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Electromagnetic probes in heavy-ion collisions: progress and open questions

1. Introduction

Ultrarelativistic heavy-ion collisions produce a quark-gluon plasma that is electrically charged
but whose dynamics is governed by the strong interaction. Electromagnetic radiation is emitted
at every stage of the collision, as illustrated in Figure 1. Photons and dileptons produced at
these different stages escape the medium with negligible interactions, and as such the inclusive
electromagnetic signal measured in nuclear collisions is a superposition of all possible production
mechanisms (see Refs [1] and [2] for recent overviews of photon and dilepton production in heavy-
ion collisions).
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Figure 1: Temperature profile for a single Au-Au collision at 4/syn = 200 GeV, as a function of one of
the transverse directions and the longitudinal proper time T = Vt2 — z2. Some sources of electromagnetic
radiation are indicated at the top, approximately in the order in which they are produced. The temperature
profile was obtained by combining IP-Glasma initial conditions, KeMP@ST pre-equilibrium evolution and
viscous relativistic hydrodynamics as described in Ref. [3].

In terms of sheer number of produced photons and dileptons, the overwhelming majority
originates from hadronic decays (e.g. 7° — yy). Nevertheless, different mechanisms of photon
and dilepton production tend to contribute to different ranges of momentum and invariant mass;
focusing on certain bins of momentum and invariant mass can help increase one’s sensitivity
to photons and dileptons produced at certain stages of the collision. Production channels can
also be partly isolated by looking at correlations of photons and dileptons with other particles.
A complementary approach is to subtract or exclude photons or dileptons originating from the
overwhelming hadronic decay channels, allowing other sources of electromagnetic radiation to be
visible.

Photons and dileptons can provide a stringent test of our understanding of nuclear collisions:
they probe the parton distribution of the nuclei, the approach to thermal and chemical equilibrium
of the system, the plasma’s properties as it expands and eventually recombines into hadrons, and
the final interaction and decays of these hadrons. On the other hand, photons and dileptons tend
to be challenging to measure, and experimental uncertainties are often considerable compared to
measurements of hadronic multiplicities, mean transverse momenta, anisotropic coefficients v,
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etc. Increasing the accuracy of electromagnetic measurements will provide valuable insights into
heavy-ion collisions.

2. Evaluating photon and dilepton production

Microscopic approach In certain cases, the processes that lead to electromagnetic radiation can
be described microscopically. One example is the production of photons and dileptons in initial hard
interactions of the partons from each nucleus, which lead to “prompt photons” y and “Drell-Yan
dileptons” I*[~ through processes such as quark-antiquark annihilation (¢qq — gy or gg — [*17).
Another example is the interaction of individual hadrons in the later stage of the collision, which
can be described with transport approaches (SMASH, UrQMD, ...); at each collision, one can
compute the probability of producing photons or dileptons (e.g. 7 + 1 — p + y; see Section 06).
Other examples include PHSD, which evaluates photons and dileptons microscopically from quark,
gluon and hadron degrees of freedom [4], as well as electromagnetic radiation from hadronization
(see Ref. [5] and references therein).

Macroscopic approach — local equilibrium In other cases, the degrees of freedom that produce
electromagnetic radiation are described macroscopically. For example, hydrodynamic simulations
of the deconfined plasma produced in heavy-ion collisions imply that the energy-momentum tensor
THY encodes all available information about the energy and momentum of the underlying degrees of
freedom. The information from the energy-momentum tensor can be combined with a macroscopic
rate of electromagnetic radiation per volume of plasma, Ed°T"/dk>. This macroscopic approach
works well if the underlying degrees of freedom are in local thermal equilibrium, in which case the
energy-momentum tensor can be summarized by the temperature 7" and the flow velocity u#, while
the equilibrium electromagnetic emission rate [6] can be used for Ed°T"/dk>:

o0 @ Teq(Kut, T)

d*N
0= - [ a*x
dk3

K
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where X is the space-time position inside the radiating medium and V4 delimits the four-volume
of the medium. The equilibrium rate E d3Feq /dk? has been computed in many different limits,
including some studies with lattice methods (see Ref. [7] and references therein).

