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Abstract. We have presented an investigation on the ring- and jet-like azimuthal angle sub-
structures in the emission of secondary charged hadrons coming from 32S—Ag/Br interactions at
200 A GeV/c. Nuclear photographic emulsion technique has been employed to collect the exper-
imental data. The presence of such substructures, their average behaviour, their size, and their
position of occurrence have been examined. The experimental results have also been compared
with the results simulated by Monte-Carlo method. The analysis strongly indicates the presence of
ring- and jet-like structures in the experimental distributions of particles beyond statistical noise.
The experimental results are in good agreement with I M Dremin idea, that the phenomenon is
similar to the emission of Cherenkov electromagnetic radiation.
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1. Introduction

Studying or probing highly excited nuclear dense matter under controlled conditions in
the laboratory has proven their worth in exploring the nature of matter in extreme condi-
tions of temperature and density. Under such extreme conditions, a new form of matter
called quark gluon plasma (QGP) is formed [1]. Under extreme conditions, normal forces
that confine quarks and gluons in individual hadron is overcome to form QGP. It is specu-
lated that the Universe might have been filled with such a state of matter right after (within
a few ws) its birth, and one may still be able to find it at the core of a very dense com-
pact star. The space-time evolution of a nucleus—nucleus (AB) collision can be broadly
divided into three substages, namely, (i) a very short-lived pre-equilibrium stage, (ii) a
comparatively longer-lived thermally equilibrated fireball stage in which, depending on
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the initial conditions, a de-confinement might or might not have taken place, and (iii)
the longest-lived freeze-out stage from which the final-state particles came out of the
collision debris. A probable phase transition from the QGP-like state to the final state
of hadronic matter may manifest itself in the form of large local density fluctuations of
the produced particles [2]. Fluctuation studies in the distributions of produced particles
encapsulate rich information about the dynamics of the emitting source in the late stage
of an AB collision where the nuclear matter is highly excited and diffused. Whenever
it is analysed, the observed effects are dominated by statistical fluctuations. Significant
deviations from them are observed only after painstaking efforts to remove the statistical
part of fluctuations. Several such attempts have been made in the past. Recently, more
than a few attempts have been made [3—6], most of which have utilized variations of the
method with factorial moments proposed by Bialas and Peschanski [7].

In the analyses of azimuthal distributions of produced particles, two different classes of
substructures were revealed, which could be referred to as jet-like and ring-like structures.
These structures are also called tower and wall structures [8]. Ring-like structures are
observed in the distribution of particles if those are clustered in the narrow region of
pseudorapidity (1), but distributed more or less uniformly over the whole azimuth (¢) like
the spokes of a wheel as shown in figure la. If the jet emitting gluons are small then it is
more likely that several jets, each restricted to narrow intervals in both 1 and ¢ directions,
will be formed, thereby resulting in jet structures in the distributions of final-state hadrons
as shown in figure 1b. Ring-like structures are first observed in cosmic ray experiment [9].
When a factorial moment analysis is performed in one (e.g. pseudorapidity, 1) and two
dimensions (1 and ¢), the same two classes emerge [10]. In a one-dimensional analysis,
the main contributions come from ring-like substructure in the event, whereas in a two-
dimensional analysis jet-like structures are the dominant contributors. Later, in several
accelerator-based experiments involving high-energy AB interactions, ring- and/or jet-
like structures were further investigated [4,11-14].

A new mechanism of multiparticle production at high energies observing such high
density of particles in narrow intervals of phase space is the emission of conical gluonic
radiation, which is an outcome of a partonic jet travelling through the nuclear medium.
This mechanism was proposed in [15,16]. The phenomenon is similar to the emission of
Cherenkov electromagnetic radiation. As a hadronic analogue, one may treat an imping-
ing nucleus as a bunch of confined quarks each of which can emit gluons when traversing

