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Summary. — The investigation of femtoscopic correlations between pairs of pho-
tons emitted from heavy-ion collisions offers a unique opportunity to investigate the
evolving source spacetime characteristics and properties. Unlike commonly studied
charged particle correlations, photons are not influenced by strong or electromag-
netic interactions, and thus have a longer mean free path. These characteristics in-
dicate that the information they carry remains minimally distorted from their point
of origin until detection in experiment. Consequently, it becomes feasible to examine
source characteristics not solely based on post thermal freeze-out phases, but also
encompass earlier stages of the expansion, without significant distortions caused by
neighboring particles. However, photon detection presents a non-trivial challenge,
necessitating either a specialized approach of reconstructing photons converted into
dilepton pairs, or detectors capable of detecting neutral particles. Additionally, the
photon yield is vastly dominated by the decay of π0 mesons, happening way after
thermal freeze-out. Hence femtoscopy is sensitive to the emission sequence of par-
ticles, may offer a plausibility of distinguishing between the femtoscopic signal of
direct photons and decay photons. As a constituent of the FAIR/GSI scientific com-
plex, the HADES experiment specializes in detecting light vector mesons through
dielectron (e±) channels generated during high-energy collisions of heavy ions, typ-
ically at energies around several (1-2) A GeV. By utilizing various detectors within
the spectrometer, a photon sample can been acquired. The preliminary results from
data of Ag+Ag collisions at

√
sNN = 2.55 GeV, as measured by HADES experiment,

will be presented.

1. – Introduction

Among many particle species created in heavy-ion collisions, photons exibit few unique
properties. Their immunity to strong and electromagnetic interactions, resulting in a
long mean free path, renders them invulnerable to medium effects. Consequently, the
information carried by such particles endure from the moment of their emission until
detection in experiment. This is particularly advantageous in the context of continuous
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photon emission, in contrast to post kinematic freeze-out emission of most other particles,
effectively making photons an ideal probe for investigating early stages of the collision [1].

Unfortunately, photon detection is challenging from an experimental standpoint, often
limiting their use in many analysis. Additionally, the vast range of potential photon
origins complicates the differentiation between direct photons (created before freeze-out)
and decay photons (being a product of particle decays). Moreover, because photon yield
is strongly dominated by π0 decay (being almost exclusively π0 → γγ) such differentiation
becomes even harder.

2. – Femtoscopy

Femtoscopy [2], originating from HBT measurements [3], is a method of exploring
space-time properties of the source area. Due to being very small and short-lived (R
∼ 10−15 m, τ ∼ 10−23 s) such object cannot be directly probed. Instead, femtoscopy
relies on particle correlations in the momentum frame, due to interactions between them
and/or effects of quantum statistics. The correlation function can be defined as:

(1) CF (q) =

∫
S(q, r) |Ψ(q, r)|2 dr3 =

Same(q)

Mixed(q)

where: q = |p1 − p2| is the momentum difference, S(q, r) is the source function, Ψ(q, r) is
the 2-particle wave function, Same(q)/Mixed(q) are the q distributions from same/mixed
events respectively. The same/mixed event approach is used experimentally, since S(q, r)
is inaccessible directly and Ψ(q, r) is not always known (i.e. due to unknown interaction
parameters).

In case of identical, non-interacting bosons, emitted from the Gaussian source, the
correlation function can be parametrized as:

(2) CF (qINV ) = 1 + λe−q2INV ·R2
INV

where RINV is the invariant HBT radius, λ is the correlation strength parameter, qINV

is one dimentional momentum difference, defined as:

(3) qINV =

√
|p1 − p2|2 − (E1 − E2)

2

where p is the particle’s momentum, E is the particle’s energy.
Femtoscopy of photons, in contrast to hadrons, can reveal source’s dynamics and

geometry before its evolution stops (in other words, before kinetic freeze-out), thanks to
previously mentioned penetrative nature of γ particles. Moreover, because femtoscopy is
sensitive to the emission sequence of correlated particles, it can feasibly serve as a tool to
differentiate photon contributions from various sources, allowing measurement of direct
photons yield [5]. Additionally, since photons are mass-less, photon pair invariant mass
is exactly equal to qINV :

(4) Mγγ =
√

2E1E2(1− cosαγγ) = qINV

where E is photon’s energy, αγγ is the opening angle between photons. Therefore a
clear relation can be established between photon’s energy, pair opening angle and qINV ,
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important from experimental point of view when choosing selection criteria, as well as
for identification of residual correlations.

