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Multiplicity fluctuation and correlation of identified baryons in a quark combination model
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The dynamical multiplicity fluctuations and correlations of identified baryons and antibaryons produced by
the hadronization of a bulk quark system are systematically studied in a quark combination model. Starting
from the most basic dynamics of the quark combination which is necessary for multiplicity study, we analyze
moments (variance, skewness, and kurtosis) of inclusive multiplicity distributions of identified baryons, two-
baryon multiplicity correlations, and baryon-antibaryon multiplicity correlations after the hadronization of a
quark system with given quark number and antiquark number. We obtain a series of interesting results, e.g.,
binomial behavior of multiplicity moments, coinciding flavor-dependent two-baryon correlation, and universal
baryon-antibaryon correlation, which can be regarded as general features of the quark combination. We further
take into account correlations and fluctuations of quark numbers before hadronization and study their influence on
multiple production of baryons and antibaryons. We find that quark number fluctuations and flavor conservation
lead to a series of important results such as the negative pQ* multiplicity correlation and universal two-baryon
correlations. We also study the influence of resonance decays in order to compare our results with future

experimental data in ultrarelativistic heavy ion collisions at the Large Hadron Collider.
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I. INTRODUCTION

In ultrarelativistic heavy ion collisions, a new state of
matter—quark gluon plasma (QGP)—is created at the early
stage of collisions. The produced QGP expands, cools, and
changes into a hadronic system at a critical energy den-
sity [1]. Because of the nonperturbative difficulty of quantum
chromodynamics, the transition from QGP to hadrons (i.e.,
hadronization) can only be described currently by phenomeno-
logical models such as statistical hadronization models [2,3]
and quark (re)combination/coalescence models [4—10]. These
models have been tested against the available experimental
data of hadronic yields, momentum spectra, and flows.

Dynamical correlations and fluctuations of multihadron
production carry more sophisticated hadronization dynamics.
They are quantified by various covariances and moments
on multiplicities or momenta of identified hadrons, and
are measured in experiments via an event-by-event method.
Their studies can further test those existing phenomenological
models of hadron production at hadronization and yield deep
insights into the dynamics of a realistic hadronization process.
We can also obtain information on the correlations and
fluctuations of quarks and antiquarks just before hadronization
by studying their projection on hadronic observables. On the
other hand, study of identified hadrons is also helpful for the
investigation of correlations and fluctuations of conservative
charges, which has been a hot topic in both experimental and
theoretical studies recently [11-15]. There, one should know
how the conservative charges populate in various identified
hadrons, which depends on their coherent abundances and
thus is directly related to their multiple production dynamics
at hadronization.
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In the past few years, only data on fluctuations of the
pion, kaon, and proton have been reported [16—19], and the
available theoretical studies are usually based on statistical
models [20-26]. With the improvement of statistics and exper-
imental measurement precision, observation of more hadron
species such as A, E7, and 2~ can be expected in the near
future. Therefore, the corresponding theoretical predictions by
different hadron production models are necessary, in order to
guide the experimental data analysis, reveal the underlying
dynamics of the observation, and test these models.

In this paper, we study the multiplicity fluctuations and
correlations of various identified baryons and antibaryons

produced directly by hadronization. We focus on the J ¥ = %+

and %+ baryons in the flavor SU(3) ground state, with particular
emphasis on various strange baryons. There are obvious
advantages in measuring these baryons: (1) The baryon is
a sensitive probe of the hadron production mechanism at
hadronization. (2) The rapidity shift in baryon productions and
resonance decays is small, which is suitable for experimental
observation at finite rapidity window size.