Figure 1. Schematic representation of (a) the ring-like distribution of tracks and
(b) the jet-like distribution of tracks in the target diagram.
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a target nucleus [17,18]. The idea about possible Cherenkov gluons relies [14] on exper-
imental observation of the positive real part of the elastic forward scattering amplitude
of all hadronic processes at high energies. An alternative approach however, may be to
consider the formation of a Mach shock wave travelling through the nuclear medium that
may also result in the preferential emission of final-state hadrons [19,20]. In either case,
the emission pattern is characterized by a conical structure defined through a semi-vertex
angle () as
cos(a) = Cmed _ i,
v nv

where, depending on the case, cmeq 1S either the velocity of the gluons or the velocity
of sound wave, v is the velocity of the partonic jet that triggers Cherenkov gluon/shock
wave emission, and 7 is the refractive index — all values pertaining to the nuclear medium.
This is a necessary condition for such processes because in the commonly used formula
for the refractivity index its excess over 1 is proportional to this real part. Later, Dremin
[15] noticed that for such thin targets as nuclei similar effect can appear due to small
confinement length thus giving us a new tool for its estimate. Central collisions of nuclei
are preferred for observing such effects because of a large number of participating partons.

In this paper we have presented an investigation of the ring- and jet-like substructures
in the emission of secondary charged hadrons coming from *S—Ag/Br interactions at
200 A GeV. To be more specific, presence of such substructures, their average behaviour,
their size, and their position of occurrence have been examined.

2. Experimental details

In the current analysis, 32S-beam with an incident momentum of 200 A GeV /c was irra-
diated horizontally on the stacks of IlIford G5 emulsion plates at the CERN in the super
proton synchrotron (SPS). With the help of Leitz Metalloplan and Leica DM 1000 micro-
scope, provided with semiautomatic scanning stage, we have scanned the emulsion plates
of 18 x 7 x 0.06 cm® dimension. A 10x objective in conjugation with a 25 x ocular lens
was used for the first round scanning. Those events interacting after 1 cm from the leading
edge was selected. Each event was scanned by at least two independent observers so that
the bias in detection, counting, and measurements could be minimized. Events agreeable
with the subsequent criteria were acknowledged for further analysis.

(1) Interaction should not be within 20 um from the top or the bottom surface of the
processed pellicle.

(2) Incident beam must be <3° to the main beam direction within the pellicle.

(3) Selection of the primary interaction was made by following the incident beam track
in the backword direction until it reached the leading edge.

Here we are dealing with the nuclear emulsion detector which is also the target itself.
According to the nuclear emulsion terminology, tracks emitted from an interaction (called
a star) are classified into four categories namely, shower, grey, black tracks, and projectile
fragments. All charged secondaries of this event are identified as black, grey, and shower
track depending upon certain conditions. Black particles consist of target fragments with
their length less than 3 mm and ionization I > 101, where [ is the minimum ionization.
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Grey tracks consist of recoil protons, with range greater than 3 mm and ionization within
the range 1.41y < I < 101y. Shower tracks are formed by the relativistic particles with
ionization / < 1.41y, which are not usually confined to the emulsion pellicle. Events with
no projectile fragment having charge Q > +2e were selected for further analyses. This
criterion ensured that a complete fragmentation of the projectile nucleus has taken place
in each event of the considered sample. With respect to the beam direction, the emission
angle (0) is measured for each track by measuring the coordinates of the interaction point
(X', Y', Z") and the coordinates (X2, Y2, Z?) at the end of the linear portion of each
secondary track and coordinate (X 0 Y% Z%of a point on the incident beam. The variable
pseudorapidity is defined as = — Intan(6/2). In emulsion experiment, n together with
¢ of a track constitutes a convenient pair of basic variables in terms of which particle
emission data can be analysed. An accuracy of 7 = 0.1 unit and §¢ = 1 mrad could be
achieved through the reference primary method of angle measurement. The advantage is
that, in small phase-space region the distributions of particles can be examined. According
to the above selection procedure, we have chosen a sample of 140 events of *2S—Ag/Br
interactions at 200 A GeV for shower (pions) tracks. The details of the data, scanning,
and procedure are also given in ref. [21].

