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Experimental overview of electromagnetic radiation in
heavy-ion collisions’
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Abstract. Electromagnetic (EM) probes such as photons and dileptons provide
direct insight into the space-time evolution of the hot and dense matter formed
in heavy-ion collisions. Being unaffected by strong interactions, they serve as
penetrating messengers from all collision stages, from pre-equilibrium dynam-
ics to the quark—gluon plasma (QGP) and hadronic phases. This contribution
summarises recent experimental results on direct-photon and dilepton produc-
tion from RHIC and LHC experiments, as well as at lower energies. Particular
emphasis is given to the ongoing ’direct-photon puzzle’, the study of universal
scaling of direct-photon production over a large range of collision systems and
energies. Recent dielectron measurements from ALICE, STAR, and HADES,
as well as new experimental developments at the LHC, are presented, along
with perspectives for future facilities.

1 Introduction

Electromagnetic radiation offers a unique probe into the dynamics of heavy-ion collisions, as
photons and dileptons escape the QCD medium largely undisturbed. As a consequence, their
production reflects properties of stages of the collision prior to hadronisation. In the earliest
phase, the hard initial collisions produce prompt photons and while the system approaches
equilibrium it radiates photons and dilepton. The measurement of thermal radiation in the
QGP phase can be used to infer the average temperature of the medium prior to the transition
into a hadronic state of matter. The latter also radiates thermally and can be used to study
the in-medium EM spectral function and chiral-symmetry restoration. In the following, I will
present the most recent results on the measurements of real and virtual direct photons, i.e.
photons not originating from hadron decays. An effort is made to relate the results to each
other as well as to discuss them in the context of previous measurements. The discussion
starts with real direct photons, followed by measurements of dileptons. The contribution
concludes with remarks on the interpretation of the results in light of recent theoretical de-
velopments, which are discussed in detail in [1].

2 Real direct photons

Direct-photon production is a key observable in heavy-ion physics, yet the field faces the
long-standing ’direct-photon puzzle’. The puzzle is rooted in the question of when the ma-
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jority of the photons observed are produced. The understanding is that most photons must be
produced when the medium is hot, so in an early phase of the collision. Photon production
early in the collision would also imply a small elliptic flow (v,) as the collectivity did not have
the time to build up yet. Measurements of both observables by the PHENIX Collaboration
in Au+Au collisions at /sy = 200 GeV posed a challenge to models in the simultaneous
description of the yield and v,. New results from PHENIX based on the analysis of Au+Au
data confirm the previous observation [2]. The large data sets taken in 2014 made it possible
to reduce the uncertainties in the data and extend the range pr of the v, measurements as
shown in Fig. 1, showing that at high prt no elliptic flow is observed as expected from the
explanation above. The new data are also compared to a holistic state-of-the-art model that
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Figure 1. Measurement of the direct-photon elliptic flow
v, as a function of pr by the PHENIX Collaboration in
Au+Au collisions at /sy = 200 GeV taken from [2]. The
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takes into account the different collision stages discussed before [3], however, the picture
remains: the yield and v, cannot be described in the same calculation. A way out is brought
up by the PHENIX Collaboration, which suggests a shift in the paradigm: large yield means
early production and large v, is rooted in a late production. The suggestion is that sources
like early electromagnetic fields could induce v, in the early phase, while radiative processes
in the hadronisation would produce additional photons late in the collision. As shown in
Fig. 1 both approaches give an enhancement of the v, that would mitigate the tension that
is observed between other models and the data. It should be stressed that while the sources
are presumably reasonable contributions to flow and direct photons; it is highly non-trivial
to constrain them. Factors such as the lifetime and strength of the EM fields in the early
collision phases remain unknown.

