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production of a disoriented chiral condensate in A-A collisions
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Anomalous event-by-event fluctuations of the relative yields of neutral (Kf’) and charged kaon (K*) have
been predicted to yield a signature for the formation of disoriented chiral condensate (DCC) in relativistic
heavy-ion collisions. In this work, we model the production and decay of DCCs in the context of heavy-ion
collisions at the CERN Large Hadron Collider, and estimate the sensitivity of large acceptance detectors, such as
the ALICE detector, towards the identification of such anomalous decays. Our study is based on the robust
statistical observable, vqy,, known for its sensitivity to dynamical fluctuations. We first present simulations
without DCCs, based on the HIJING and AMPT models, in order to establish an approximate reference for
the magnitude of v4y, (K=, K°) and its centrality evolution in Pb-Pb collisions at the TeV energy scale. We next
introduce simple phenomenological models of K0 vs K* event-by-event yield fluctuations, which we use to
study the feasibility and sensitivity of detection of the production of DCCs in heavy-ion collisions. Although the
precision of models such as HIJING and AMPT limit their use as absolute references and thus render anomalous
fluctuations difficult to define precisely, our studies demonstrate that the magnitude of vgy, (K + Kf) ) is in fact
very sensitive to the presence of small admixture of DCCs in normal non-DCC events. Consequently, while
large values of vgy, (K*, K?) may not be sufficient to identify the existence of DCCs, they nonetheless constitute

a first and necessary condition to signal their possible production in heavy-ion collisions.
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I. INTRODUCTION

Ultrarelativistic heavy-ion collisions at CERN Large
Hadron Collider (LHC) energies produce matter consisting of
quarks and gluons in a deconfined state. This matter expands
and cools through the critical temperature thereby forming
hadrons. Within the hot and dense plasma of quarks and
gluons, one expects the production of regions where the chiral
symmetry is nearly restored. Restoration of chiral symmetry
and its subsequent relaxation towards the normal vacuum
is additionally posited to yield transient regions where the
value of the chiral order parameter differs from that of the
surrounding medium. These regions are called disoriented
chiral condensate (DCC) [1-3]. Theoretical studies of the
production and decay of DCCs were formulated in the context
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of the SU(2) linear o model, more than two decades ago. It
was predicted that the production and decay of DCCs shall
manifest through enhancement of electromagnetic processes
and anomalous distributions of neutral and charged pion mul-
tiplicities.

To date, experimental studies of chiral symmetry restora-
tion and searches for the production of DCCs were based on
the two-flavor linear o model and involved measurements of
pion production and their fluctuations. Unfortunately, these
measurements were largely inconclusive [4—7]. More recently,
however, observation of a significant enhancement of the
production of © (and Q) baryons in 174 GeV in Pb-Pb
collisions measured at the CERN Super Proton Synchrotron
(SPS) provided new insight. It is conceivable that DCC do-
mains also affect the strange particle production. Strange DCC
production might then explain the observed enhancement of
2 observed at the SPS [8]. This implies that the evolution of
the chiral condensate could feature a substantial strangeness
component. Relaxation to vacuum of the DCC could thus
produce kaon isospin fluctuations. One of the first theoret-
ical works to address the observable consequence of kaon
fluctuations in the presence of many small DCCs suggested
the study of isospin fluctuations in the kaon sector using the
Vgyn variable [9,10]. This exploration was motivated, in part,
by an extension of the two flavor idealization of the linear
o model to a three flavor model based on SU(3) symmetry.
In this model, fluctuations of strange quarks are coupled to
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those of up and down quarks [11] and the chiral condensate
is determined by a u-d-s scalar field. As DCC domains relax,
they radiate pions, kaons, and n mesons. At low beam energy,
the linear 0 model simulations indicate that pion fluctuations
should dominate three flavor DCC behavior given the fraction
of energy imparted to kaon fluctuations is very small due to
its larger mass. However, this may not be true for collisions at
LHC energies where the kaon mass is small relative to the en-
ergy available towards particle production. Strangeness might
indeed play an important role in the decay of DCCs once the
initial system temperature far exceeds the mass of the strange
quark. At LHC, a large number of strange/antistrange quarks
is rapidly produced during the initial stages of collisions and
through the lifetime of the system. Strange quarks are thus
available to enter the makeup of DCCs as the system cools
down. The rapid and oscillatory relaxation of order parameters
would lead to an enhanced production and field fluctuations of
kaons, albeit to a lesser degree than pions [9]. DCC production
might thus induce anomalous fluctuations of the kaon total
isospin measurable in the form of charged vs neutral kaon
yields fluctuations. Unfortunately, rather little is known about
the dynamics of strange DCC formation compared to that of
two quark flavor DCCs. It is also somewhat unclear how the
large (on shell) mass of the strange quark might impact the
production of DCCs. While such questions are difficult to
solve theoretically, experimental evidence for the formation of
strange DCCs would likely provide new insights and stimulate
renewed interest in DCCs. A search for charged vs neutral
kaon yield fluctuations at LHC energies is thus of significant
interest.