3. – HADES experiment

The HADES experiment [6], as a part of FAIR-GSI scientific complex [7], specializes
in dilepton detection originating from light vector meson decays, such as ρ or ω. It is
designed to operate with beam kinetic energy of 1-2 A GeV, covering region of phase
diagram corresponding to neutron stars and neutron star mergers.The HADES spectrom-
eter [8] works in a fixed target mode, covering 2π azimuthal angle and polar angle from
18◦ to 88◦. It is capable of exceptional dilepton reconstruction efficiency, p-π± separa-
tion, as well as neutral particle reconstruction (thanks to electromagnetic calorimeters
(ECAL) [9]).

4. – Photons at HADES

Because most detectors used in high-energy physics cannot detect neutral parti-
cles, photon reconstruction can be achieved either by utilising photon conversion metod
(PCM) [10] or with assistance of electromagnetic calorimeters.

Photon conversion method, due to HADES’s specialization in dilepton reconstruction,
provides excellent resolution and purity of obtained photon sample. Unfortunately, be-
cause it is an indirect detection method (requiring reconstruction e± first and combining
them into γ → e+e− channel) it suffers from very low efficiency, reduced even further by
low conversion probability in detector’s material [11]. Consequently, it has been found
unsuitable for conducting femtoscopic measurements.

Electromagnetic calorimeters allow for the direct detection of neutral particles, thus
provide noticeably higher efficiency than PCM, alongside wider transverse momentum
and energy coverage. This is important from the point of view of direct photon recon-
struction, since they are expected to occupy high pT regions [4]. However, calorimeters
suffer low granularity and energy resolution behaving like σE ∼ 1√

E
, meaning correlation

region (qINV < 100 MeV/c) can suffer from higher systematical uncertainty (see eq. (4)).
The photon sample with use of ECAL detector was selected by rejecting all hits corre-

lated with charged tracks, along with minimum required energy of 100 MeV (to improve
energy resolution and suppress neutron contamination) and β requirement (±2σ from
expected β = 1 peak for every module separately). Figure 1 presents β distribution and
number of reconstructed candidates per event for UrQMD [13] simulations with imple-
mented detector response in GEANT [12] and experimental data for 0-40% centrality.
The more spread distribution of β for the experiment compared to the simulation is
caused by higher-than-expected noise in some of the ECAL modules.

5. – Photon-photon correlation functions

Before constructing correlation functions from obtained photon sample a two-particle
detector effects need to be addressed.

For ECAL, due to the angular size of the modules, no photon pair can be recon-
structed for an opening angle αγγ < 4.4◦. Consequently, fewer pairs can contribute to
the numerator of the correlation function than to the denominator (see eq. (1)), since
mentioned limitation exists only within same event. Such effect is known as merging.
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Fig. 1. – ECAL β (left) and photons per event (right) distributions. Blue circles represent
all particles meeting selection criteria. Green show truly reconstructed γ particles with used
approach. Red circles show selected particles from experimental data.

Moreover, because single photon can trigger more than one module, all ECAL towers
triggered by same the particle are gathered in so-called clusters. Naturally, the αγγ lim-
itation should increase with increasing cluster size, as a single module cannot detect two
photons in time window smaller than 500 ps [9]. However, it was found that despite
such limits, some particles rarely exceed them. Simulation results suggest that this is
most likely due to errors in the clusterization process, as in such cases both clusters were
pointing at the same particle’s track. Therefore one needs to not only apply αγγ limi-
tations to account for limited granularity, but also to suppress mentioned ”cluster split”
issue, simultaneously keeping limitations as low as possible due to qinv - αγγ relation (see
eq. (4)). In order to do so, a distribution of the opening angle of ”split clusters” was
made with use of UrQMD + GEANT simulations, for every plausible size combination.
Based on that, the minimum acceptable thresholds of αγγ were established. Figure 2
shows thresholds map, along with example distribution of ”split clusters” αγγ .