A new piece to the puzzle is the so-called universal scaling of the direct-photon produc-
tion. The PHENIX Collaboration first observed that the low-pt direct-photon yield as a func-
tion of the charged particle density (dN.,/dn) can be described by a function A X (dN.,/dn)®
and a universal « is found that describes the production independent of collision energies and
centrality. A new result was presented by the PHENIX Collaboration [4] based on the same
Au+Au dataset mentioned above which finds a value of @ ~ 1.1. A similar analysis was car-
ried out by the STAR Collaboration [5] which confirms a scaling of the direct-photon produc-
tion that seems independent on the collision energy or centrality and only follows dN.,/dn.
However, the measurement by STAR suggests a different power in the scaling law (o = 1.43).
In Fig. 2 a summary of the STAR and PHENIX data is complemented by measurements of
ALICE.
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The dashed lines indicate the derived scaling with different & parameters extracted from
fitting the STAR and the PHENIX data. The present state of the data is puzzling in two
different ways. The obvious difference between the measurements of STAR and PHENIX
poses an experimental challenge that needs to be resolved in the future. While the data from
LHC provided by ALICE is not conclusive with the current uncertainties, new measurements
with higher precision could help. However, both STAR and PHENIX observe the scaling, and
it is not clear why the photon yield should exhibit a universal scaling with dN.,/d7 in the first
place. In a simple picture, one can derive different scaling factors for the direct-photon yield
depending on the collision phase (aqgp = 1.85, @hadgronic ® 1.25 [7]). In general, it could be
expected that the change of collision energy and centrality changes the relative contributions
of the photons from different phases of the collision, which makes it surprising that the yield
can be described by this simple scaling. A possible interpretation is that the bulk of photons
is produced at the transition of the system from the partonic to the hadronic phase. Here, one
can expect that the energy density is the same for all collision systems and energies, while the
system’s volume varies and is the only degree of freedom to change the overall photon yield.

While apparently the production of direct photons seems to follow a universal scaling
in AA collisions, a special interest is in the onset of this phenomenon. For this a detailed
study of pp collisions can be used to test the onset of thermal production of photons. A
measurement of the fraction of direct photons (r) as a function of pr in minimum-bias and
high-multiplicity pp collisions at /s = 13 TeV was performed by ALICE [6]. Figure 3 (left)
shows the result for the measurement in minimum-bias pp collisions, which indicated that
about 1-2% of all measured photons are direct photons. The production of direct photons can
be understood in means of NLO pQCD calculations as shown in the comparison with two
such calculations, as both can describe the data. The same measurement was carried out in
high-multiplicity pp collisions and is shown in Fig. 3 (right). The multiplicity corresponds to
approximately 5 times the minimum-bias multiplicity. What is surprising is the fact that r is
about 1-2% as in the minimum-bias case. However, an interpretation of the data in means of
model comparison is non-trivial, as no calculation for NLO pQCD photon production in high-
multiplicity pp collisions is available. The best description of the data by a parameterisation
using the functional shapes of thermal and prompt pQCD photons from theory suggests that
a small amount of the photons could be originating from thermal production. However, the
data is also compatible with a scaled pQCD calculation alone.
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Figure 3. The fraction of direct photons with respect to all photons (r) is presented as a function of
pr for minimum bias (left) and high-multiplicity (right) pp collisions at /s = 13 TeV measured with
ALICE [6].

3 Dileptons

While the measurements discussed before also use dielectrons to measure photon yields, the
main advantage of dileptons is a Lorentz invariant mass and thus, measurements related to
the mass spectra are not subject to blue shifts and can give direct access to the temperature
of the medium that radiates them. The HADES Collaboration presented preliminary results
in Ag+Ag collisions at +/syny = 2.4 and 2.55 GeV. The excess spectrum as a function of the
dielectron invariant mass (.. ) is presented in Fig. 4 (left) [8].
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Figure 4. Excess spectra (after subtraction of hadronic contributions) measured by the HADES Col-
laboration [8, 9] (left) and the STAR [5, 10] and NA60 [11] Collaborations (right) in different collision
systems and at varying centre-of-mass energies. The HADES data are compared to an in-medium spec-
tral function based on coarse-grained simulations. Temperatures are extracted by parameterising the
spectra as described in the text.