Experimental observations of DCC signals depend on var-
ious factors such as the probability of occurrence of DCC
in a collision, the number of DCC domains produced in an
event, the size of the domains and the number of particles
emitted from these domains, as well as the interaction of
these particles with the rest of the collision system [12,13].
Uncertainties about these conditions make the detection of
DCC signals quite challenging experimentally. It is thus ap-
propriate to first study kaon yield fluctuations in systems that
do not feature DCC production in order to establish a baseline
against which measurements of kaon yield fluctuations can be
evaluated and compared. The next step is then to introduce
a simple model that simulates, qualitatively, the behavior of
a system producing kaon DCCs. We shall vary the size and
number of such DCCs relative to the full system size.

In this work, we study strangeness isospin fluctuations
based on measurements of the relative yield of charged
and neutral kaons evaluated with the robust correlator
vayn (K%, K?) [10]. We first establish a baseline for the
strength of this correlator with the HIJING [14] and AMPT
[15] Monte Carlo event generators. While HIJING does not
produce radial and anisotropic flows, known to be impor-
tant features of heavy-ion collisions, its hadron production
involves a cocktail of resonances that may give us a rough
estimate of the strength of correlations between charged and
neutral kaons. The AMPT model, on the other hand, does
produce some radial and anisotropic flow and shall thus give
us a first glimpse at the potential impact of such flows on
the strength of vgyn(K*, K°). We next formulate a simple

phenomenological model of kaon DCC production. Although
somewhat simplistic, the model enables us to build intuition
as to what minimal size or maximum number of DCCs might
be observed in heavy-ion collisions.

Our study is designed to provide a baseline and build our
intuition for a measurement of vgy,(K * KSO ) carried out by
the ALICE collaboration with Pb-Pb collisions at /syny =
2.76 TeV [16]. The definition of vy, (K*, K?) in the context
of this measurement and properties of this observables are
briefly discussed in Sec. II. Results of simulations carried
out with the HIJING and AMPT models are presented in
Sec. III, whereas the phenomenological DCC model and its
predictions are discussed in Sec. IV. This work is summarized
in Sec. V.

IL. STATISTICAL OBSERVABLE (v4y,)

Within the context of the SU(3) linear ¢ model, DCC
domains relax by radiating pions, kaons, and n mesons. The
relaxation of these disoriented domains is predicted to pro-
duce widely fluctuating neutral pion and kaon yields relative
to those of charged pions and kaons in a given fiducial
acceptance. These fluctuations may be characterized in terms
of a neutral pion fraction f; and a neutral kaon fraction
fx- The neutral pion fraction is defined as f; = Nyo/(N,- +
Nyo + Np+), where N,o, N+, and N,- represent the yields
of neutral, positively charged, and negatively charged pions
measured within the fiducial acceptance, respectively. The
neutral kaon fraction is defined as fx = (Ngo + Ngo)/(Ngo +
Ngo + Ng+ + Ng-), where Ngo, Ngo, Ng+, and Ng- repre-
sent the yields of neutral kaon, neutral-anti-kaon, positively
charged kaons, and negatively charged kaons measured within
the fiducial acceptance, respectively. For any given DCC, the
neutral pion fraction f; is predicted to fluctuate according to
the probability density [1]

