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The main goal of the Compressed Baryonic Matter (CBM) Experiment at FAIR is to probe the
QCD phase diagram at high net-baryon densities and moderate temperatures with nucleus-nucleus
collisions, in order to locate the possible first order phase transition from hadronic to partonic
matter and its critical end point (CEP). The higher moments (cumulants) of conserved quantities,
such as baryon number, strangeness and electrical charge, are suggested to be sensitive to the
proximity of the CEP. In order to assess the behavior of these cumulants, it is crucial to determine
the reaction volume. Different procedures for centrality selection, based on participant multiplicity
measured with the STS detector or on spectator multiplicity measured with the new FSD detector,
allow us to study reaction volume fluctuations and their impact on net-baryon cumulants. The
present work focuses on the first step to determine the reaction volume: exploring different
centrality determination procedures using the hadronic transport model SMASH.
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1. Introduction

Quantum Chromodynamics (QCD) is the theory that describes the strong interaction where the
fundamental constituents are quarks and gluons. Its conjectured qualitative phase diagram can be
plotted as the variation of temperature (7') against the chemical potential of a conserved charge like
baryon number (up), as seen in Figure 1. From an experimental point-of-view, this diagram can be
probed by varying the energy and species of the colliding nuclei. In addition, lattice calculations
have shown that, for up = 0 and high values of 7', the transition from hadronic matter to a quark-
gluon plasma (QGP) is a smooth crossover [1]. However, for finite g, lattice simulations run
into the "sign problem" [2] and are unable to predict the nature of the transition. Nevertheless,
various QCD-based model calculations predict a first-order phase transition [3, 4] that would end in
a critical end point (CEP) [5], as shown in Fig. 2. From these results we know that, if it exists, the
CEP should be located in the region g > 500 MeV and T < 120 MeV, and is most likely excluded
from the ug/T < 3 region. This corresponds to a center-of-mass energy of roughly /syny ~ 3 =5
GeV [6].
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Figure 1: Qualitative sketch of the
QCD phase-diagram, with temper-
ature 7 as a function of baryon
chemical potential yp, including
the energy ranges covered by sev-
eral experiments [7].

Figure 2: Predictions from state-
of-the-art effective theories for the
analytic crossover and location
of the CEP, compared with lat-
tice QCD results and experimental
freeze-out points. Taken from [8]
and further references therein.

Figure 3: Collision energy depen-
dence of the ratio C4/C;, measured
by STAR for the 5% most central
events and by HADES for the 10%
most central events, compared with
the predictions from the HRG and
UrQMD models [9] (edited).

The Compressed Baryonic Matter (CBM) Experiment is a fixed-target experiment whose main
goal is to probe the mentioned QCD phase diagram in the energy range \/syy = 2.7 — 4.9 GeV,
with high interaction rates of up to 10 MHz [10]. From its detector setup, depicted in Fig. 4, the
most relevant sub-detectors for reaction volume determination are the the Silicon Tracking System
(STS) and the Forward Spectator Detector (FSD). The STS is used for track reconstruction and
momentum determination of charged particles within a polar angle between 2.5° and 25°, while
the FSD, which is still being developed, measures the energy deposition of the projectile nuclei
fragments and forward going particles produced close to the beam rapidity.

2. Cumulants and Reaction Volume

Cumulants are experimental observables that quantify particle multiplicity distributions, such as
net-baryon, net-charge, and net-strangeness. They are related to the moments that characterize
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probability density distribution functions, such as the mean, variance, skewness and kurtosis.
When freeze-out occurs close to the phase transition, these cumulants are expected to be sensitive
to the proximity of the CEP since they are proportional to powers of the correlation length & [11, 12],
with increasing sensitivity for higher-order moments [13]. A non-monotonic energy dependence of
these cumulants could therefore be an indication of the presence of the CEP.
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Figure 4: Sketch of the CBM Experiment detector setup [14] (edited).

One of the most studied distributions is the one of net-baryons. However, since neutrons are
extremely hard to measure in heavy-ion experiments, net-protons are usually used as a proxy for
net-baryons [15]. Cumulants up to the 4th order of event-by-event distributions of net-proton were
measured as a function of collision energy by the STAR Collaboration in the first phase of the
Beam Energy Scan (BES) program at RHIC [9]'. Fig. 3 presents the ratio of C4/C; for the 5%
most central events, compared to a measurement by HADES for the 10% most central events and
predictions from different models. Although the data suggests a non-monotonic energy dependence,
the error bars are still too large for a clear conclusion to be drawn. Future CBM data would help
decrease these error bars and close the energy gap between 3 and 5 GeV, which remains unexplored.