Macroscopic approach — out of equilibrium One challenge of the “macroscopic” approach
is when the medium deviates from local equilibrium, as is the case in viscous hydrodynamics
simulations of heavy-ion collisions. A non-negligible effect of viscosity implies that the timescale
necessary for the plasma to return to equilibrium (7pjax) is not small compared to the timescale
over which the medium changes appreciably (Tevolution): Trelax ¥ Tevolution- 1Lhat is, the expanding
plasma is constantly pushing the system out of local equilibrium. This out-of-equilibrium evolution
leads to a non-negligible increase in the entropy of the system. One expects more photons and
dileptons to be produced in this non-equilibrium case than in the local equilibrium case, as a result
of the additional entropy generated. Determining the exact energy and momentum distribution of
these additional photons and dileptons is not trivial. Although general approaches have been put
forward in the past [8, 9], it is more common to return to a microscopic (quasiparticle) picture of
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photon and dilepton production: the viscous energy-momentum tensor is related to a certain form
for the momentum distribution of quarks and gluons, or of hadrons! (“Grad”, “Chapman-Enskog”,
“Romatschke-Strickland”, .. . ), and a non-equilibrium electromagnetic emission rate is computed
(see e.g. Refs [10-12] and references therein). The resulting formula used to compute photon and
dilepton emission in the non-equilibrium case is effectively the same as Eq. 1, with

X0 d*Teq(K ut,T) O d*Thon-eq (K u#, T, T1, 7H7)
dk3 dk3

2

where the viscous part of the energy-momentum tensor was decomposed into the shear stress 7#”
component and the bulk pressure IT component.

3. Photons and dileptons from hard interactions

Binary scaling At the initial impact of the nuclei, quarks and gluons from each nucleus interact
and produce photons (e.g. ¢¢ — g7¥) and dileptons (e.g. ¢g — I*17). This is the dominant pro-
cess of non-hadronic-decay production of high-energy photons and high-invariant-mass dileptons.
These photons and dileptons provide an important bridge between proton-proton collisions and
nucleus-nucleus collisions: their production in nucleus-nucleus collisions is simply an incoherent
superposition of nucleon-nucleon collisions, e.g. (for photons):

dNXA/dp¥

—=2—— = Ny for pJ. 2 5-10 GeV (3)
sz;p /dp; inary T

where Npinary is the number of nucleon-nucleon collisions occurring in the nucleus-nucleus collision,
which can be calculated with the Glauber model [13]. A similar “binary scaling” is observed for
the production of Z and W* bosons. Equation 3 can be interpreted in the following way [14]:

dN), 1 . -
dp; = e Jajp ® foyp ® [dO'ab_,Cy + (fragmentation component)] @
pp
dNZA _ Nbinary

ary gy

Jaja® foja® [d@'ab_my + (fragmentation component)] &)

where ® is a shorthand notation to denote integration over partonic momenta, f,,/x are the parton
distribution functions for a parton a in a proton/nucleus X, dd are partonic cross-sections which can

be calculated perturbatively [15] and o™ is the inelastic nucleon-nucleon cross-section. There is

a fragmentation component as well, disglfssed below in more detail, which is subleading at high p%
and generally suppressed in measurements with isolation cuts. The scaling of Eq. 5 with the number
of binary nucleon-nucleon collisions Npinary is assumed to be exact. Setting aside fragmentation
photons, if Eq. 3 deviates from 1, it is understood to be due to the different parton content of nuclei
compared to protons (a combination of nuclear parton distribution function and the different parton
content of protons and neutrons). The production of dileptons (at high enough invariant mass) and

Z and W* bosons do not have contributions from fragmentation, and are also used to measure the

IThis is the same challenge as the so-called “viscous corrections” for particlization into hadrons at the end of
hydrodynamic simulations.
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parton content of nuclei [16]. Eq. 3 also been used to measure the number of binary collisions
Npinary [17]. Note that the idea that binary scaling is not exact has been explored in the literature
(see Ref. [18] and references therein).

Low momentum and invariant mass limit A crucial question regarding Eqs 4 and 5 is: how low
in transverse momentum can they be used? When Eq. 4 is compared with data from proton-proton
collisions, it is understood that the photon p; must be at least a few GeV for the perturbative Eq. 4
to be valid; photons with p; < 1-5 GeV are assumed to be produced non-perturbatively, or at
least have significant non-perturbative corrections, though calculations of these non-perturbative
processes are generally not available.

Evidently, any limitation of Eq. 4 in proton-proton collisions applies to Eq. 5 in heavy-ion
collisions. This is a challenge, since the most interesting photon signal in heavy-ion collisions
is at low p%. The analogous challenge for dileptons is the low-invariant-mass limit of Drell-Yan
dileptons. A better understanding of these low—p;/low—invariant—mass regimes in proton-proton
collisions would benefit the study of electromagnetic probes in heavy-ion collisions.

