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According to the theoretical predictions, a mixed phase of the quark–
gluon plasma must be formed in the energy range from 4 to 11 GeV. In this
work, a joint study of the collisions of Au-197 projectiles at 10.6 AGeV and
Pb-208 projectiles at 158 AGeV with heavy (AgBr) and light (HCNO) tar-
gets present in a nuclear emulsion (Em, NIKFI BR-2) was carried out. To
search for non-statistical clusters of secondary particles, we analyzed both
secondary particles emitted from the interaction region and fragments of
the projectile-nucleus and target-nucleus. To study pseudo-rapidity cor-
relations, the Hurst method was used. According to the behavior of the
Hurst curve, events were divided into two types: correlated and uncorre-
lated. Events of various types differ significantly in the fragmentation of the
projectile-nucleus, multiplicity of secondary particles, and pseudo-rapidity
distribution. Some correlated-type events have an “anomalous” pseudo-
rapidity distribution: two streams of secondary particles are formed with
significantly different pseudo-rapidity. In such events, several multi-charged
fragments are detected.
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1. Introduction

The study of quark–gluon plasma (QGP) [1] has mainly focused on two
complementary directions. The first direction is associated with studies of
interactions of heavy ions at the maximum available energies for the study
of nuclear matter at very high temperatures and low baryon densities [2, 3].
The second direction is focused on the search for the critical point of the
phase transition of hadronic matter into the QGP state. It is assumed to
be in the energy range from several GeV to several tens of GeV. First, it is
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considered that the investigations nearby the critical point of the phase tran-
sition into the quark–gluon plasma will give a possibility to get the quality
new results on the process dynamics. Second, according to the theoretical
predictions, a mixed phase of the ‘excited hadronic matter’, which includes
both the free quarks and gluons, and the protons with neutrons, must be
formed within the range of the energies from 4 to 11 GeV per nucleon [4, 5].

The difficulty in identifying the formation of quark–gluon plasma is
mainly due to the fact that it is formed against a large background due to
the usual processes of strong interaction [6]. The initial state, about which
there is usually very little direct experimental information, leads to signif-
icant fluctuations in the distribution of secondary particles and fragments
[7, 8]. To understand the initial state of the interaction, the fragmentation
of the projectile- and target-nuclei is essential. In experiments with colliding
beams, information on projectile fragmentation is usually not available [9].
Therefore, experiments with the fixed target have more advantages for study-
ing the initial state of the interaction [10–13]. The fixed target mode also
allows us to study rare processes and measure the parameters needed to
analyze cosmic ray data [14–17].

In this work, we analyzed both secondary particles emitted from the
interaction region and fragments of the projectile-nucleus and target-nucleus
to search for non-statistical clusters of secondary particles.

2. Multi-particle correlations and event-by-event fluctuations
in pseudo-rapidity distribution

The analyzed set included experimental data on interactions of lead nu-
clei (Pb-208, 158 AGeV) and gold nuclei (Au-197, 10.6 AGeV) with NIKFI
BR-2 emulsion nuclei [18, 19]. All charged secondary particles were di-
vided into the following groups in accordance with the generally accepted
terminology of emulsion experiments [20]: Nf — fragments of the projectile
nuclei, including one-charge and multi-charge; Nh — fragments of the target
nucleus, the so-called h-particles, consisting of fast g-particles (one-charge
target fragments) and slow b-particles (multi-charge target fragments); ns

— shower particles emitted from the interaction region.
In a peripheral collision, the interacting nuclei do not overlap completely,

and therefore the resulting fireball expands asymmetrically in different di-
rections. Thus, depending on the geometry of the collision, fluctuations in
the average value of the pseudorapidity distribution of secondary particles
should be detected. To study these fluctuations in each event, the average
value of the pseudorapidity ⟨η⟩ of all shower particles was calculated. Af-
ter that, the distribution of the average pseudorapidity calculated in each
individual event was constructed. The results are shown in figure 1 (a).
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Fig. 1. Distribution of the average pseudo-rapidity for events with a different Hurst
index: (a) all events; (b) h < 0.64; (c) h ≥ 0.64.

As can be seen from figure 1 (a), the ⟨η⟩ distribution for the interactions
Au+Em 10.6 AGeV is of an asymmetric type. It appears to be two overlap-
ping distributions with mean ⟨η⟩ ∼ 2.35 and ⟨η⟩ ∼ 2.85. In contrast, the ⟨η⟩
distribution for Pb+Em 158 AGeV does not have such a large characteristic
bump in the region of large ⟨η⟩.

