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Abstract: One of the common methods to measure the centrality of nucleus-nucleus collision events
consists of detecting forward spectator neutrons. Because of non-monotonic dependence of neutron
numbers on centrality, other characteristics of spectator matter in 197Au–197Au collisions at NICA
must be considered to improve the centrality determination. The numbers of spectator deuterons and
α-particles and the forward–backward asymmetry of the numbers of free spectator nucleons were
calculated with the Abrasion–Ablation Monte Carlo for Colliders (AAMCC) model as functions of
event centrality. It was shown that the number of charged fragments per spectator nucleon decreases
monotonically with an increase of the impact parameter, and thus can be used to estimate the collision
centrality. The conditional probabilities that a given event with specific spectator characteristics
belongs to a certain centrality class were calculated by means of AAMCC. Such probabilities can be
used as an input to Bayesian or other machine-learning approaches to centrality determination in
197Au–197Au collisions.

Keywords: collisions of relativistic nuclei; spectator matter; centrality determination; nuclear frag-
mentation

1. Introduction

It is expected that hot and dense matter is created in the domain of overlap of colliding
relativistic nuclei. The remnants of colliding nuclei outside the overlap represent relatively
cold spectator matter. The volume, shape and excitation energy of spectator matter correlate
with the distance of the closest approach of the centers of colliding nuclei, defined as impact
parameter b. The determination of b and the initial collision geometry for each detected
event is a key point in the analysis of nucleus-nucleus collision data, in particular, in
ALICE experiment at the LHC [1]. In such studies collision events are typically classified
into centrality classes representing certain fractions of the total reaction cross sections
corresponding to specific intervals of b [1]. The detection of all spectator nucleons and
nuclear fragments in forward calorimeters would be the most straightforward method of
estimating b from the total volume of spectator matter. However, in collider experiments
some spectators propagate very close to circulating beams and thus cannot be intercepted
by forward detectors due to their limited acceptance. In particular, some of spectator
nucleons and nuclear fragments will remain undetected by Forward Hadron Calorimeters
(FHCal) designed for the MPD experiment at NICA facility [2]. This is because of void
central sections of FHCal which make possible the passage of collider beams. The Projectile
Spectator Detector (PSD) of the CBM experiment at FAIR [3] also has a central hole to reduce
radiation damage to the detector from primary beam nuclei. As a result, very forward heavy
spectator fragments will escape PSD. Because of this, a procedure of collision centrality
determination in the CBM experiment [3] will include information on particles produced
in the participant zone in addition to PSD signals. Forward nuclear fragments remain
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undetectable in the ALICE experiment at the LHC. ALICE is equipped with neutron and
proton Zero Degree Calorimeters (ZDC) [4] designed to detect, respectively, unbound
neutrons and protons, but not fragments.

As known, see, in particular [5], equally small numbers of free spectator nucleons
are expected in central as well as in peripheral collisions, while the maximum of nucleon
multiplicity is expected in semi-central collisions. By studies of multifragmentation of
spectator matter in collisions of 197Au with light and heavy nuclei [6] it was demonstrated
that the multiplicity of intermediate-mass fragments (IMF) with 3 ≤ Z ≤ 30 is also large in
semi-central events in contrast to central and peripheral ones. This all means that the mea-
surements of multiplicities of unbound spectator nucleons as well as IMF are not sufficient
for unambiguous centrality determination in the whole range of b. Therefore, it is necessary
to search for additional characteristics of spectator matter associated with centrality. First, it
is reasonable to consider the characteristics of spectator nucleons and light fragments with
Z ≤ 2, because they will be detected more effectively by the forward calorimeters of the
MPD and CBM experiments in comparison to fragments with Z ≥ 3. Secondly, since some
spectator deuterons and α-particles were detected in PHOBOS experiment at RHIC [7], the
considered characteristics can be proposed also for measurements at RHIC.