We use the quark combination mechanism (QCM) to
describe the production of hadrons at quark system hadroniza-
tion. QCM has been used to reproduce lots of low and inter-
mediate transverse momentum data at the Relativistic Heavy
Ion Collder (RHIC) and the Large Hadron Collider (LHC), in
particular the data of yields and rapidity distributions [10,27—
29]. The related entropy and pion production issues have been
extensively addressed in the literature [30-33]. Explaining
fluctuations and/or correlations of hadron production is very
intuitive in QCM. When a quark hadronizes, it can come into
either a baryon or a meson, which leads to the fluctuation
of global baryon multiplicity; it can come into either a
specific baryon (e.g., a proton for a # quark hadronization)
or another specific baryon (e.g., a A™), which leads to the
multiplicity fluctuations of the proton and A* and also an
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anticorrelation between two baryons. In addition, correlations
and fluctuations of quarks and antiquarks will pass to hadrons
after hadronization.

Concretely, we calculate various moments of inclusive
multiplicity distributions of baryons, e.g., variance, skewness
and kurtosis, the correlations between two baryons, and
correlations between baryons and antibaryons. We analyze the
dominant dynamics among these correlations and fluctuations
and give predictions of QCM which can be tested by
future experimental data. This paper mainly discusses baryon
production at zero baryon number density at LHC, and the
extension to RHIC energies and the meson sector is the goal
of future work.

The paper is organized as follows. In Sec. II, we introduce
a working model which includes the necessary dynamics
of QCM for multiplicity study and discuss the dynami-
cal sources of the multiplicity correlations and fluctuations
in baryon production. In Sec. III, we study multiplicity
fluctuations and correlations of baryons and antibaryons
which are produced from a quark system with given numbers of
quarks and antiquarks. In Sec. IV, we take into account fluctu-
ations and correlations of quark numbers before hadronization
to study their influence on baryon and antibaryon production.
In Sec. V, we further take into account effects of resonance
decays. A summary and discussion are given in Sec. VL.

II. A WORKING MODEL

Due to the difficulty of nonperturbative QCD, a widely
accepted theoretical framework of QCM has not yet been
established that can self-consistently describe the whole
picture of hadronization dynamics. In this paper, we need a
working model which includes the necessary dynamics of
QCM for multiplicity study and to obtain correlations and
fluctuations of the produced hadrons. We will present the
assumptions and/or inputs explicitly whenever necessary and
make the study as independent of the particular model as
possible. Because there are no relevant works in the literature,
the purpose of this paper is to focus on results of the most
basic QCM dynamics, which will serve as a preliminary test
of the model using future experimental data and a baseline for
sophisticated hadronization dynamics.

We consider a system consisting of various quarks and
antiquarks with constituent masses, corresponding to the
“dressed” quarks and antiquarks in the nonperturbative QCD
regime. We denote the number of quarks of flavor g; in the
system by N, and that of antiquarks by N . Three flavors,
up, down, and strange, are considered in this paper. As
the system hadronizes, these quarks and antiquarks combine
with each other to form color singlet hadrons. Finally, the
system produces, in an event, various hadrons with numbers
{Ny,}wherei = n,K,p,K*,...,p,A, 8,2 uptoallincluded
hadron species. Here, we consider only the ground state
JP =0~ and 1~ mesons and J* = %+ and %+ baryons in
the flavor SU(3) group. The numbers of these hadrons are
varied event-by-event around their average values and follow
a certain distribution P({N, }; {Ny;, Nz, }) which is governed
by hadronization dynamics.
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The precise form of P({Ny,}; {N,,,N;;}) depends on the
full knowledge of hadronization dynamics. Among all the
available QCM models, few can give specific solutions of P.
In addition, the high dimensionality feature of ¥ makes the
analytic solution quite difficult to get. In this paper, we gen-
eralize the quark combination simulation in SDQCM [10] to
focus only on multiplicity properties of the produced hadrons
and obtain P({Ny,}; {N,,;,Nz,}), considering that this model
has reproduced lots of experimental data of multiplicities of
various hadrons in relativistic heavy ion collisions at different
energies [10,27-29].

