
P
o
S
(
F
A
I
R
n
e
s
s
2
0
2
4
)
0
3
7
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The QCD phase diagram has been actively studied over the years in the experimental, and theo-
retical domains using e.g. lattice QCD. The fluctuations of conserved charges like electric charge,
baryon number, and strangeness are useful probes to study the QCD phase diagram. The experi-
mental study of higher-order cumulants provides insights into potential critical behaviour, and is
being analysed in different experiments. This work focuses on the analysis of strangeness fluctu-
ations in Ag+Ag data collected at a beam energy of 1.58A GeV using HADES in 2019. HADES
is a fixed target experiment at GSI that investigates the properties of dense baryonic matter at
lower energy regimes around 1A GeV – 2A GeV beam energy. The low multiplicity of strange
particles in this dataset poses a challenge in deriving and analysing higher-order cumulants. This
necessitates an exploratory study on the feasibility of studying strangeness fluctuations in HADES.
The reconstruction and identification of charged kaons as proxies for strangeness, in general, are
examined in HADES Ag+Ag data and will be presented in this paper.
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Strangeness fluctuations in the HADES experiment

1. Introduction

The QCD phase diagram can be studied experimentally using heavy ion collisions. Different
regions in the QCD phase diagram can be accessed by varying experimental parameters like the
energy and composition of the colliding nuclei. Studying the properties of the phase transition and
the search for the conjectured critical point are important areas of ongoing experimental research
globally, as evident from [1–3] and the references therein. One good probe for this is the study
of fluctuations of conserved charges like electric charge, baryon number, and strangeness. The
cumulants of these charge distributions are in particular directly related to the susceptibilities and
are related to the correlation length in the hot and dense medium [4, 5]. They can therefore
be experimentally calculated and compared with theoretical models. This work looks into the
feasibility of studying the strangeness fluctuations using charged kaons at the HADES experiment
for Ag+Ag collisions at beam kinetic energy of 1.58A GeV (√𝑠𝑁𝑁 = 2.55 GeV).

2. Experimental setup

The High Acceptance DiElectron Spectrometer (HADES) [6] is a fixed target experiment,
with nearly complete coverage in the azimuthal direction and polar angle coverage between 18°
to 85°. The START detector, situated right before the target, registers the start time when an
incoming beam particle passes. Particles are deflected in a magnetic field and tracked using a set
of MiniDrift Chambers (MDC), two of which are placed before and two after a toroidal magnet.
The MDC registers both particle track coordinates as well as energy loss information, thereby
enabling the reconstruction of momentum/charge and identification of the particles. Multiplicity
and Electron Trigger Array (META) detectors, which include both Resistive Plate Chambers (RPC)
and Time-Of-Flight (TOF) scintillation detectors covering different regions in polar angle, provide
Time-of-Flight and energy loss information d𝐸/d𝑥 of the particles. The detector information
relevant to the reconstruction of charged kaons are Time-of-Flight, momentum/charge, and d𝐸/d𝑥.

3. Reconstruction of charged kaons

The low particle multiplicity of charged kaons in Ag+Ag collisions at this energy (1.58A GeV)
poses challenges to their reconstruction at sufficient efficiency and purity for an accurate determina-
tion of multiplicity per event. In this work, different methods of kaon reconstruction are explored,
and the purity and efficiency using these have been calculated. The first method uses conventional
hard cuts, based on Time-of-Flight (ToF), momentum, and energy loss in MDC and TOF, along
with other track selection criteria such as the track fit quality criterion (𝜒2) and MetaMatch Quality
(matching quality of the hits registered in the detectors and the extrapolated tracks). The individual
cuts are the result of individual optimisations for 𝐾+ and 𝐾−. The achievable purity using these
cuts is, however, very low.

Another method uses a multiple-particle hypothesis to find the tracks that correspond to kaons.
In this method, a proxy for the probability that a given track corresponds to a particular particle
species (e.g. K, p, 𝜋) is calculated for different assumptions on the particle species, and the particle
species with the highest probability is assigned to the track. This is implemented by calculating the
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deviations of both the measured Time-of-Flight (Δ𝑡), as well as energy loss from MDC (d𝐸/d𝑥) of
the track from the corresponding values expected for a given particle species as,

Norm =

(
Δ𝑡Expected − Δ𝑡Observed

𝜎𝑡

)2
+ 0.6

( d𝐸
d𝑥 Expected −

d𝐸
d𝑥 Observed

𝜎d𝐸/d𝑥

)2

. (1)

Here, the measured deviations are normalised by the corresponding detector resolution (𝜎) for
the respective observable. A factor of 0.6 has been introduced preliminarily for the energy loss
term to account for its lower separation power compared to Δ𝑡 measurements.1 A lower norm value
implies a higher probability that a track is of a particular particle species, and hence, the particle
species corresponding to the lowest norm value is assigned to the track. This is implemented in the
standard HYDRA (Hades sYstem for Data Reduction and Analysis) framework [7] at HADES and
the method implemented in this work is an adaptation of the same. An advantage of this method
over the hard cuts is that it enables simultaneous use of d𝐸/d𝑥 and ToF information, condensed into
a single norm value used as a continuous measure of particle identification of a given species.