Modification of hard scatterings in heavy-ion collisions Following the notation of Eqs 4 and
5, the production of high-energy hadrons of species /4 in proton-proton collisions and heavy-ion
collisions is given by

Ny, 1 .
dph = mfa/p ®fb/p ®do—ab—wd@Dc/h (6)
T pp
dN" . Ny
dpélA = ﬁfa/f; ® foja ® dOap—ca ® (parton energy loss) ® D /p (7
T pp

where D, is the hadron fragmentation function. We use “(parton energy loss)” as a shorthand for
the complex energy loss process through which hard partons interact with the lower-energy bath of
quarks and gluons. Hard partons lose more or less energy depending on their exact trajectory in
the space-time profile (Figure 1) of the quark-gluon plasma. This combination of the momentum-
space formulation of Eq. 6 with the space-time dependence of parton energy loss is a significant
challenge of Eq. 7; in practice, Eq. 7 is generally solved with Monte Carlo event generators. For
photons (and dileptons), the “(parton energy loss)” part of Eq. 7 already has one consequence: the
processes that lead to parton energy loss will produce additional photons and dileptons, known as
“jet-medium photons and dileptons”. Recent results are reported in these proceedings [19], and
show a non-negligible production of jet-medium photons at intermediate p;.

The second consequence of parton energy loss can be seen by rewriting Eqs 4 and 5 to include
the fragmentation component:

dNpp _ 1 . .
dp; = @fa/p ® fb/p ® [do—ab—w'y +dGab—ca ® Dc/y] (8)
Y

N = Mfam ® fr/a® [d(rab_)cy + dGap—ca @ (parton energy loss) ® DC/,,] 9)

dy oy

where D/, is the photon fragmentation function. Parton energy loss modifies the production of
fragmentation photons. Overall, the combination of additional jet-medium radiation and suppressed
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fragmentation photons remains a remarkably difficult phenomenon to model, combining all the
challenges of parton energy loss with that of low-energy parton and photon production.

4. Pre-equilibrium photons and dileptons

If we think of the applicability of hydrodynamics in terms of the relaxation time of the medium’s
constituents Telax and the evolution time of the medium Teyolution, We can broadly categorize the
early stage of the collisions in the three regimes shown in Table 1 (see Ref. [20] for a broader
discussion of the early stage of heavy-ion collisions and for references).

Earliest times Before hydro. initialization time | After hydro. initialization time
Trelax = Tevolution Trelax ~ Tevolution Trelax << Tevolution
Expansion dominated Transition Interaction dominated
“Free-streaming regime” “Hydrodynamization” “Hydrodynamic regime”

Table 1: Schematic classification of the different regimes of the early stage of heavy-ion collisions.

Photons and dileptons can be produced in all stages, and a consistent description of these
different stages is necessary to calculate accurately electromagnetic emission in heavy-ion colli-
sions. One approach to study pre-equilibrium photons and dileptons is to focus on conformal
boost-invariant systems where inhomogeneities in the plane transverse are neglected; this leads to
simplified 0 + 1D systems where photon and dilepton production can be calculated in great detail
using kinetic theory (see Refs [21, 22] and references therein) and holography [23]. In general, com-
puting pre-equilibrium photons and dileptons in heavy-ion collisions require additional modeling
beyond conformal 0 + 1D systems, which have been explored in the past [3, 24-30].

5. Hydrodynamic regime

Thermometer and chromometer Electromagnetic radiation produced in the hydrodynamic
regime of the plasma are known as thermal photons and dileptons. We expect them to provide direct
information on the properties of the quark-gluon plasma, given that their rate of emission and their
momentum distribution reflect the local properties of the degrees of freedom that radiated them.
Thermal photons and dileptons are sometimes referred to as “chronometers” and ‘“thermometers”
of the plasma, although they face stiff competition from hadrons in that regard. Hydrodynamic
simulations of heavy-ion collisions, which are overwhelmingly calibrated on hadronic measure-
ments, provide strong constraints on the temperature profile of the plasma; Figure 1 is an example,
entirely calibrated using hadronic data. Similarly, the lifetime of the quark-gluon plasma, inasmuch
as such a number can be defined in a system without a phase transition, is already known from
hydrodynamic simulations of heavy-ion collisions (it can be read off directly from Figure 1, for
example, given a certain definition of “lifetime”).