The data is well described by an in-medium coarse-grained UrQMD calculation [12].
The average fireball temperature is then extracted using the relation dNg./dme. o
m2!? exp(—mee/T) and reported to be 82.2 + 0.6(stat) + 2.9(syst) MeV. The STAR Collab-
oration previously measured the dielectron access as a function of me. in Au+Au collisions
at +/sny = 54.4 and 27 GeV [10], in Fig. 4 (right) the Au+Au data is presented together
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with a new preliminary measurement in Ru+Ru and Zr+Zr collisions at 200 GeV [5] as
well as the measurement by the NA60 Collaboration in In+In collisions at 17.3 GeV via
dimuons. The excess is measured in all systems in the mass range from 0.2 to 2.9 GeV/c?
in Fig. 4 (right). In contrast to the HADES data at low masses (<1 GeV /c?), the structure
of the spectral function is not completely gone in the STAR data, and the remnants of the p
peak are present. To better compare the excess spectra in the different collision systems, the
spectra are normalised by the charged-particle multiplicity at mid rapidity. The STAR Col-
laboration extracted temperatures in two distinct mass regions, 0.4 < my < 1.2 GeV/c? and
1 < my < 2.9 GeV/c?. While the parameterisation in the intermediate-mass region (IMR)
is the same as used by the HADES Collaboration, the lower mass region (LMR) includes an
additional term of a relativistic Breit-Wigner function to accommodate the residual resonance
structure. The temperatures extracted in all systems are summarized and compared to mea-
surements and theoretical estimates of freeze-out temperature in Fig. 5 as a function of the
baryo-chemical potential ug.

Figure 5. Temperatures extracted from the
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The different collision energies that cover 2.4 < /sy < 200 GeV give the possibility to
probe the QCD phase diagram over a large range of ug. It should be mentioned that while
HADES used a theoretical model to extract ug at the measured average temperature of the
produced medium, the STAR data are plotted at the upg that is extracted from thermal model
fits in the same system and energy and corresponds to the upg at freeze-out. To indicate the
trajectory of the system in the 7" — ug plane, calculations in Au+Au collisions at different
energies are indicated as dashed lines. While temperatures extracted in the LMR are close
to the freeze-out temperature, indicating a system that is close to hadronic freeze-out, the
temperatures measured in the IMR are systematically above the critical temperature and can
be interpreted as an average temperature of the QGP. A surprise in these measurements is the
overall high temperatures. Comparing them with the shown trajectories, one would expect
the average temperature to fall between the initial 7 of the system and the freeze-out temper-
ature. The theoretical predictions do not include a possible pre-equilibrium radiation, which
could lead to an overall higher average temperature measurement. Measurements of this sort
are in particular sensitive to the subtraction of hadronic background stemming from semi-
leptonic decays of charmed hadrons as well as the subtraction of Drell-Yan (DY) production
of dileptons. While at the collision energies of several GeV, the background from correlated
heavy-flavour decays is expected to be small, at LHC energies, they dominate the dilepton
measurements over a wide mass range. The ALICE Collaboration presented studies in which
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the separation of a prompt (resonance decays) and non-prompt (heavy-flavour decays) can be
distinguished using a topological separation [13].

These ALICE studies lay the ground to extend temperature measurements to LHC ener-
gies, which in the phase diagram of QCD matter is pushing up to negligible values. Also,
measurements from LHCD in a different kinematic regime can be expected. With its ca-
pabilities of vertexing and muon identification, the experiment is well-suited to study DY
production and pre-equilibrium radiation at the LHC. In the further future the NA60+ ex-
periment at the SPS at CERN [14] and the CBM experiment at FAIR [15] will bridge the
phase space between measurements at RHIC [10] and the results from the HADES Collabo-
ration [9] to study dense nuclear matter under extreme conditions and explore the nature of
the phase transition in this regime of the phase diagram. The next generation experiment at
the LHC, ALICE 3, aims for precision studies of thermal dielectron production, such as the
space-time evolution of the QGP via differential temperature measurements and collectivity
studies of dielectrons [16]. Of particular interest of future dilepton experiments is the detailed
line-shape of the in-medium spectral function and its connection to the partial restoration of
chiral symmetry.

4 Conclusions

In the field of electromagnetic probes, several new measurements were presented that will
help in the fundamental understanding of the QGP produced in relativistic heavy-ion colli-
sions. The photon puzzle is still present, and unusual approaches in theory may give pos-
sibilities for a resolution; however, constraining these sources has proven to be challenging.
A more pressing issue on the experimental side is the disagreement of data presented on the
universal scaling of direct-photon production presented by PHENIX and STAR which makes
the direct-photon puzzle only more puzzling. Data from LHC would be of great value for
a possible solution of this discrepancy. Dilepton measurements across a wide energy range
allow extraction of fireball temperatures and mapping of QCD matter in the phase diagram.
Results from the ALICE Run 3 program give an idea of possibilities to extract temperature
measurements in the ug = 0 regime. The plans for future experiments at LHC, SPS and FAIR
promise a bright future in the field of electromagnetic probes.
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