3. Methodology

There are several methods by which dense clusters of particles in an event can be identi-
fied and characterized. While distributing over a or (a set of) suitable phase variable(s),
such clusters appear in the form of rapidly fluctuating density fluctuations. In the resul-
tant distribution, often trivial statistical noise is combined with one or more dynamical
effect(s) and it is not an easy task to separate out one from the other. One way to do so is
the simulation of Monte-Carlo model which has no input for ring- and jet-like structures
and can be used for statistical background for searching the ring- and jet-like events. To
check whether the observation is non-statistical in nature, Monte-Carlo simulated events
are generated according to the independent emission hypothesis (IEH), which is based on
the following assumptions:

(i) Pions are emitted independently of each other.
(i) The multiplicity distribution and rapidity distribution of Monte-Carlo events repro-
duce those of the measured events.

In this paper we have followed the method described in [22,23] to search for ring- and jet-
like substructures and to determine the parameters. Starting with a fixed number N, of the
particles (shower tracks), each Ny-tuple of particles of individual event put consecutively
along the n-axis and can then be considered as a subgroup characterized by:

(1) Asize Ang = |n; — nj|, where n; and n; are the pseudorapidity values of the first
and last particles in the subgroup.
(2) Rapidity density (p.) is defined by p. = Ny/Ang.

The advantage of this method is that, irrespective of whether the group is dense or dilute,
this method gives the same multiplicity (N,) for all the groups and hence can be compared
easily with each other. With this method it is very simple to compare the obtained sample

634 Pramana - J. Phys., Vol. 80, No. 4, April 2013



Ring and jet study on the azimuthal substructure of pions

with the sample obtained by purely stochastic process as well as sample obtained from
model-based Monte-Carlo calculations.

(3) An average pseudorapidity (or a subgroup position): 1, = ZlNz"l ni/Ngy.
The azimuthal structure of a particular subgroup can now be parametrized in terms of the
following [24] quantities:

Ny Na
Si==Y In(Ag) and S = (Ag)% M
i=I i=1

where A¢; is the azimuthal difference between two consecutive particles in a group (start-
ing from the first and second and ending from the last and first). One can, for example,
measure A¢; in units of a complete revolution 27r and with the condition that,

Ny
> (Ag) =1.
i=1

The parameters S; and S, are small (S; — Ny In(Ny) and S, — 1/N,) for ring-like
structures and are large (S — oo and S, — 1) for jet-like structures. While S, is
sensitive to small gaps, S is sensitive only to large gaps. In a purely stochastic scenario
the A¢ distribution is given by

F(APY(AP) = (Ng — (1 — Ap) N2 d(Ag) 2)
120 ¢
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and the expectation value of S-parameters (S;) = f Si f(AP)d(AP), i = 1,2, are

Naz 1y 2
Sy =N, — d (S =
(S1) d;kan (S2) = 55

3)

when particles are emitted independently without any correlation. The expectation values
for the two parameters S; and S, are calculated under a purely stochastic scenario where
particles are emitted independently without any correlation. One can always wait to see
in the experimental S,/(S,) distributions in three different regions which is illustrated
schematically in figure 2 using, for example, Gauss distributions. In a pure stochastic sce-
nario, the distribution would have a peak position at 1. The corresponding experimental
distribution will have a peak position around the expectation values. Jet-like structure can
be obtained by observing the bulge and small local peaks of the corresponding distribution
to the right side of the mean whereas ring-like effect would have the same at the left side.
As a result of the S, distribution, these three effects may have different forms depending
on mutual order and sizes. It is very tough to separate out the trivial statistical noise which
is combined with the resultant distribution. MC model can be used as stochastic scenario
for searching the ring- and jet-like events.