The main idea of the quark combination simulation in
SDQCM is as follows: (1) Assign all quarks and antiquarks
in the system into an abstract one-dimensional sequence. The
relative distance between any two quarks and/or antiquarks in
the sequence represents their map in realistic phase space.
(2) Combine these quarks and antiquarks in the sequence
into hadrons according to a quark combination rule (QCR).
A schematic example is as follows:

919293949 5969798999109 119129139149 159169179 189 19920

QCR = _ _
— M(q19,) B(§39495) M(q6q7) M(qs3q11) B(qoq10412)
x M(q13q,5) B(q14916917) B(@ 159 19G20)- (1)

QCR depends on the combination dynamics. As shown
directly by the above example, QCR should first satisfy two
basic dynamics: (1) Baryon formation is by the combination of
three quarks which are close to each other in phase space, and
meson formation is by a quark and an antiquark. Therefore,
a neighboring or next-nearest neighboring quark combination
in the sequence is needed. (2) After hadronization, there are
no free quarks and antiquarks left.

Considering the fact that the produced baryons are much
fewer than mesons after hadronization, the key content of
QCR is how to describe the production of baryons relative
to that of mesons for a given quark configuration. We adopt
the following procedure. For the local quark populations such
as ¢gg and gqg, we can assign g§ — M and qqG — M +q
with relative probability 1. When the case of possible baryon
production gqq occurs, we give a probability or conditional
criterion. If the nearest neighbor of gqq is still a quark,
the opportunity of baryon formation should be significantly
increased, and we can assign gqqq — B + g with relative
probability 1. In contrast, if the nearest neighbor of ggqq
is an antiquark g, then this § can have the chance of
capturing one g to form a meson and two quarks are left
to combine with other quarks and antiquarks. We denote
the probability of this channel by P,yg5—m+qq = Po. The
baryon formation probability in the gggg configuration is then
Py = Pyyq-8+5 =1— Po.

A naive analysis gives Py/P; ~ (3 x é)/(l X %) =9
where the factor 3 is the number of the possible combinations
for meson formation in the gqq¢g configuration, and factor 1 is
for baryon formation. Factors % and % are the color weights of
forming a color singlet meson and baryon in the stochastically
colored quark combination, respectively. Therefore, baryon
formation probability P; in the ggqg case should be a small
value ~0.1. In practice, a value of about 0.04 for P; can well
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explain the observed baryon yields in relativistic heavy ion
collisions.

The above consideration of baryon formation is one kind
of nonisolation approximation for the quark combination
process; i.e., baryon formation is nontrivially influenced by
the environment (the surrounding quarks and antiquarks). It
is different from those (re)combination/coalescence models
which were popular in early RHIC experiments [5-9]. They
apply the sudden hadronization (i.e., isolation) approximation
for the combination probability by the overlap between quark
wave functions and the hadron they form.

The remaining quarks and antiquarks in ggg — M + ¢,
49999 — M + qq, and gqqG — B + g processes will subse-
quently combine with the following quarks and antiquarks
in the sequence to form hadrons, until at last all quarks
and antiquarks are combined into hadrons. This procedure
reflects, to a certain extent, the spread of the hadronization in
space-time.

Another point of QCR is the order of the combination. As
long as the quark number is large, different orders such as from
left to right, from right to left, and from middle to sides are
equivalent and give the same result.

Based on the above discussions, we give the following
combination algorithm for the hadronization of a quark
system:

(i) Start from the first parton (g or ¢) in the sequence.

(i1) If the first and second partons are either gq or ¢4,
they combine into a meson and are removed from the
sequence, then go back to (i). If the first two are gg or
44, then go to the next.

(iii)) Look at the third parton. If three partons are ggg or
dgq, and the first and third partons combine into a
meson and are removed from the sequence, then go
back to (i). If three partons are gqq or GG4g, then go to
the next.