Several event characteristics, in particular, the multiplicity of produced particles and
spectator neutrons, were used as input to machine-learning (ML) algorithms to associate a
measured event with a certain centrality or impact parameter interval [8–10]. In particular,
the Bayesian approach to the data analysis has been used [11]. Within the framework of
the present study Bayes’ theorem is used to calculate the posterior probability P(Ci|N) that
a detected event with measured multiplicity N of spectators, in particular, neutrons, 2H or
4He, belongs to a certain centrality interval Ci. It is calculated as

P(Ci|N) = P(Ci)P(N|Ci)/P(N) (1)

from the conditional probability P(N|Ci) that an event of a given centrality Ci is charac-
terized by multiplicity N and unconditional prior probabilities P(Ci) ≡ Ci and P(N). As
shown [8,10], it is very promising to use a set of characteristics rather than a single one
for centrality determination. Processing multiple observables leads to a multidimensional
problem that needs to be solved with efficient ML algorithms. However, the success of
such algorithms depends on the proper choice of observables as well as on reliable calcu-
lations of the respective conditional probabilities by a model. In contrast to conventional
methods which map a single observable such as neutron multiplicity to a centrality bin,
ML algorithms for centrality determination can be based on a set of observables, including
several characteristics of spectator matter, not limiting to the neutron multiplicity.

In this work we use our Abrasion–Ablation Monte Carlo for Colliders (AAMCC or
A2MC2) model [5] to calculate several characteristics of spectator matter which can be
potentially used as input to multidimensional ML algorithms for centrality determination
in nucleus-nucleus collisions. By means of Equation (1) we calculate P(Ci|N) individually
for each characteristic N to evaluate the extent of its specificity to Ci. AAMCC modeling
is based on the abrasion–ablation mechanism to produce spectator fragments. At the
first abrasion stage AAMCC employs Glauber Monte Carlo model [12] to calculate the
numbers of interacting (participant) neutrons and protons which are knocked out from
each of the colliding nuclei. Other nucleons are considered to be spectators and compose
prefragments which decay at the ablation stage into spectator nucleons and fragments.
Such decays are simulated with statistical models from Geant4 toolkit [13]. More details on
AAMCC modeling are given in Section 2, and simulation results for 197Au–197Au collisions
at
√

sNN = 11 GeV are presented in Section 3. In particular, the probabilities that an event
with given numbers of spectator deuterons or α-particles belongs to a certain centrality
class are presented in this section. In Section 4 our results are summarized.
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2. AAMCC Model

Within AAMCC model [5] the production of spectator matter in nucleus-nucleus
collisions is considered to be a two-stage abrasion–ablation process as described below.
Each simulation event starts with a creation of a pair of nuclei by sampling positions
of intranuclear neutrons and protons according to the individual distributions of their
densities in colliding nuclei. The flowchart of AAMCC is presented in Figure 1.

Figure 1. AAMCC flowchart.

2.1. Abrasion Stage

The propagation of nucleons from one nucleus towards another nucleus is simulated
by means of Glauber Monte Carlo model (GlauberMC) [12]. The history of the Glauber
model, its theoretical background, main assumptions and Monte Carlo implementation
were reviewed in Ref. [14]. This model is widely used for estimating the initial geometry
in collisions of relativistic nuclei. Nucleons undergoing interactions are explicitly marked
as participants, while other nucleons in each of the colliding nuclei are considered to be
spectator nucleons which form two pieces of exited spectator matter (prefragments). It
is assumed that all participant nucleons are separated (abraded) from spectator matter
because of large transverse momenta obtained in the interactions. Since neutrons and
protons are distinguished in GlauberMC, the charges of prefragments are unambiguously
defined in each event.
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2.2. Excitation Energy of Spectator Matter