4. Results and discussions

Distributions of the S| and S, parameters normalized by its stochastic expectation values
(S1) and (S,) are plotted in the form of histograms in figures 3 and 4 respectively. The
experimental distributions and the Monte-Carlo (MC) generated distributions are plotted
together. In figures 3 and 4 we have shown the S;/(S;) and S,/(S,) distributions for
328-Ag/Br collisions at 200 A GeV for three different subgroups, N; = 15, 20 and
25 respectively. However, we obtained more or less the same observations for other Ny
values. If N, is large, the ring-like structure will be more prominent, whereas for small
Ny, the jet-like structure will be more distinct. We have chosen N, values around 1/10th
of the average multiplicity. For these three different choices of N; values, the stochastic
expectation values (using eq. (3)) are: (S;) = 48.8, 70.95, and 94.39 and (S,) = 0.125,

Ng=15 Ng =20 Ng=25
0.09¢ — Experiment 0.09¢ — Experiment 0.09 — Experiment
— Monte-Carlo —— Monte-Carlo — Monte-Carlo
= 0.06 - 0.06 0.06
~
=2
]
0.03 0.03- 0.03
0.00 0.00 0.00
1.0 1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0
(@) S4/<S¢> (b) S4/<S;> (©) S4/<S;>

Figure 3. Distributions of S;/(S;) for experimental as well as Monte-Carlo simula-
tion for 32S—Ag/Br interactions at 200 A GeV/c for (a) N; = 15, (b) Ny = 20, and
(¢) Ng = 25 respectively. Black lines represent the experimental distribution and red
lines represent the Monte-Carlo simulation.
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0.02 Ng=15 0.02 Ng =20 0.02 Ng =25
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—— Monte-Carlo —— Monte-Carlo —— Monte-Carlo

0.01

3 4

2 2 s 00— 2

(a) S,/<S,> (b) S,/<S,> (c) S,/<S,>
Figure 4. Distributions of S,/(S>) for experimental as well as Monte-Carlo simula-
tion for 32S—Ag/Br interactions at 200 A GeV/c for (a) N; = 15, (b) Ny = 20, and
(¢) Ng = 25 respectively.

0.095, and 0.076. As expected and as can be seen from these diagrams, the MC-generated
distributions for S;/(S;) and S,/(S,) are peaked around unity. In each case, the peak
of the MC-generated distributions are taller, smoother, and narrower than the respective
experimental distributions. The distributions are asymmetric (left skewed), and these
asymmetries are more pronounced in the experimental distributions. In each case, the
experimental distributions are significantly shifted towards right with respect to the MC-
generated distributions. Thus, large S; and S, values signifying jet-like structures cannot
be generated as abundantly by a MC-based independent emission model as it can be in the
experiment. Here MC distributions are used only for statistical background. In the right-
hand side of the respective peaks, one can also find small bulging in the distributions that
are again more pronounced in experiment than in the MC-generated distribution. In both
cases (S1/(S1) and S>/(S,)), experimental excesses in the higher (right to the peak) side
over the corresponding MC simulation indicate the presence of nontrivial jet structures in
the angular distribution of pions.

In figures 5 and 6, we have plotted (— > In(A¢;)) vs. An and (Y (A¢;)?) vs. An
distributions respectively for three types of subgroups. From these figures we find that
distribution of the data obtained from the Monte-Carlo simulation lie more or less along
the stochastic expectation line indicated by the dotted line, in all the cases. Experimental

70 Ny=15 100r Ny =20 130r Ny=25
= Experiment = Experiment 1200 = Experiment
° Monte-Carlo | 90 o Monte-Carlo » > Monte-Carlo
A 80f LS )
2 : O
R 8ol Traeraett, LR A ]
£ A seee®60 - 100t
W B0 2c°"°°2°"" Lceseeetsescecec® L. 80080898008, 5,°"
v 70F 90!
40 : : : * 60 : : : © 80 : : : !
0.0 0.5 1.0 15 20 0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 15 2.0
(@ An (b) An © An

Figure 5. Average behaviour of S ((—Y_ In(A¢))) for experimental and Monte-
Carlo-simulated data for (a) N; = 15, (b) Ny = 20, (¢) Ny = 25 for 32S—Ag/Br
interactions at 200 A GeV/c.
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Figure 6. Average behaviour of S ((Z(A@z)) for experimental and Monte-Carlo-
simulated data for 32S—Ag/Br interactions at 200 A GeV/c for (a) Ny = 15, (b) Ny =
20, (¢) Ng = 25.

data points have a strong tendency to be above the stochastic average line and the tendency
increases with the increase in N,. Once again the inadequacy of independent emission to
replicate the experimental observation can be seen. The above fact corresponds directly
to the jet-like structure, i.e. jettyness is present. The ‘jettyness’ observed in the data for
S distributions may be attributed to electron—positron pairs from y-conversions and to
particle interference between identical particles (Hanbury—Brown—Twiss (HBT) effect).
However, the results in figure 6 for dilute groups, where S, is used, clearly show the
same features which cannot be accounted for, not even with a stronger interference effect.

