has been subtracted.

Figures 34–37 illustrate how the signal-to-background ratio (S/B), the sta-
tistical significance, and the R factor vary with collision centrality. These results
demonstrate both the effectiveness and the limitations of the like-sign method in
isolating physically correlated muon pairs from large combinatorial backgrounds
in heavy-ion collision data.

6.2 Angular distribution of muon pairs
An essential ingredient for observing virtual photon polarization is the angle be-
tween the muon pair’s decay plane and the intense magnetic field. As introduced
in Sec. 4.5, we define and measure this angle using reconstructed muon pairs and
the event-plane angle.

Figures 38–41 show the decay-plane angle distribution of opposite-sign or like-
sign muon pairs in same event (denoted by ψµµ − ΨEP) separated into intervals
of size π/2. Here,

• 0 < ψµµ −ΨEP < π/4 and 3π/4 < ψµµ −ΨEP < π represent angles labeled
as“parallel”to the strong magnetic field, and

• π/4 < ψµµ − ΨEP < 3π/4 represents angles labeled as“perpendicular”to
the field.
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Figure 33: The correlated muon pair extraction in 4 centrality classes
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Figure 34: S/B ,significance and R factor in the 0–20% centrality class
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Figure 35: S/B, significance and R factor in the 20–40% centrality class
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Figure 36: S/B, significance and R factor in the 40–60% centrality class
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Figure 37: S/B, significance and R factor in the 60–80% centrality class

With these definitions, we can investigate how the muon pair’s decay plane aligns
with or is oriented relative to the magnetic field in different bins.

Muon pair decayed from J/ψ have potential polarization to response with
the direction of the intense magnetic field [6]. To limit contamination from this
source, the analysis is performed in several invariant-mass ranges for the muon
pairs: Mµµ < 500 MeV/c2, < 700 MeV/c2, < 1000 MeV/c2, and < 1200 MeV/c2.
By restricting the mass of the muon pair, we reduce the contributions from
hadronic decay channels whose polarization might interfere with the signal from
prompt virtual photons.

In all centrality classes studied, the measured angular distributions in these
mass bins are consistent with zero as shown in Figs. 42.

Subtraction of Uncorrelated Muon Pairs

In high-energy heavy-ion collisions, not every opposite-sign muon pair (µ+µ−) is
formed by a single, physically correlated source. Many such pairs arise by chance
from unrelated muons in the same event, referred to as uncorrelated background.
To address this issue, we use the like-sign method introduced in the previous
section, along with the previously determined R factor, to subtract these un-
correlated contributions from the opposite-sign distribution. By removing this
background, the angular distributions of muon pairs can better reflect physically
correlated pairs, such as those from prompt virtual photons.

Figure 43 shows the decay-plane angle distribution after subtracting uncorre-
lated muon pairs via the like-sign method, plotted for different mass and central-
ity classes. In many of these categories, the measured distribution deviates from
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Figure 38: The angle of muon pair’s decay plane with opposite-sign and like-sign
muon pairs for 0.2 < Mµµ < 0.5 GeV/c2
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Figure 39: The angle of muon pair’s decay plane with opposite-sign and like-sign
muon pairs for 0.2 < Mµµ < 0.7 GeV/c2
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Figure 40: The angle of muon pair’s decay plane with opposite-sign and like-sign
muon pairs for 0.2 < Mµµ < 1.0 GeV/c2
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6.2 Angular distribution of muon pairs
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Figure 41: The angle of muon pair’s decay plane with opposite-sign and like-sign
muon pairs for 0.2 < Mµµ < 1.2 GeV/c2
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6.2 Angular distribution of muon pairs
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Figure 42: Polarization of opposite-sign or like-sign muon pairs in the same event
with 4 mass classes
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zero, suggesting that the muon pairs could be polarized. However, these non-zero
values cannot yet be definitively attributed to the intense magnetic field, because
additional effects such as elliptic collective flow and jets may also influence the
distribution. Nevertheless, the results indicate that muon pairs exhibit possible
signs of polarization, motivating further study to disentangle the different physics
contributions.
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Figure 43: Polarization with 4 mass classes after subtraction of uncorrelated
background using like-sign method

7 Conclusion
This dissertation investigates the feasibility of measuring virtual photon polar-
ization in high-energy heavy-ion collisions at the LHC, with a particular focus
on muon pairs detected with the ALICE. The motivation arises from theoreti-
cal predictions that the intense magnetic fields generated in heavy-ion collisions,
potentially surpassing the Schwinger limit, could lead to anisotropic decays of
virtual photons into muon pair as one aspect of nonlinear QED. By examining
muon pairs, the goal is to detect signs of this polarization and thereby provide a
new means of probing the intense magnetic fields and their interaction with the
QGP.
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One of the main challenges in measuring virtual photon polarization is dis-
tinguishing the small polarization signal from the abundant background. Combi-
natorial muon pairs, as well as decays of hadrons and heavy-flavor mesons, may
obscure the prompt virtual photon signal. In this study, we clarify the measura-
bility of virtual photon polarization in Pb –Pb collisions recorded between 2023
and 2026.

A key element of this work involves refining theoretical estimates of polar-
ization in a realistic scenario where the magnetic field evolves over time. Many
earlier analyses assumed a static field at its maximum intensity. Here, to incorpo-
rate finite electrical conductivity in the QGP and time-dependent magnetic-field
decay, we adopt a resistive relativistic magnetohydrodynamics (RRMHD) model.
The muon pair production rate was calculated by considering the one-loop vac-
uum polarization contributions influenced by the magnetic field strength at each
time step. Under conditions relevant to ALICE’s muon spectrometer, these cal-
culations suggest that the virtual photon polarization could reach 〈Pcal〉 ≈ 0.05
in the momentum range 0 < pγ∗ < 20GeV/c. The number of signal events and
combinatorial background was estimated via simulation and then scaled to match
the statistics from each data taking period.

The statistical significance was 0.07σ using the data in Pb–Pb collisions in
2011–2012. Although the data in Pb–Pb collisions collected in 2015–2018 had
higher statistics than the previous data, it increased by 0.15σ. It is indicated
that limitations due to the currently available data samples. However, ongoing
and planned Pb–Pb runs at √sNN = 5.36TeV will substantially change the situ-
ation. Improvements in accelerator luminosities, continuous readout capabilities
in ALICE, and an approximately hundredfold increase in the number of recorded
events are expected to overcome existing statistical limitations. Under these up-
graded conditions, estimates suggest that it could reach about 1.7σ. Although
this level is still below a firm discovery threshold, it is markedly more promising
than what was achievable with previous datasets.

In analysis of Pb – Pb collision taken in 2023, we combined the like-sign
method with careful consideration of event plane resolution to mitigate these
effects. Although the existing run data did not yield a statistically significant
observation, a key outcome of this study is that virtual photon polarization in
ALICE shows promise as a means of exploration.

Overall, this dissertation highlights the potential of measuring virtual photon
polarization as a new avenue for studying the intense magnetic fields produced
in high-energy heavy-ion collisions. While the current datasets lack sufficient
statistical power for a conclusive result, upcoming runs at higher statistics with
improved detection and readout capabilities may allow the measurement to reach
a detectable level of significance. Such progress would deepen insights into the
interplay between QCD matter and intense magnetic fields, further expanding
our understanding of high-energy physics.
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