Table 1: The hard cuts used for kaon reconstruction

Particle K+ K-

System RPC TOF RPC TOF

𝜒2 ≤ 100

MetaMatch Quality ≤ 2

Number of MDC Layers > 19

Distance to vertex (mm) ≤ 20

Mass (MeV/c2) ∈ (340, 660)
Momentum (MeV/c) ∈ (200, 1200) ∈ (150, 900) ∈ (200, 950) ∈ (200, 800)

𝑑𝐸
𝑑𝑥 𝑀𝐷𝐶

[a.u.] ∈ (1, 9) ∈ (1.1, 17) - ∈ (2, 5)
𝑑𝐸
𝑑𝑥 𝑀𝐷𝐶

· 𝑝 [a.u.] - ∈ (580, 3000) ∈ (800, 2500) > 900
𝑑𝐸
𝑑𝑥 𝑇𝑂𝐹

· 𝛽𝛾 [a.u.] - ∈ (0.25, 3.2) - ∈ (1, 2.5)
𝛽 ∈ (0, 1) < 0.89

Finally, an attempt is made to combine hard cuts and norm calculation for better purity and
efficiency values. As seen from the table 2, this combination results in much higher purity with
efficiency values comparable to the second case. Hence, this is taken to be the best case for the
calculation of moments of the multiplicity distribution of charged kaons. From the table 2, it can
be noted that the purity values obtained for 𝐾+ are much higher than those obtained for 𝐾−. This is
due to the higher multiplicity of 𝐾+ as compared to 𝐾− at these energy ranges due to the associated
production of kaons. The lower efficiency of 𝐾− could be due to the sharper cuts applied.

1Further fine-tuning of this factor is foreseen.
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Table 2: Purity and efficiency with different methods for kaon identification

Particle Purity (S/(S+B)) Efficiency
𝐾+ 0.31 0.61

Hard cuts 𝐾− 0.06 0.60
𝐾+ 0.45 0.48

PID based on norm values 𝐾− 0.14 0.27
𝐾+ 0.73 0.44

Combination of the above methods 𝐾− 0.40 0.24

4. Calculation of moments of multiplicity distributions

The calculation of moments can be done in two different ways. One can use event-by-event
measurements, wherein the number of particles of interest is determined in each event, and the
moments are derived from the resulting particle distributions. However, several factors, like particle
misidentification, distort the observed multiplicity distribution, thereby affecting the accuracy of
the calculated moments.

A robust method to deal with particle misidentification in the calculation of moments is the
Identity method [8]. The Identity method uses the probability that a track is of a particular particle
species rather than a binary PID, which is then used to derive a proxy distribution for the multiplicity
of the particles. This is advantageous as the multiplicity distributions of particles on average can
be derived more accurately than in the event-by-event calculation [8–10].

4.1 Identity method

Consider a track i, with an observable 𝑥𝑖 that can be used to identify the particle under
consideration (eg: energy-loss, mass). One can define 𝜌 𝑗 (𝑥) as the probability distribution of 𝑥 for
particle species 𝑗 and 𝜌(𝑥) = ∑

𝑗 𝜌 𝑗 (𝑥). The probability of the track 𝑖 belonging to a particle species
𝑗 can then be encapsulated in 𝜔 𝑗 (𝑥𝑖) =

𝜌 𝑗 (𝑥𝑖 )
𝜌(𝑥𝑖 ) . A summation of 𝜔 𝑗 (𝑥𝑖) over the total number 𝑁 of

charged tracks in a given event is then used to derive the proxy distribution for multiplicity.

𝑊 𝑗 =

𝑁∑︁
𝑖=1

𝜔 𝑗 (𝑥𝑖). (2)

The moments can be derived from these proxy distributions. However, these observed moments do
not reflect the true moments since the particle identification isn’t ideal. But, using this method, the
response matrix, with which the true moments are folded, can be fully defined by 𝜔 𝑗 values [8–11].

The true moments can thus be derived by unfolding [8]. This provides a better estimate of
the true moments and will therefore primarily be used to estimate the moments of charged kaon
distributions. This has been implemented in the TIdentity module [11], which will be used in this
analysis. Recently, the Identity method was generalized using fuzzy logic to reconstruct arbitrarily
higher-order moments of multiplicity distributions [12].

5. Estimating the moments of charged kaons using the Identity Method

Deriving the moments using the Identity method necessitates deciding on the observable to
be used as input. The distributions of energy loss, beta-momentum, and mass as given in figure 1
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imply that no single observable would be sufficient for good identification, as no good kaon band
(or kaon peak) can be identified in any of these distributions.
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(d) Norm values calculated using kaon hypothesis

Figure 1: The beta-momentum, mass, and d𝐸/d𝑥 distributions of the reconstructed particles from simulation,
and their calculated norm values (with kaon-assumption) for the true 𝐾− , 𝜋+, and p. The kaon band which
is expected between the pion and the proton bands in the beta-momentum and energy loss spectrum, is not
observed. A small kaon peak can be seen in the mass spectrum around 𝑚𝐾 ∼ 494 MeV/𝑐2.

As an alternative, the norm value from eq. 1 is used as the input, since it combines the
ToF and energy loss information into a single variable. Here, the deviations from the expected
ToF and energy loss are calculated under the assumption that a given track corresponds to a true
kaon. Therefore, the distribution of norm values for kaons would have a peak near zero, while the
other particles would have a peak at higher values of norm. A partial overlap in the norm value
distributions of true pions and true protons can be observed under the kaon hypothesis. Since both
distributions reach minima around zero, this suggests that true pions and true protons are equally
unlikely to be reconstructed as kaons.

6. Summary and outlook

The preliminary results for the feasibility study on deriving strangeness fluctuations at 1.58A GeV
at HADES have been presented. Different methods of charged kaon reconstruction and their purity
and efficiency values have been explored to determine the best case for the calculation of mo-
ments. The moment calculation will be carried out using different measurement observables, with
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the norm value being proposed as instrumental in determining the feasibility of the study. Addi-
tionally, the performance of the moment calculation for different input identity variables using the
Identity method and different criteria for kaon identification will also be compared for completeness.
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