4. _
A Ng=15 Ar Ng = 20 Na =25
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| . 3l ) 3r Experiment
3 Experiment Experiment Monte-Carlo
= —— Monte-Carlo —— Monte-Carlo
g 2l
3 2F
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z
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0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 20 00 0.5 1.0 1.5 20
@ d(an) © d(an) ® d(an)
Figure 7. Experimental distributions of An (cluster size) are compared with the
distributions obtained from Monte-Carlo simulation shown in figures 7a—c and 7d—
f for $2/(S2) < 1 and S»/(S>) > 1 respectively for 32S—Ag/Br interactions at
200 A GeV/c. Different Ny values are noted in each figure.
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In this regard our observation matches with another similar emulsion experiment [22].
The sizes of the error bars are calculated by Monte-Carlo method. However, it has also
been argued that before coming to a definite conclusion regarding the formation of such
azimuthal structures, along with the average behaviour of the S-parameters, the detailed
distribution of some other relevant cluster variables should be examined [13].

The cluster size of one of the azimuthal substructures can be investigated with the help
of the An distributions. We have plotted the A distributions for the experimental 3>S—
Ag/Br data vs. the data generated by the Monte-Carlo simulation for N; = 15, 20,
and 25 in figure 7. There are two types of graphs for each N;. One is S;/(S;) < 1
(figures 7a—c) and the other is S/(S,) > 1 (figures 7d—f). Former is for searching the
ring-like and the latter is for jet-like substructures. In figures 7a—c we can see that there
are a few clusters of experimental surpluses over the model distributions. The observed
fact is more pronounced for N; = 20 and 25 compared to N; = 15. From the above
observation, the existence of ring-like structure can be concluded explicitly. The clusters
are also observed in figures 7d—f and that is distinctly observed in N; = 20 and 25.
This observation emphasizes jet-like effects. The next step is to investigate the ring-like
subgroups size An. Figures 8a—c show the experimental An distribution for two classes —
S2/(S2) < 1, the region of the ring-like effects and S>/(S,) > 1, the region of the jet-
like effects simultaneously for all the Nys. From those figures we can see that the two
types of distribution are separated by several peaks. There are almost no differences in
the distributions calculated by the MC model for both classes (figures 8d—f). This fact

4 Ng=15

X Ng =20 Ng =25
Experiment Experiment Experiment
3 Sp/<Sp> > 1 3l —— Sy/<S8p> > 1 3L So/<Sp> > 1
g ——Sp/<8p> <1 —— S,/<Sy> < 1 Sp/<Sp> < 1
32 2t 2t
o
£
1 1F 1r
0 L L 0 L L = 0 L L
0.0 0.5 1.0 15 20 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
(@ d(an) (b) d(an) (© d(an)
il Ny=15 3 Ng =20 3 Ng=25
Monte-Carlo Monte-Carlo Monte-Carlo
- So/<Sp>>1 ——S,/<Sp> > 1 Sy/<Sp> > 1
5';_: 2t So/<Sp> < 1 2f —Sy/<Sp> <1 2 Sp/<Sp> < 1
]
2
T
g1t 1t 1t
0 . L 0 ! L i 0 . . , ]
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 2.0
(@) d(an) © d(an) ® d(an)

Figure 8. An distributions are plotted for experimental events with S»/(S2) < 1
and S7/(S2) > 1 simultaneously in figures 8a—c and the same type of distributions
are plotted for Monte-Carlo-simulated data for S2/(S2) < 1 and S/(S2) > 1 in
figures 8d—f.
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may mean that those peaks correspond to the sizes of ring-like substructures. The above
discussion confirms the prediction for ring- and jet-like effects.