Other non-critical effects can contribute to the non-monotonic behaviour of cumulants, such as
volume fluctuations. In a heavy-ion collision, depending on its centrality and thus on its impact
parameter, there are nucleons that participate in the collision (participants) and others that do not
(spectators). Since the number of participants varies event-by-event, the initial system volume
fluctuates and leads to an artificial enhancement of the cumulants. To correct for this, one needs to
first perform centrality determination, which can be done by measuring, e.g., the track multiplicity of
produced charged particles. However, when the charged particles which are selected for fluctuation
measurements are included in the centrality definition, self-correlation effects arise. Hence, another
safer alternative would be to measure the number of spectators.

3. Results

The analysis was performed with a sample of 10° Au+Au events within the impact parameter
range b = 0 — 15 fm at y/syn = 4.9 GeV, generated with the relativistic hadronic transport model
SMASH [16]. This model constitutes an effective solution of the relativistic Boltzmann equation
with binary interactions which proceed via resonance excitation and decay at lower energies or
string excitation and fragmentation at higher energies. It includes all well-established hadrons up
to a mass of 2 GeV as degrees of freedom. Fig. 5 shows the abundance and type of all particles

In the meantime, these results have been updated by the BES II, although there is no official publication yet. The
new data agrees well with the one from Fig. 3 and presents lower error bars.
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produced directly by the SMASH model simulations (prior to any detector effects). As expected
for this energy regime, the most abundant particles are protons and neutrons, and the production of
antiprotons is negligible when compared to that of the protons. The proton and neutron multiplicity
distributions are presented in Fig. 6, for minimum bias but also for the most central and the semi-
peripheral collisions. Both minimum bias distributions peak at the nucleon numbers of the initial
collision system. For more central collisions, the number of protons is higher than for less central
ones, while the number of neutrons is lower.
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Figure 5: ID of all particles directly produced by the Figure 6: Proton (red dots) and neutron (blue
SMASH model simulations and their abundance. dots) multiplicity distributions, given directly by the
SMASH model simulations.

After a first analysis of the results outputted by SMASH, the GEANT4 [17] package was
used to transport the produced particles through the CBM detector material, followed by the
reconstruction of the collision using the CBMROOT framework [18]. Fig. 7 presents the charged
particle multiplicity distribution obtained from the tracks detected in the STS and the corresponding
centrality classes. Centrality determination was performed by grouping all collisions into centrality
classes according to their charged particle multiplicity value. The most central collisions correspond
to the ones with the highest multiplicity and hence are grouped in the O — 5% class. Fig. 8 shows
the distribution of the total energy deposited in the FSD per event in GeV, with the corresponding
centrality classes. The centrality determination approach is similar to the anterior one, with the
difference that now we look into the energy of the forward going particles. A more central collision
translates into a lower impact parameter b and should be associated with a lower energy deposition
in the FSD, since most of the initial nucleons are participants. Hence, one would expect an anti-
correlation between impact parameter and total energy deposited in the FSD per event, as shown in
Fig. 9. Concurrently, one would also expect for the charged particle multiplicity measured in the
STS and the energy deposited in the FSD to be anti-correlated, as displayed in Fig. 10.

4. Summary and Outlook

After an analysis of the SMASH model results, centrality determination was performed via two
different approaches: one based on the charged particle multiplicity detected by the STS, and another
on the energy deposition in the FSD. The next immediate steps are to obtain the reaction volume
based on these two approaches, compare them, and correct for volume fluctuations to calculate the
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Figure 7: Multiplicity distribution of charged parti- Figure 8: Distribution of the total energy in GeV
cles detected in the STS, with corresponding central- deposited in the FSD per event, with corresponding

ity classes. centrality classes.
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Figure 9: Correlation between the impact parameter Figure 10: Correlation between the total energy (in
b and the total energy (in GeV) deposited in the FSD GeV) deposited in the FSD per event and the charged
per event. particle multiplicity distribution per event.

net-proton cumulants. The exact number of participants from the SMASH model simulations is

currently being calculated to study how this observable correlates with the energy deposited in the

FSD. Further, we will add an afterbunner with cluster production to the SMASH model simulations

and study the effect of cluster production, especially on the intensity of the correlations of Figs. 9

and 10. Finally, the results obtained with the SMASH model simulations could also be compared

to other models already employed for event-by-event fluctuations, such as PHQMD [19, 20].
Acknowledgements: This work was supported by DFG-grant BL. 982/4-1.
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