For a more detailed study of this feature, the search for correlated groups
of secondary particles was carried out. To study correlations, we used the
Hurst method [21]. Analysis of the behavior of the Hurst curve makes
it possible to distinguish stochastic fluctuations associated with statisti-
cal effects from correlated distributions and to estimate the “strength” and
“length” of multi-particle correlations in the pseudo-rapidity distribution of
secondary particles [22]. The separation of events with correlated and un-
correlated pseudo-rapidity distribution was carried out on the basis of the
Hurst index h = 0.64. The criterion h < 0.64, as was shown in [23], corre-
sponds to a pseudo-rapidity distribution in which there are no multi-particle
correlations (two-particle correlations and stochastic fluctuations predomi-
nate). Based on event-by-event analysis of pseudo-rapidity correlations by
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the Hurst method, all events were divided into 2 types: correlated and un-
correlated. As can be seen from figure 1 (b), the distributions of average
values of pseudo-rapidity of secondary particles in events of uncorrelated
type in Pb+Em interactions and in Au+Em interactions have a Gaussian-
like distribution. At the same time, a significant difference is observed for
events of a correlated type (figure 1 (c)). In Au+Em interactions, the ⟨η⟩
distribution has practically two equivalent “humps”. The ⟨η⟩ distribution for
Pb+Em 158 AGeV does not have such a large characteristic “hump” in the
region of large ⟨η⟩.

For a more detailed study of this feature, we analyzed the pseudorapidity
distributions of individual events (Au+Em 10.6 AGeV) with ⟨η⟩ in the in-
tervals from 2.3 to 2.4 and from 2.8 to 2.9, comparing them with each other.
The distributions for two characteristic events for each of these intervals are
shown in figure 2.
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Fig. 2. Pseudo-rapidity distribution for two events Au+Em 10.6 AGeV. Left: with
⟨η⟩ in the range from 2.3 to 2.4; Right: with ⟨η⟩ in the range from 2.8 to 2.9.

The event shown in figure 2 (left) a was fitted with a Gaussian function
(dotted line). For comparison, the same fit (normalized to the multiplicity
of secondary particles in the event) was superimposed on figure 2 (right). As
can be seen from figure 2 (left), events from the first interval have a Gaussian-
like structure with an average pseudo-rapidity ⟨η⟩ ∼ 2.35. Events with an
average pseudo-rapidity in the range from 2.8 to 2.9 (figure 2 (right)) have
a more complex structure, resembling a two-hump distribution. In addition
to the “standard” group of particles with an average pseudo-rapidity in the
region of ⟨η⟩ ∼ 2.35, a significant group of particles with ⟨η⟩ ∼ 4 is found.

To study the features of the appearance of such “anomalous” events on
the degree of centrality of the collision and on the degree of asymmetry of
the interacting nuclei, we analyzed the correlations between the values of
the pseudo-rapidity distribution of s-particles and the total charge of all



Study of Pseudo-rapidity Distributions of Secondary Particles . . . 2-A18.5

fragments of the projectile nucleus (Q), taking into account the number of
fragments of the target nucleus. The results of the study showed that the
majority of events with a two-hump pseudo-rapidity distribution are events
with several multi-charged fragments (Nf ≥ 2). The number of Au+Em
events with Nf ≥ 2 is about 55% of the total number of events. In Pb+Em,
there are significantly fewer such events — 38.3%. Significant features are
also found in the multiplicity of secondary particles. The results are pre-
sented in Table 1.

Table 1. Average number of shower particles ⟨ns⟩, fast ⟨ng⟩, and slow ⟨nb⟩ target-
nucleus fragments for Au+Em and Pb+Em events with different numbers of multi-
charged fragments Nf .

Nf Au Pb
⟨ns⟩ ⟨ng⟩ ⟨nb⟩ ⟨ns⟩ ⟨ng⟩ ⟨nb⟩

1 46± 4 4.5± 0.4 3.4± 0.2 83± 12 3.4± 0.4 4.2± 0.4

2 60± 5 5.3± 0.5 3.6± 0.3 172± 31 3.8± 0.8 3.2± 0.4

3 68± 6 5.4± 0.7 4.2± 0.5 160± 36 4.0± 1.2 3.9± 0.9

4 58± 7 5.1± 0.8 3.3± 0.5 180± 58 5.1± 1.8 3.2± 1.1

5 51± 9 6.3± 1.5 4.5± 1.1 158± 61 5.3± 2.5 4.3± 2.6

6 64± 14 5.3± 3.0 4.5± 2.1 149± 56 5.0± 2.6 4.5± 2.4

As expected, the multiplicity of shower particles for interactions with
much higher energies (Pb+Em) is much higher. At the same time, it should
be noted that the multiplicity in events Nf = 1 in Pb+Em is approximately
two times lower than the multiplicity of events with Nf ≥ 2. In Au+Em in-
teractions, the change in multiplicity between events with one multi-charged
fragment and events with several multi-charged fragments is about 30 per-
cent.