To analyse the ring-like subgroup position 7,, on the pseudorapidity axis, we have
shown the experimental and model-based 7, distribution for N; = 15, 20, and 25 in
three classes for comparison according to ref. [13]:

S$>/(82) < 0.95 — the region for ring-like effects in figures 9a—c
0.95 < $,/(S2) < 1.1 —the region for statistical background in figures 9d—f
S2/(S2) > 1.1 — jet-like effects in figures 9g—i.

In figures 9a—c, we see that there is large experimental surplus over the model-based dis-
tribution in the central region in each N,. In the above said region there are two or three
peaks, implying that ring-like substructures are present. The difference with the MC
model simulations in the n,, — distributions in ring-like region S,/(S>) < 0.95 indicates
the existence of two n,, — regions of preferred emission of ring-like substructures — one

20rNy=15 201 N, =20 20 Ng=25
S,/<S;,> < 0.95 S,/<S,> < 0.95 S,/<S,> < 0.95
Experiment Experiment Experiment
15 Monte-Carlo 15+ Monte-Carlo . 15¢ Monte-Carlo
g 2
2
% g 10
£ £
- -
0.5
0.0
(©
10r Ng=15 10, Ny =20 10;
0.95<5,/<8,>< 1.1 0.95 < §,/<S, > < 1.1 Ng=25
Experiment Experiment 0.95 < S,/<S,>< 1.1
I [~ Mome-Caro I Mornte-Carlo Experiment
il [ | ’;s |” I ] | | “ Monte-Carlo
0 k] I 8
05} I:". JU...m 2 osf I‘ i I 05} lﬁ I H\I
1 = T
] G
£ ] z i

081y, =15 081y, =20 08, Ng =25
S,/<S,>>1.1 S,/<S,>> 1.1 S,/<S,>> 1.1
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0.6 | Monte-Caro 0.6 - Monte-Carlo 06f Monte-Carlo

1/N(dNidn,,)
o
-

=
]
3 04 041
g
0.2 0.2 021 ;
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00 2 4 2 4 6

(2 () Mm (@ M

Figure 9. Comparison of the ¢-subgroup position distributed along the n-axis
between the experimental and the Monte Carlo simulated datasets for three different
regions: (a—c) S2/(S2) < 0.95; (d-f) 0.95 < $,/(S2) < 1.1, and (g-i) S»/(S2) > 1.1
for 32S—Ag/Br interactions at 200 A GeV /c.
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in the forward direction and other in the backward direction in the centre-of-mass sys-
tem. If the ring-like substructures have appeared due to an effect analogous to Cherenkov
light, in a collision there may be two ring-like subgroups forming two cones with equal
emission angles, one in the forward direction and the other in the backward direction in
the centre-of-mass system. As is well known, the cone emission angle of the Cherenkov
light is directly connected with the refractive index of the matter, in our case of nuclear
matter, and it is a way to measure it. It is interesting to note that the refractive index of
nuclear matter may be changed if there are changes in the nuclear matter properties, for
example, in the case of phase transition from a normal hadronic matter to quark gluon
plasma. Figures 9d—f show that there are two prominent narrow structures in the central
region of the experimental distribution. Otherwise, in all the regions the MC-generated
distribution more or less lies in the statistical error of the experimental distribution. Also
in figures 9g—i there is small definite experimental excess over the model-based distri-
bution at the right of the central region. So, jet-like substructure is also present in the
experimental distribution.

5. Conclusions

The average behaviour of S} and S, parameters strongly reveals the presence of ring and
jet substructures in 32S—Ag/Br interactions at 200 A GeV. A closer look at the distribu-
tion of structure size and their position further confirms that the features of ring and jet
structure cannot be replicated by a simple Monte-Carlo simulated independent emission
model. The probable reason of ring-like event may be Cherenkov radiation, Mach shock-
wave etc. On the other hand, the origin of ring-like events does not necessarily indicate
the formation of QGP.
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