Because of the stochasticity of nucleus-nucleus collisions it is expected that prefrag-
ment excitation energy E? vary from one event to another. A key point in modeling consists
of a proper assignment of ε? = E?/Ap f to a prefragment with a given mass number Ap f
created after the abrasion stage of a nucleus-nucleus collision event. There are several
methods to estimate ε? for prefragments representing spectator matter. Three methods
were compared and discussed in Ref. [15] for a version of abrasion–ablation model similar
to AAMCC. The first method is based on the Ericson formula [16]. It calculates the prefrag-
ment excitation energy as the sum of energies of hole states left in the core of initial nucleus
after the removal of all participating nucleons. An equidistant level scheme with constant
level density is assumed in this method in contrast to another method proposed in Ref. [17]
with a linear correlation between the level density and level energy. Typically, following
these two methods each removed nucleon adds 20–40 MeV to the prefragment excitation
energy E?. As a result, ε? becomes extremely large in central collisions characterized
by large numbers of removed nucleons, but small Ap f . A phenomenological correlation
between ε? and Ap f extracted by ALADIN collaboration from experimental data [6] is
assumed in the third method, which is used in the present work. In this case, ε? is restricted
by ∼8 MeV even for the most central collisions.

2.3. Ablation Stage

At the second ablation stage decays of prefragments into unbound spectator nucleons
and nuclear fragments are modeled by means of statistical decay models from Geant4
toolkit [13]. Depending on the value of ε? estimated for a prefragment either the Weis-
skopf–Eving evaporation model [18] at ε? < 3 MeV, or the Statistical Multifragmentation
Model (SMM) [19,20] at ε? ≥ 3 MeV are used to model its decays, see Figure 1. It is
assumed that secondary fragments produced in multifragmentation can be also excited.
The Fermi break-up model [19] is employed at any ε? to simulate decays of prefragments
with A ≤ 18 and Z ≤ 8 or light secondary fragments resulting from multifragmentation,
see Figure 1. The Fermi break-up model has been developed to describe first multiple pion
production in proton-proton collisions [21], but later it was successfully applied to decays
of light excited nuclei [19,20]. It is assumed that only nuclei in their ground states or in
low-lying discrete states can be produced in decays simulated with the Fermi break-up
model. The statistical decay models from Geant4 of version 10.4 were used, except for
the Fermi break-up model taken from the version 9.2. This is because the version 9.2
demonstrates the best agreement with the FORTRAN version of the Fermi break-up model
described in Refs. [19,20].

2.4. Calculations of Posterior Probabilities

To calculate the posterior probabilities given by Equation (1), a large set of minimum
bias collision events has been generated with AAMCC. Then, frequency distributions for the
considered characteristics of spectators were filled in from the events of certain centrality
0–20%, 20–40%, 40–60%, 60–80% or 80–100%. After that, all functions were divided by the
respective frequency distributions obtained from minimum bias events.

3. Results

It is expected that light spectator fragments, in particular, deuterons and α-particles
can be registered in addition to spectator nucleons in the forward calorimeters FHCal
designed for the MPD experiment at NICA [2]. In the present FHCal design only the total
energy of spectators in each event can be measured and, say, the response of the calorimeter
to two neutrons cannot be distinguished from the response to a deuteron. However,
providing that scintillator detectors will be installed in front of FHCal, charged spectators
can be distinguished from spectator neutrons following such an upgrade. Therefore, a
correlation between the numbers of spectator deuterons or α-particles and event centrality
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can be also considered in addition to the relation between the total spectator energy and
centrality in 197Au–197Au collisions at NICA.

3.1. Numbers of Spectator Deuterons and α-Particles

The posterior probabilities P(Ci|NH−2) and P(Ci|NHe−4) were calculated with AAMCC
as the probabilities of event with a given number of spectator deuterons NH−2 or α-particles
NHe−4, respectively, to belong to specific centrality interval: 0–20%, 20–40%, 40–60%,
60–80% or 80–100%. Such probabilities which are presented in Figure 2 were calculated
for 197Au–197Au collisions at

√
sNN = 11 GeV using the ALADIN parameterization, see

Section 2. With these probabilities in hands one can try to classify an event with given
NH−2 and NHe−4 as central, semi-peripheral or peripheral.
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Figure 2. Probability of event with a given number of spectator deuterons NH−2 (left) or α-particles NHe−4 (right) to
belong to certain centrality interval: 0–20%, 20–40%, 40–60%, 60–80% or 80–100% calculated with AAMCC for 197Au–197Au
collisions at

√
sNN = 11 GeV.