1
P = —, 1
(f=) T ey
whereas the neutral kaon fraction fx shall be maximally
fluctuating with a probability density [11]

P(fi) = 1. 2

It should be noted that these probability densities deviate sig-
nificantly from those expected from “normal hadronic matter”
involving clusters or resonance decays, that yield fluctuations
of f; and fx determined by multinomial distributions with
averages 1/3 and 1/2, respectively. Several experimental dif-
ficulties arise, however, towards measurement of these frac-
tions. First, measurements of particle yields are impaired by
particle losses determined by the limited detection efficiencies
of the experimental device, the reconstruction techniques, and
identification protocols used in any given analysis. This leads
to binomial sampling and a broadening of the variance of
measured multiplicities. Second, the pion and kaon yields
may fluctuate irrespective of the production of DCCs and
in response to fluctuations of the collision centrality. Third,
neutral kaons (antikaons) mix as weak eigenstates in the form
K? and Kf . The latter is difficult to observe and count on an
event-by-event basis, but the former can be easily identified
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and counted based on the hadronic decay mode K? — 7+m~.
Event-by-event, half of produced neutral kaons and antikaons
shall yield KSO. One thus expects (Ngo) = (Ngo) = (Nko).
Given the K}s are not measured ab initio, the K° yield may
thus be regarded as the total neutral kaon yield measured
with a 50% detection efficiency. Evidently, in practice, only
those K? that decay into w7~ will be measured and this
observation will have an efficiency of its own. The number of
neutral kaons observed on an event-by-event is thus expected
to fluctuate, irrespective of the production of DCCs, due to
weak mixing and the finite branching ratio of the K* —
7t~ decay. Fourth, and last, K? cannot be observed directly
and must be reconstructed and identified statistically by means
of topological and invariant mass cuts. Pairs of charged pions
of opposite charge may be combinatorially identified as K°
candidates. The number of reconstructed K shall then be
smeared by the presence of this combinatorial background.
Overall, then, it is clear that the fraction fx might fluctuate for
a number of reasons having little to do with the existence and
production of DCCs. One thus needs a fluctuation observable
that is sensitive to the relative yields of produced charged and
neutral kaons and robust against losses associated with the
production (by mixing) and detection of K?.

Defining the number of measured charged and neutral
kaons as n. = ng+ + ng- and ng = no, fluctuations of their
relative values may be evaluated with the Vayn (71¢, 1) Observ-
able defined as

den(a, ﬂ) = Raa + Rﬂﬁ - 2R0{ﬂ1 (3)
where the correlators R, g are calculated according to

(g (ng — Sa,ﬂ)) _

1 4
(ng ) (ng) @

Rup =

with 84, = 1 fora = B and 8, g = 0 otherwise. It is straight-
forward to verify that the correlators R,g are robust against
experimental efficiencies [10], i.e., they are equal to the values
of these correlators obtained based on the true (produced)
multiplicities N, = Ng+ + Ng- and Ny = Nko. Corrections for
contamination and admixtures of combinatorial backgrounds
are possible by measuring their correlators R, g explicitly.

The magnitude of vay, (7., no) is determined by the relative
strength of charged and neutral kaon correlations: R,. mea-
sures the strength of charged kaon correlations, Ryy measures
the strength of neutral kaon correlations, and R,y is sensi-
tive to charged-neutral kaon correlations. Together, the three
terms measure the strength of fluctuations of the difference
of the number of charged and neutral kaons N, — Ny. Thus,
Vayn (71¢, no) 1s sensitive to fluctuations of the neutral fraction
fx- Given it automatically accounts and corrects physical and
experimental effects causing particle losses, it then constitutes
a practical observable for a measurement of neutral vs charged
kaon yield fluctuations.

Note that the individual terms R,g shall vanish in the
absence of pair correlations, i.e., for Poissonian particle pro-
duction, and their magnitude is expected to approximately
scale in inverse proportion of the total multiplicity of heavy-
ion collisions [10].