3. Conclusion

The joint study of the collisions of Au-197 projectiles at 10.6 AGeV
and Pb-208 projectiles at 158 AGeV with heavy (AgBr) and light (HCNO)
targets present in a nuclear emulsion (NIKFI BR-2) was carried out. We
analyzed both secondary particles emitted from the interaction region and
fragments of the projectile-nucleus and target-nucleus. To study pseudo-
rapidity correlations, the Hurst method was used. According to the behav-
ior of the Hurst curve, events were divided into two types: explosive and
cascade-evaporative. Events of various types differ significantly in the frag-
mentation of the projectile-nucleus, multiplicity of secondary particles and
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pseudo-rapidity distribution. Some explosive-type events have an “anoma-
lous” pseudo-rapidity distribution: two streams of secondary particles are
formed with significantly different pseudo-rapidity. In such events, several
multi-charged fragments are detected.

The study was financially supported by the Ministry of Education and
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REFERENCES

[1] E. Shuryak, Rev. Mod. Phys. 89, 035001 (2017).
[2] K.K. Olimov et al., Mod. Phys. Lett. A 37, 2250095 (2022).
[3] J. Adams et al., Nucl. Phys. A 757, 102 (2005).
[4] T. Ablyazimov et al., Eur. Phys. J. A 53, 60 (2017).
[5] K.A. Bugaev et al., Eur. Phys. J. A 52, 175 (2016).
[6] M. Gaździcki, M.I. Gorenstein, St. Mrówczyński, Phys. Lett. B 585, 115

(2004).
[7] A.I. Fedosimova et al., J. Phys: Conf. Ser. 668, 012067 (2016).
[8] F.G. Gardim, G. Giacalone, M. Luzum, J.Y. Ollitrault, Nucl. Phys. A 1005,

121999 (2021).
[9] K.K. Olimov et al., Universe 8, 401 (2022).

[10] S. Bhattacharyya, M. Haiduc, A.T. Neagu, E. Firu, Can. J. Phys. 94, 884
(2016).

[11] A.I. Fedosimova et al., EPJ Web Conf. 145, 19009 (2017).
[12] N. Burtebayev et al., Universe 8, 67 (2022).
[13] I. Lebedev et al., Acta Phys. Pol. B Proc. Suppl. 14, 673 (2021).
[14] A. Kurepin, N. Topilskaya, EPJ Web Conf. 138, 03009 (2017).
[15] I. Lebedev et al., Appl. Sci. 11, 11189 (2021).
[16] E. Dmitrieva et al., J. Phys. G: Nucl. Part. Phys. 47, 035202 (2020).
[17] E. Boos et al., J. Phys. G: Nucl. Part. Phys. 32, 2273 (2006).
[18] M.I. Adamovich et al., Eur. Phys. J. A 5, 429 (1999).
[19] M.I. Adamovich et al., Phys. Atom. Nucl. 67, 273 (2004).
[20] M.I. Adamovich et al., APH N.S. Heavy Ion Physics 13, 213 (2001).
[21] H.E. Hurst, R.P. Black, Y.M. Simaika, «Long Term Storage, An

Experimental Study», Constable, London 1965.
[22] A.I. Lebedev, B.G. Shaikhatdenov, J. Phys. G: Nucl. Part. Phys. 23, 637

(1997).
[23] T.N. Kvochkina et al., J. Phys. G: Nucl. Part. Phys. 26, 35 (2000).

http://dx.doi.org/10.1103/RevModPhys.89.035001
http://dx.doi.org/10.1142/S021773232250095X
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://dx.doi.org/10.1140/epja/i2017-12248-y
http://dx.doi.org/10.1140/epja/i2016-16175-1
http://dx.doi.org/10.1016/j.physletb.2004.01.077
http://dx.doi.org/10.1016/j.physletb.2004.01.077
http://dx.doi.org/10.1088/1742-6596/668/1/012067
http://dx.doi.org/10.1016/j.nuclphysa.2020.121999
http://dx.doi.org/10.1016/j.nuclphysa.2020.121999
http://dx.doi.org/10.3390/universe8080401
http://dx.doi.org/10.1139/cjp-2016-0184
http://dx.doi.org/10.1139/cjp-2016-0184
http://dx.doi.org/10.1051/epjconf/201714519009
http://dx.doi.org/10.3390/universe8020067
http://dx.doi.org/10.5506/APhysPolBSupp.14.673
http://dx.doi.org/10.1051/epjconf/201713803009
http://dx.doi.org/10.3390/app112311189
http://dx.doi.org/10.1088/1361-6471/ab67e7
http://dx.doi.org/10.1088/0954-3899/32/11/018
http://dx.doi.org/10.1007/s100500050306
http://dx.doi.org/10.1134/1.1648917
http://dx.doi.org/10.1556/APH.13.2001.4.3
http://dx.doi.org/10.1088/0954-3899/23/6/002
http://dx.doi.org/10.1088/0954-3899/23/6/002
http://dx.doi.org/10.1088/0954-3899/26/1/304

	1 Introduction
	2 Multi-particle correlations and event-by-event fluctuationsin pseudo-rapidity distribution
	3 Conclusion