On the other hand, by focusing on certain bins of momentum and invariant mass and by
subtracting certain hadronic decays, it is possible for photons and dileptons to provide information
on the earlier stage of the collisions, to which hadrons have limited sensitivity. Moreover, photons
and dileptons produced in hadronic interactions provide a valuable window into the finite-density
properties of these hadrons (see Section 6).
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Photons and dileptons as probes of the quark-gluon plasma Thermal photons and dileptons
are calculated according to Eqs 1 and 2. Because hadrons are produced at low temperature, their
strongest constraints on the temperature profile of heavy-ion collisions are at these low temperatures
(around the T = 150 MeV contour in Figure 1). Photons and dileptons are more sensitive to the
higher temperature regions of the plasma, and can help better constrain the space-time profile of
the plasma and its properties: as more measurements, and in particular more precise ones, become
available, electromagnetic probes will provide increasingly strong constraints on the chemical and
thermal equilibration of the plasma (see Section 4), the temperature dependence of the shear and
bulk viscosities, potentially of higher-order transport coefficients [31], and more. There have also
been proposals to use the polarization of photons and dileptons to increase measurement sensitivity
to the system’s momentum anisotropy; see Ref. [32] and references therein.

6. Photons from hadronic interactions and hadronic decays

Hadronic interactions and decays at finite temperature/density The quark-gluon plasma can
reconfine into hadrons through a crossover (at low baryon chemical potential) or through a possible
phase transition (at higher baryon chemical potential). In either case, for some time after con-
finement, the density of hadrons will remain high, and their properties will be different from their
vacuum properties. More pronounced “finite-density” effects are seen on short-lived mesons, such
as the p and a; (1260) chiral partners, whose evolution during the crossover transition to deconfined
quarks and gluons informs us about how chiral symmetry is restored by deconfinement [2]; this
can be studied at lower temperature and higher densities as well [33]. Because short-lived hadrons
contribute to both photon and dilepton production through hadronic interactions and decays, they
provide invaluable information on the finite-temperature properties of hadrons and the transition to
deconfined quarks and gluons. Readers are referred to Ref. [2] for a recent comprehensive review.

Photons and dileptons from microscopic description of hadronic interactions The transition
from hydrodynamics to hadronic transport in simulations of heavy-ion collisions can also be under-
stood in terms of the relaxation time Tyej.x and the evolution time Teyolution discussed earlier. When
quarks and gluons reconfine into hadrons, only a residual nuclear interaction strength remains, much
smaller than the interaction between deconfined quarks and gluons, leading to a larger relaxation
time Treax. Thus, in the later stage of heavy-ion collisions, while the evolution timescale Teyolution 1S
not changing very rapidly, the relaxation time Tax increases considerably. This effectively leads
to the inverse processes listed in Table 1: hydrodynamics transitioning towards free-streaming.

Computing photons and dileptons production in the transition from hydrodynamics to free-
streaming hadrons is challenging. It is still common to use a macroscopic approach (Eqs 1 and 2)
to perform this calculation: the hydrodynamic simulation is continued to later times, and combined
with a photon or a dilepton emission rate. However, important work has been done to compute
electromagnetic emission microscopically instead, using hadronic transport (see Ref. [34] and
references therein). This provides the great benefit of unifying the description of electromagnetic
probes with that of hadrons, which have been using hadronic transport at the end of hydrodynamic
simulations for years.
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7. Photons and dileptons at low collision energies

The discussion of all the different sources of photons and dileptons presented above is not only
relevant for high-energy nuclear collisions (LHC and top RHIC collision energies), but also for
lower energy collisions studied in the beam energy scan at RHIC, as well as the HADES and future
FAIR experiment at GSI. Many of the challenges discussed above are amplified in lower collision
energies. In particular, the quark-gluon plasma phase is shorter relative to the complex early stage of
the collisions. Calculations of the contribution of hard processes (Section 3) is also more difficult
due to the lower center-of-mass energies. Calculations of photons using a hydrodynamic-based
model are reported in Ref. [35]; they show the potential of photons to help understand the early
stage of the collisions. Electromagnetic production in even lower collision energies is being studied
as well, see e.g. Refs [36, 37].

8. Outlook

Because photons and dileptons can be produced at any stage of heavy-ion collisions, progress
made in understanding almost every aspect of heavy-ion collisions has direct connections with
electromagnetic probes. The early stage of heavy-ion collisions remains challenging to describe, and
increasingly accurate measurements of electromagnetic probes will provide valuable information to
help understand it. More generally, photons and dileptons can help better understand the transition
to and from the hydrodynamics regime, which is particularly important at lower collision energies.
Photons and dileptons further provide a valuable tool to study the temperature and baryon chemical
potential dependence of the equation of state and transport coefficients.
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