II1. HIJING AND AMPT MODEL PREDICTIONS

We carried out calculations of vgyn(nc, ng) for Pb-Pb col-
lisions at ./syv = 2.76 TeV simulated with the HIJING and
AMPT event generators to establish an approximate baseline
for the magnitude of charge vs neutral kaon fluctuations to be
expected in the absence of strange DCC production. A total
of 3 x 10% HIJING events were generated, whereas 39 x 10°,
53 x 10°, and 39 x 10° events were produced with AMPT
using options (1) string-melting on (SON) and rescattering
off (ROFF), (2) string-melting off (SOFF) and rescattering
on (RON), and (3) string melting on and rescattering on,
respectively. No momentum smearing or particle losses were
used in the simulations and K were not decayed. Events were
partitioned into five centrality classes based on the fractional
cross section (number of events) studied as a function of the
total charged particle multiplicity observed in the pseudo-
rapidity range 2.8 < n < 5.1 and —3.7 < n < —1.7. Events
were then analyzed at generator level, in each centrality
class, by selecting K* and K_é) in the transverse momentum
range 0.2 < pr < 1.5 GeV/c and the pseudorapidity range
[n] < 0.5 to mimic the conditions of an ongoing ALICE
analysis [16]. The number of charged, N., and neutral, Ny,
kaons were counted event-by-event and used to compute
event-ensemble averages (N.) and (Ny), and second factorial
moments (N.(N. — 1)), (No(Np — 1)), and (N.Np). In turn,
these were combined to compute the correlators R..., Ryo, Rco,
and vgyn (N., No) according to Eq. (4), in each centrality class.

The HIJING and AMPT generators do not include DCC
production but otherwise feature many of the physical pro-
cesses required to model heavy-ion collisions. They, thus, pro-
vide us a rough baseline set of values of vgy, to be expected in
the absence of DCC formation. We explore in the next section
how the production of DCC may then modify these basic
expectations. Additionally note that given HIJING does not
feature flow-like collectivity, one should expect its predictions
of vgy, to exhibit a simple 1/N scaling with collision central-
ity. It shall then provide us with a basic reference to study
the evolution of vgy, with collision centrality and possible
departure from this scaling associated with the production of
DCC in midcentral to central collisions.

Figure 1 shows a graph of vgy, vs centrality class obtained
with HIJING and the three AMPT dynamical modes. In all
four cases shown, values of vgy, exhibit a monotonic increase
from 0-10 %, corresponding to most central collisions, to
70%, corresponding to the most peripheral collisions studied
in this analysis. Additionally, small differences in magnitude
are observed, at any given centrality, between the three AMPT
dynamical modes considered. However, their trend with col-
lision centrality remain similar. This indicates that vgy, is
indeed sensitive to final state interactions that modify the yield
of produced K* and K{ as well as their correlations in Pb-Pb
collisions, even if these effects are small.

In order to account for the dilution of the R, correlators
with increasing particle multiplicity (and number of sources),
we scale values of vqy,, in Fig. 1(b), by the geometric mean,

{Nk=){Ngo), of the numbers of K* and K produced in
the fiducial acceptance of the measurement. As expected,
scaled values calculated with HIJING and AMPT/RON are
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FIG. 1. (a) HIJING and AMPT model predictions for the col-
lision centrality dependence of vgy,(K*, K°) and vgy,(K*, K™) in
Pb-Pb collisions at /syy = 2.76 TeV. (b) vy, values scaled by the
geometric mean of kaon multiplicities.

essentially invariant with collision centrality, whereas scaled
values calculated with AMPT/SON/ROFF exhibit a weak
collision centrality dependence, owing to the production
of higher mass states in most central collisions. Overall,
both HIJING and AMPT produce nearly invariant values of
Vayna/ (Vk=) (Nko) showing that the expected 1/N dilution is
approximately verified.

It is interesting to compare calculations of vgyn(Ne, No),
discussed above, with predictions for vgy, (N, N_) computed
with the same models and also shown in Fig. 1(a). Conser-
vation laws, namely electric charge and strangeness conserva-
tion, restrict the level of fluctuations possible in the production
of charged kaons. The cumulant R, _ is larger than either of
Ry or R__ and vgy, (N, N_) is consequently negative at all
collision centralities. By contrast, charge conservation does
not limit the fluctuations of the relative yields of K* and K°
and vay, (N, No) takes positive values at all centralities. Note,
however, that the magnitude of vgy, (N, N_) influences in part
the value of vgyn (Ne, Np), given

Ree=fRos + (1 — fYR_+2f(1 = /R _
= 2Ry 4+ 2R__ — vyyn (N4, N)J, )

where f = (N;)/((N4+) + (N-)) and in the second line, we
assumed f = 0.5, which is approximately valid at LHC en-
ergy. Finally, note that values of vy, (K™, K~) scaled by the
number of charged kaons are also invariant with collision cen-
trality, while AMPT/SON/ROFF displays a modest collision
centrality dependence.