AAMCC predicts that up to 11 spectator deuterons can be produced in 197Au–197Au
collisions at

√
sNN = 11 GeV. As seen from the left panel of Figure 2, it is most likely that

an event with 6–11 deuterons belongs to 20–40% centrality interval. As also seen, it is very
improbable that this event is a peripheral one. According to AAMCC, an event with 6
to 11 α-particles can be either central (0–20%), semi-central (20–40%) or semi-peripheral
(40–60%). Similarly, it is difficult to classify with confidence an event with 1–3 spectator
deuterons or α-particles because such small numbers of these light nuclei can be produced
at any centrality, see Figure 2. Nevertheless, it is most probable that events with NH−2 = 0
and NHe−4 = 0 are peripheral ones. In general, while a high multiplicity of deuterons
or α-particles in a detected event suggests that this event belongs to 20–40% or 40–60%
centrality intervals, NH−2 and NHe−4 are not suitable as robust centrality indicators for all
kinds of events. This is because of the rise and fall of production of these light nuclei with
the increase of b from central to peripheral collisions predicted by AAMCC. The maxima
of the multiplicities of deuterons and α-particles are expected in semi-peripheral collisions
in the middle of the range of b corresponding to hadronic interactions of 197Au nuclei.

3.2. Number of Charged Fragments per Spectator Nucleon

The number of charged fragments calculated per spectator nucleon Nch/Ap f for 197Au–197Au
collisions at

√
sNN = 11 GeV is shown in Figure 3 as a function of impact parameter b. As

mentioned above, in the MPD experiment at NICA the scintillator detectors are planned to
be installed between the interaction point and FHCal. With these scintillator hodoscopes
spectator protons and nuclear fragments can be distinguished from spectator neutrons.
The segmentation of the hodoscopes in the transverse plane will make possible to read in-
dependent signals from charged spectators emitted at different forward angles. In this way,
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the number of charged spectators Nch will be also measured in addition to Ap f extracted
from the total forward energy measured in FHCal.

As seen in the left panel of Figure 3, Nch/Ap f calculated with AAMCC monotonically
decreases with the increase of impact parameter b. This kind of correlation between
Nch/Ap f and b is specific for collisions of equal heavy nuclei, and it is caused by the
following effects. The total volume of spectator matter Ap f increases with the increase of
b. In central or semi-central collisions Ap f is small because of large numbers of nucleons
involved in collisions with small b. The excitation energy of spectator matter per nucleon
is high in such collisions, ε? > 3 MeV, thus leading to abundant production of unbound
spectator protons and light nuclear fragments in decays of spectator matter. As a result,
Nch/Ap f fluctuates significantly with the average value of ∼ 0.4 and can reach 0.6–0.8 in
rare central events with an occasionally high content of protons in spectator matter. This is
reflected in the posterior probability of events with high values of Nch/Ap f to belong to
0–20% centrality interval, see the right panel of Figure 3. It is very probable that events
with measured 0.4 < Nch/Ap f < 0.7 for spectators belong to 40–60% centrality interval
characterized by multifragment decays of prefragments. In contrast, heavy prefragments
produced in peripheral collisions (60–80% or 80–100%) are less excited (ε? < 2 MeV) and
mostly evaporate neutrons accompanied by a few protons. This dominance of neutrons
in decay products naturally leads to low Nch/Ap f . Therefore, it can be expected that
events with Nch/Ap f < 0.2 must be considered to be peripheral 197Au–197Au collisions,
see Figure 3.
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Figure 3. Number of charged fragments per spectator nucleon Nch/Ap f as a function of impact parameter b (left), and
the probability of event with given Nch/Ap f to belong to certain centrality interval: 0–20%, 20–40%, 40–60%, 60–80% or
80–100% (right) calculated with AAMCC for 197Au–197Au collisions at

√
sNN = 11 GeV.