(iv) Look at the fourth parton. If four partons are ggqgq or
4444, the first three partons combine into a baryon
or an antibaryon and are removed from the sequence,
then go back to (i). If four partons are gqqg or GGgq,
there are two choices: (a) The first and fourth partons
combine into a meson with probability P, and are
removed from the sequence, then go back to (ii). (b)
The first three partons combine into a baryon or an
antibaryon with probability P, and are removed from
the sequence; then go back to (i).

The above algorithm does not differentiate quark flavors
in consideration of the flavor blind of strong interactions.
Compared with the combination rule in Ref. [10], this
algorithm addresses more explicitly the baryon production
by the addition of step (iv) to better tune baryon meson
production competition. In essence, it can be regarded as
the generalization of the combination rule in Ref. [10] in a
multiplicity description of the produced baryons.

For a given ¢, which is known to form a meson by the
above combination algorithm, it can form either a J? = 1~
vector (V) meson or a J” = 0~ pseudoscalar (PS) meson.
Similarly, a q1¢>q3 (except for three identical ggq case) can
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form either a J? = (%)+ baryon or a J? = (%)+ baryon.
Following previous works [10,28], we use the parameter Ry, p
to denote the relative production ratio of vector mesons to
pseudoscalar mesons and Ro,p the ratio of octet baryons
to decuplet baryons. Then we get the branch ratio of each
hadronization channel for a g, combination,

for J” = 0~ mesons,

J

. {1/(1 + Ry/p)
M= Ry,p/(1 + Ry,p) for J¥ =1~ mesons,

and for a g;¢»>g3 combination,

c _{RO/D/(1+R0/D) for J¥ = (1/2)* baryons,
B = 1/(1 4+ Ro,p) for J¥ = (3/2) baryons.

As in previous works, we can apply the above combination
algorithm to relativistic heavy ion collisions by considering
some properties of the produced quark system. It is observed
that (1) the longitudinal expansion is predominant both in
momentum space and in spatial space; (2) the longitudinal
velocity of quarks is closely correlated to their spatial position;
(3) the rapidity density of quark numbers is very large
and is relatively slowly varied. Therefore, we can sort all
quarks and antiquarks according to their rapidities into a
one-dimensional sequence, and then combine neighboring
quarks and antiquarks into hadrons. In the transverse direction,
the transverse momentum (pr) distribution of quarks is
exponential decreased. Therefore, one cannot directly combine
neighboring quarks because their relative intervals Apy expo-
nentially increase with pr of quarks/antiquarks. So we use
the statistical combination approach; i.e., the py distribution
of a hadron is the convolution of quark pr distributions
and combination kernel, where the combination kernel is
mainly dependent on Apr between two quarks/antiquarks.
It is thus similar to those inclusive recombination/coalescence
approaches using the hadron wave function [5-9]. But our
model is different from those inclusive methods in the proper
treatment of unitarity in hadronization and the ability to well
explain hadronic yield and longitudinal rapidity distributions
observed in relativistic heavy ion collisions [10,27-29].

Let us summarize the origin of correlations and fluctuations
of the produced baryons and antibaryons. First, local gqgq
aggregation in phase space is stochastic for a system consisting
of free quarks and antiquarks. Second, the ggg — B process is
probabilistic under the surrounding noise (i.e., stochastic pop-
ulated quarks and antiquarks in the neighborhood). Together
with the branch ratio of a given g;g,g3 to a specific hadron
state, they lead to multiplicity fluctuations of the produced
identified baryons. The conservation of baryon number in the
quark combination process constrains the global production of
baryons and antibaryons and also the production of identified
baryons and their antiparticles. The production correlation be-
tween two baryons mainly comes from a so-called “exclusion”
effect; i.e., once a quark enters into a B; at hadronization it
is consumed and therefore cannot be recombined into B;.
These effects lead to a nontrivial and complex multihadron
multiplicity distribution P({Np, }; {Ng,,Ng; })-
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III. BARYON PRODUCTION FROM A GIVEN
QUARK SYSTEM

In this section, we study fluctuations and correlations of
baryons and antibaryons which are produced from a quark
system with a given number of quarks and antiquarks. This
enables us to learn more clearly the properties of baryon
production from the quark combination process itself. Ana-
lytical results of various moments (mean, variance, skewness,
kurtosis) of the inclusive multiplicity distributions of identified
baryons are given first, according to the basic dynamics
of the quark combination discussed in previous section.
Then two-baryon multiplicity correlations, baryon-antibaryon
correlations, and multibaryon multiplicity correlations are
studied systematically.