...... 0% DCC
.......... 25% DCC
e 50% DCC
— 75% DCC
— 100% DCC

0 0.5 f 1
FIG. 2. Probability densities of the fractions of (a) neutral pions

and (b) neutral kaons for selected values of the fraction fpcc of
particles produced within DCCs.

IV. DCC MODEL SIMULATIONS

We simulate the production of DCCs with a simple phe-
nomenological model to gain insight into the correlation
strength measurable with vgy, in the presence of condensates
decaying into neutral and charged kaons. The DCC simulator
is designed to match the pion and kaon multiplicity production
observed experimentally and involves “normal” and DCC
particle generation components. The former produces charged
and neutral particles based on a binomial distribution, whereas
the DCC particle production is determined by Egs. (1), (2)
for pions and kaons, respectively. Events can be set to consist
of DCC matter entirely or a mix of normal and DCC matter
by used of a parameter fpcc which controls the number of
particles produced within the binomial and DCC components.
The average fraction of particles consisting of kaons is de-
termined by a user selected parameter fx set at simulation
startup. However, the kaon to pion yield ratio is allowed
to fluctuate according to a binomial distribution determined
by this fraction and the total multiplicity. This multiplicity
is randomly chosen according to a PDF that approximately
replicates the charged particle multiplicity reported by the
ALICE collaboration in 0-10 % collision centrality, scaled
by a factor of 3/2 to account for neutral particle production.
The number of K{s in the DCC and normal parts of an event
are randomly generated according to a binomial distribution
with a mean probability of 0.5 based on the number of neutral
kaons in either parts.

We explore the impact of DCC production by varying
the size and number of DCC in generated events. Figure 2
displays the fractions of neutral pions (top panel) and kaons
(bottom panel) obtained in generated events with selected
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FIG. 3. Evolution of (a) vgy (7%, 7*) and (b) vgyn(K°, K*), with
event multiplicity for selected values of the fraction of particles
produced within DCCs.

values of the DCC fraction fpcc. We consider few distinct par-
ticle production scenarios: Scenario 1: All generated events
are assumed to contain one DCC domain but the size of the
domains is varied by changing the fraction of (a) pions and
(b) kaons they produce relative to the full system. As shown
in Fig. 3, vgy, increases monotonically with the DCC size
and reaches very large magnitudes for events containing large
DCC domains. The rise of vgy, at small event multiplicity is
due to a decline of the cross-term R, relative to Ry and R...
Scenario 2: The DCC size is kept fixed and accounts for 100
percent of the event size but the probability of occurrence of
DCCs is varied. The magnitude of vgy, rises with the fraction
of events containing a DCC, called ppcc, as illustrated in
Fig. 4. Sizeable vqy, magnitudes and deviations from binomial
expectation values occur for probabilities as small as ppcc =
0.01. Scenario 3: We use HIJING events as a baseline for
the description of pion and kaon production and their event-
by-event fluctuations. DCC-like fluctuations are introduced
by randomizing the charge of kaons produced by HIJING.
Figure 5 displays the collision centrality evolution of vgy,
obtained when progressively increasing the fraction of events
containing a single (large) strange DCC. As already discussed
in Sec. III, the magnitude vgy, exhibits an approximate 1/N
behavior with increasing event multiplicity N, shown as a pur-
ple line in Fig. 5. Injection of DCC-like fluctuations, however,
drastically changes this behavior and the distribution of vgy,
with collision centrality becomes progressively flat (nearly
invariant) when rising the fraction of events containing DCC-
like fluctuations. Values of vg4y, scaled by the geometric mean
of the number of kaons, shown in Fig. 5(b), and the charged
particle density, shown in Fig. 5(c), are no longer invariant
with collision centrality and sharply rise in central Pb-Pb
collisions. Note that significant deviations from the HIJING