3.3. Forward–Backward Asymmetry of the Numbers of Spectator Nucleons

The neutron and proton Zero Degree Calorimeters (ZDC) [4] in the ALICE experiment
at the LHC detect spectator nucleons from both colliding nuclei, A and B. The MPD
experiment at NICA [2] will be also capable of detecting spectators at both sides. Therefore,
it is interesting to consider the forward–backward (A–B) asymmetry of the numbers nA
and nB of spectator neutrons [22] defined as

αneutr =
nA − nB
nA + nB

, (2)

and the asymmetry of the numbers NA and NB of spectator nucleons (protons and neutrons):

αnucleons =
NA − NB
NA + NB

. (3)
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The posterior probabilities P(Ci|αneutr) and P(Ci|αnucleons) of a 197Au–197Au collision
event at

√
sNN = 11 GeV with a given value of forward–backward asymmetry αneutr of

spectator neutrons or unbound spectator nucleons αnucleons to belong to specific centrality
interval: 0–20%, 20–40%, 40–60%, 60–80% or 80–100% were calculated with AAMCC.
They are presented in Figure 4 as functions of αneutr and αnucleons. Due to a very limited
total volume of spectator matter in central collisions, noticeable statistical fluctuations
are expected in the numbers of a few spectator nucleons emitted by each of the colliding
nuclei. Indeed, as seen in the left panel of Figure 4, it is most probable that an event with
large neutron asymmetry 0.2 < |αneutr| < 0.9 is central (0–20%). However, as seen from
the right panel, a large asymmetry of total numbers of unbound nucleons at each side is
possible not only in central events, but also in peripheral ones (60–80% or 80–100%). This
is because of limited numbers of spectator nucleons evaporated from heavy prefragments
with low excitation energy which are created in peripheral collisions. In contrast, spectator
asymmetry in semi-central collisions (20–40%) is rather small. According to AAMCC, it is
quite probable that an event with αneutr ∼ 0 and αnucleons ∼ 0 belongs to 20–40% interval
of centrality, see Figure 4. In general, while an event with large spectator asymmetry is
most probably a central one, the discrimination of events of other centrality intervals based
on their αneutr and αnucleons is not straightforward.
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Figure 4. Probability of 197Au–197Au collision event at
√

sNN = 11 GeV with a given value of forward–backward asymmetry
of the numbers of free spectator neutrons αneutr (left) and nucleons αnucleons (right) to belong to specific centrality interval:
0–20%, 20–40%, 40–60%, 60–80% or 80–100%.

4. Conclusions

Several characteristics of spectator matter produced in 197Au—197Au collisions at
NICA were calculated with AAMCC model as functions of impact parameter using AL-
ADIN parameterization for excitation energy of prefragments. The numbers of deuterons
NH−2 and α-particles NHe−4, the numbers of charged fragments per nucleon Nch/Ap f
and also the forward–backward asymmetry of the numbers of unbound neutrons αneutr
and nucleons αnucleons were considered to assist the determination of event centrality. The
calculation results were expressed in terms of the posterior probabilities of an event with
a given characteristic to belong to a certain centrality interval. The specificity of each
characteristic to event centrality was evaluated from these results. It was found that events
with large numbers of deuterons (NH−2 > 4) or alpha-particles (NHe−4 > 3) mostly belong
to mid-centrality intervals 20–40% and 40–60%, while events with NH−2 = 0 or NHe−4 = 0
are most probably central ones. Events with large neutron asymmetry 0.2 < |αneutr| < 0.9
are expected to be central (0–20%). It was demonstrated by calculations that in contrast to
NH−2, NHe−4, αneutr and αnucleons, the number of charged spectator fragments per spectator
nucleon Nch/Ap f monotonically depends on the collision impact parameter. As shown, for
certain values of Nch/Ap f only events with centrality 0–20% or 40–60% are possible, while
events with Nch/Ap f < 0.2 are peripheral ones. This makes Nch/Ap f suitable for the deter-
mination of centrality in the whole range of b in addition to more common measurements
of multiplicities of spectator neutrons.
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The considered characteristics of spectators were evaluated as centrality indicators
based on AAMCC. These results are model-dependent and it is recommended to con-
firm them with other models and future measurements. However, for the moment, the
considered characteristics of spectators look promising for their implementation in multidi-
mensional machine-learning algorithms to determine centrality in future experiments at
NICA and at the LHC.
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