A. Moments of multiplicity distributions of baryons

First, we discuss properties of inclusive multiplicity distri-
butions of various identified baryons calculated from the above
combination algorithm. As a demonstration, Fig. 1 shows
multiplicity distribution of total baryons and those of identified
p, A, E% asa quark system with N, = N; = 500 hadronizes.
Here, the relative ratios of different quark flavors are set to
be N, : Ny : Ny =1 :1:0.43. We see that the distribution of
total baryons is close to a Gaussian distribution while those
of identified baryons are close to a Poisson distribution to a
certain extent. In the following text, we study the production
property of these identified baryons by analyzing moments of
their multiplicity distributions.
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FIG. 1. Normalized multiplicity distribution of total baryons (a)
and those of identified baryons p (b), A (c), E° (d) produced by
hadronization of a quark system with N, = N; = 500. Here, the
relative ratios of different quark flavors are setto be N, : Ny : Ny, =
1:1:0.43. Symbols are numerical results of the QCM algorithm in
Sec. II and the dashed line is a Poisson distribution.
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For the average multiplicity of identified baryons,

N, =Y N PUN} {Ng. Ny D), 2
{Nn;}

we have obtained the empirical solution in previous stud-
ies [10,28]

NB‘,' = Pp, Ng, 3

where Np = > NB/, is the average number of total baryons
and Pp; denotes the production weight of B; in all baryons.
Pp; can be decomposed to Cp, Py 4,4;,8 Where Py 4,4; 5 is the
probability that, as a baryon is known to be produced, the flavor
content of this baryon is g;¢>¢q3. Considering that every g, ¢»,
and g3 in the system can have the chance of entering into

B; at hadronization, we get Py g, 5 = Né‘i)/quq. Nygq =
Ny(N, — 1)(N, — 2) is the possible total number of three-
quark combinations where N, = > ¢ Ny is the total quark

ngg;

number in the system. N;qj) = Niter ]_[f [/ (N;—i+1)is
the possible number of gg2g3 combinations, where ny,p; is
the number of valance quarks f contained in hadron B;. Here
index f runs over all quark flavors. Ni, is the iteration factor,
taken to be 1, 3, and 6 for the case of three identical flavors,
two different flavors, and three different flavors contained in a
baryon, respectively.

We have used Eq. (3) to reproduce the experimental
data of yields and yield ratios of various identified baryons
in relativistic heavy ion collisions at different collision en-
ergies [10,27-29]. For detailed discussions of the average
yield formula of identified baryons as well as those of
antibaryons we refer readers to Refs. [27-29]. We argue
that, just based on the good performance of the combina-
tion algorithm in Sec. II on the event-average yields, we
make a further test of fluctuations and correlations in this
paper.

We further study the variance, skewness, and kurtosis of the
multiplicity distribution for various identified baryons. Their
definitions are

75, =08Ng = (N, — Np,)’

= Z(NB, — NP P({Nn}: Ny Ngy}) @

{Ni; }
and similarly
_ 8Ny _ 8N}
Sp, = ——, Kp =—"-3. 5)
o3 ‘ oh

J

Note that we always use an overline to denote the aver-
age hadronic quantities by hadronization of a given quark
system.