FIG. 4. vg4y, as a function of the fraction of DCC-like events
(ppce) for a given multiplicity bin.
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FIG. 5. () vayn(K?, K*) vs centrality of Pb-Pb collisions at
Sy = 2.76 TeV, (b) vgy, scaled by the kaon multiplicity, (¢) vy
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FIG. 6. vgy(K?, K*) vs centrality of /syy = 2.76 TeV Pb-Pb
collision involving single and multiple DCC domains per event for
DCC fractions of (a) 1%, (b) 2%, and (c) 5%.

baseline are found already when the fraction of DCC amounts
to only one percent. The magnitude and collision centrality
evolution of vyy, are thus indeed quite sensitive to the presence
of DCC-like fluctuations in Pb-Pb collisions. Scenario 4:
Generated HIJING events are modified to simulate the pro-
duction of one or more DCC domains per event by considering
different regions in pseudorapidity n and azimuth ¢. The size
of the multiple domains is varied by changing the fraction
of kaons on an event-by-event basis. The values of the vgy,
are calculated for events with multiple domains of DCC and
compared with the events containing a single DCC domain,
obtained for 1%, 2%, and 5% DCC fraction as depicted in
Figs. 6(a)-6(c), respectively. We find that with the increase in
the number of DCC domains, vy, progressively approaches
the values of the HIJING baseline but remains nonetheless
distinct. Indeed, although the production of multiple domains
reduces the value of vyy, relative to that observed for a single
domain, a centrality dependence distinct from that of default
HIJING events containing no DCCs is observed for events
with four or more domains. Similar trends are observed for
higher values of DCC fractions depicted in Figs. 6(b) and 6(c).
It is important to acknowledge that scenario 4 is likely too
simplistic given its does not explicitly involve the production
of Q baryons from strange DCCs as a component of their
relaxation mechanism [8]. Additionally, Egs. (1) and (2) refer
to a distribution of particle fractions from the decay of a
single DCC domain, which we applied without modifications
to cases of multidomains production. If baryon formation is
understood in the Skyrmion picture, then neighboring DCC
domains could get locked up in creating (topological) winding
for the Skyrmion. These neighboring DCC domains would not
simply relax and give rise to conventional DCC distributions.

The magnitude of deviations of vgy, from default HIJING
values may thus be quantitatively biases. However, properly
addressing such complexities in a simulation of the production
and decay of strange DCCs is beyond the scope of this work.
And although it is difficult to asses the practical impact of
DCC neighbor locking and correlations, it is nonetheless rea-
sonably safe to conclude, based on simulations with scenario
4, that the production of single or multiple DCC domains per
event should have a measurable impact on measured values
of vgyn even though the production of DCCs might be a rare
occurrence.

V. SUMMARY

The event-by-event fluctuations of neutral and charged
kaons were studied using the vg4y, observable in Monte Carlo
models (HIJING and AMPT) in Pb-Pb collisions at \/syy =
2.76 TeV for various collision centralities. The estimates from
these models are relevant to the ongoing experimental search
of DCC-like signals in heavy-ion collisions at LHC and BNL
Relativistic Heavy Ion Collider (RHIC) as these models do not
include the dynamics of DCC physics. A simple phenomeno-
logical model was developed to implement the DCC-type
events and study the sensitivity of the vgy, observable to the
fraction of DCC events as well as the size of DCC domains.
The value of vgy, increases with a rising fraction of DCC-
like events in the sample for a given multiplicity class. The
variation of vgy, was also studied as a function of multiplicity
for different size of DCC domains. Both studies indicate that
Vgyn 18 very sensitive to the presence of DCC-like events in
heavy-ion collisions. Finally, we showed, with simulations
based on the HIJING model, that the magnitude of vgy, is
rather sensitive to the presence of a small admixture of DCCs
to “normal” collisions. Although vgy, values predicted by
HIJING for normal collisions may not be entirely accurate
because this model does not capture all the relevant dynamics
of heavy-ion collisions, it is nonetheless clear that even a small
admixture of DCCs could lead to a sizable departure from
the 1/N scaling and as such constitute an indication, although
not a proof, of abnormal and perhaps DCC-like production
in heavy-ion collision. Further work is however required
to improve predictions of v4y, based on “normal” particle
production scenarios as well as our assessment of deviations,
from this normal behavior, caused by small admixture of
strange DCCs.
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