Another effect worth concerning is sample purity. Such factor can be included by
introducing purity correction to correlation function, defined as:

(5) CFcorr(qINV ) =
CF (qINV )− 1

purity(qINV )
+ 1

where CF (qINV ) is measured correlation function, purity(qINV ) is purity function value,
for the purpose of this analysis estimated from simulations and defined as:

(6) purity(qINV ) =
Nγγ(qINV )

Nall(qINV )

whereNγγ(qINV ) is number of true photon pairs andNall(qINV ) is number of all accepted
pairs for given qINV . Figure 3 presents purity distribution as a function of qINV .

Photon correlation functions, before and after merging and purity corrections, are
shown in the fig. 4. For simulations, no femtoscopic effects are present. Accordingly,
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Fig. 2. – Distribution of αγγ of ”split clusters”, both having size = 1 (left) and minimum
threshold value in respect to cluster sizes of both photons (right). Dashed red line in the left
fig. shows selected cutoff value.

respective correlation function is expected to be equal to unity, with the only excep-
tions being detector effects and residual correlations. Such residual correlation is clearly
visible as Gaussian peak at qinv ∼ 135 MeV/c, originating from π0 → γγ channel. Addi-
tionally, before applying corrections a strong downwards trend is visible for both series.
Comparing experimental results to the simulations after applying corrections reveals a
clear enhancement in the experimental function at qINV < 60 MeV/c, reminiscent of the
expected Bose-Einsten correlation, while simulated function remains around unity.

The experimental correlation function was fitted with modified parametrization de-
scribed in eq. (2), featuring description of additional contribution:

(7) CF (qINV ) = 1 + λe−q2INV R2
INV +

a0
(1 + a1qINV )a2
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Fig. 3. – Photon pair purity in respect to qINV . Estimated with use of UrQMD + GEANT
simulations. Merging correction implemented.
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Fig. 4. – Photon-photon correlation function before (left) and after (right) necessary corrections.
Blue circles represent UrQMD + GEANT simulations, red show experimental data.

where a0, a1, a2 are parameters for the background contribution. The result of fitting is
shown in the fig. 5. First few points were excluded from fitting due to possible remains
of detector effects.

To identify the origin of the additional contribution, SMASH [14,15] simulations were
utilized, featuring only photons originating from π0 decays. Quantum statistics effect
were implemented, along with estimated resolution of ECAL calorimeters. The addition
of quantum statistics creates similar contribution to that visible in experimental results,
regardless of detector resolution. Therefore it might be related to possible π0 − π0
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Fig. 5. – Experimental data correlation function fitted with parametrization (7) (left), photon-
photon correlation function obtained with SMASH simulations (right). Red circles show ”pure”
SMASH output. Blue circles show addition of quantum statistics effects. Green circles feature
additional detector resolution effects.
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correlation contribution. It is also worth noticing that no enhancement at qINV <
60 MeV/c is visible in that case, suggesting no connection to π0 photons or being an
artifact of detector’s resolution. Hence, one may conjecture it as possible direct photon
correlation. Further studies may provide better insight on such phenomenon.

6. – Summary

The photon-photon correlations can be achieved at the HADES experiment with use
of electromagnetic caloritemters. The results show an enhancement at low qINV region,
most likely being a signature of expected Bose-Einstein correlation. Additional contri-
bution was identified, with a plausible explanation of π0 − π0 correlation signature. The
qualitative description of correlation function was obtained with use of parametrization
described by eq. (7), although in light of explanation of background contribution double
Gaussian might be approached. The quantitative correlation function description is nec-
essary, requiring systematical uncertainties estimation, as well as more detailed analysis
of visible contributions. Future studies may provide the necessary information.
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