To analyze their properties, we have to consider joint
production of multibaryons. Taking variance, for example,
two-B; pair production is given by

Ng,(Np, — 1) = P, Ng(Np — 1), (6)
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FIG. 2. The square root of variance, skewness, and kurtosis of the multiplicity distributions of various identified baryons with respect to
their production weights P; = NB,- /N . The size of the quark system before hadronization is chosen to be N, = Nz =500 and the relative
ratios of different quark flavors are set to be N, : N; : Ny = 1:1:0.43. Symbols are full results and lines are leading terms of full results
which have the form of a binomial distribution with parameters (N g, P;).

where the production probability of a two-B; pair can be

evaluated by Ppp, = C%fNé‘gi /Neg, with the number of six-
quark clusters possible for two-B; pair production Nz(%)j =
2nyp;

Nigee [T, TTi=) /(N —i +1) and that for any two-baryon
pair production Ng, = ]_[?zl(Nq — i+ 1). Rewriting Pyp, =

J

Péj(l — A)), we finally have
a3, =NpPs,(1—P)+ Py [(1-A)Tz—AINs(Ng — 1]
(N

where the first term in the right-hand side of the equation is
the dominant part. Similarly, we have

_ 1 — . o
Sp, = E_B{NBPB,.(l — P)(1 = 2Pp) +3P; [(1 — ATy — AiN (N — 1)]
B;
+ Py [(1 = A2)Spay + 3(A1 — A))N oy — 3(1 — A2)ag + Ng(Ng — DIGAI — A)Np +24,1]}, ®)
and
— 1 — — N
Kp +3= I{NBPBj(l — Pg)[1 —6Pg,(1 — Pg)+3NpPs (1 — Pg)] +7P§j[(1 — A))oy — ANp(Np — D]

Bj

+6P; [(1 — A))Sgoy + [(1 =342+ 24N —3(1 — Aoy + Ns(Ng — DI2A; — A))N 5 + 245]]

+ Py [(1 = A3)(Kp +3)07 + [4(A2 — A3)Np — 6(1 — A3)]Sp0y

+[(124; — 6A5 — 6A1)N§ + (18435 — 124, — 6)N + 11(1 — A3)]o5

+(4A4; — 6A; — A3)N'y + (6A; + 643 — 1242)N + (84, — 1143)N 5 + 643N 5]}, ©)

where three coefficients A, A,, and A3 are

LTI TTEY (1= ki)
Ap=1- H 3 3
k=1 Hm=1 (1 - kNrmH)

(10)

with L = 1,2,3.

In the above formulas of variance, skewness, and kurtosis,
the first term in right-hand side of the equation is always the
dominant part, and we find that it is just the result of a binomial
distribution with parameters (N g, Pg;). In Fig. 2, we plotop,,
EB,- ,and K B, of various identified baryons as functions of their
production weights Pp,. Symbols are full results and lines are
binomial distributions as leading approximations. The size of
the quark system here is chosen to be N; = N; = 500 and the

(

relative ratios of different quark flavors are set to be N, :
Ng: Ny =1:1:0.43. In addition, at large Ny and small
Pg,, the binomial distribution converges toward a Poisson
distribution. For multistrange hyperons such as €2 and %, their
multiplicity distributions are well approximated by a Poisson
distribution because of quite small production weights ~0.01.
However, multiplicity distributions of the proton and A cannot
be well approximated by a Poisson distribution because of their
relatively large production weights ~0.1.

The multiplicity distribution of total baryons shows some
slightly different properties from those of identified baryons.
The variance of the total baryon multiplicity is proportional
to system size via E% /Np =~ 0.35 at current baryon-meson
competition, and skewness is inversely proportional to sys-

. .= =12 .
tem size via SpN B/ ~ 0.37. These properties are general
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expectations of a stochastic combination process. But pro-
portional coefficients cannot to be explained in terms of the
binomial distribution. This is easily understood. The number
of quarks consumed by total baryon formation is about 20%
of the total quark number in the system. This fact causes the
deviation from the independent and stochastic feature of the
binomial trial in each baryon production.

B. Two-baryon correlations

Production of two different kinds of baryons is usually
anti-associated in the hadronization of quark system with fixed
quark numbers, characterized by the negative covariances of
their multiplicities. The multiplicity covariance is defined as

Cpp, =0NgdNp, = Ny Ng, —Ng Ng,. (1)

We consider two-baryon joint production,
m= Pp,p, Np(Np — 1), (12)
where the joint production probability of B;B; pair can be
evaluated by Pgp, = Ngf;j /Neg with the number of six-
quark clusters possible for B;B; pair production Néq_g_ =

Nie: Nit [, Hn/BJWBI(Nf —i+ 1) and that for any two-

iter” ' iter
baryon pair production Ng, = Hi:l(Nq —i+1).
Substituting Eqs. (2) and (12) into the covariance of two
baryons, we get

_ PBiBj Np(Np — 1) 1 13
- A R T F )
PB,»PBj Ny

63,- B;
No N,

in which
nyg; nyg;
P, g, H [TeZi (1- N,»—k7+1)

PBiPBj nfn:l (1 - ﬁ)

1 9
ZI—anB I’lfBN F'FO(NL;Z)a (14)
f 1

where the product and summation of index f runs over all
quark flavors and nyp, is the number of valance quarks f
contained in hadron B;. Finally, we have

Cuos _ _y~mpwngw (1759
NN, R Ny N, Ny
+O(N,?). (15)

The first part in the right-hand side of the equation is the
leading order contribution. It essentially originates from the
fact that, at hadronization, once a quark enters into a B; it is
consumed and therefore cannot recombine into B;. This part is
inversely proportional to the quark number of the coinciding
flavor in two baryons, so the relative anticorrelation among
strange baryons is usually greater than those of light flavor
baryons. The part in parentheses is the next-to-leading order
contribution, which is usually a few percent of the first part. It is
negligible in correlations for most baryon pairs with coinciding
valance quark content but becomes important for correlations
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FIG. 3. Multiplicity covariance between two identified baryons.
Different two-baryon pairs are distinguished in the horizontal axis
by their multiplicity products. The size of the quark system before
hadronization is chosen to be N, = N; = 500 and the relative ratios
of different quark flavors are set to be N, : Ny : Ny =1:1:0.43.
Symbols are numerical results of the QCM algorithm in Sec. IT and
short solid lines are analytic results in Eq. (15).

between baryon pairs with totally different quark flavors, such
as Cpq-, Ca++a-, €fC.

In Fig. 3, we show results of the relative covariance
C,,/(Np Np,) of identified baryons produced from quark
system hadronization with N, = N; = 500. Here, the relative
ratios of different quark flavors are set to be N, : Ny :
Ny =1:1:0.43. Results of different two-baryon pairs are
distinguished in the horizontal axis by their multiplicity
products. Symbols are numerical results of the QCM algorithm
in Sec. II and the short solid lines are analytic results in
Eq. (15). As discussed above, we see that the production
of EQ~ and other hyperon pairs which share more strange
content is the most anti-associated while those containing
coinciding light flavors are less anti-associated, such as pn. For
pQ, AQ™, ZO0A~ etc, there is no coinciding flavor between
two baryons but their productions are still anti-associated,
although quite weakly. This is due to the second term in the
right-hand side of Eq. (15); the physical origin is that the
successive baryon production in the combination process is
suppressed by the baryon number conservation.

C. Baryon-antibaryon correlations

It is generally expected that baryons and antibaryons are
associated in their production, characterized by the positive
covariance CBB = 06NNz, = Np,Np, — Np, NB of their
multiplicities. One main reason for this association comes from
the global baryon number conservation in hadronization which
is denoted by the quark number conservation Ny — N =
3(N — Nj) in the combination process. This causes the
following correlatlon between baryon and antibaryon:

Cp.3, = pB,P5, SNsONg = ps, pp, 03 (16)
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FIG. 4. Multiplicity covariance between identified baryons and
antibaryons. Different baryon-antibaryon pairs are distinguished in
the horizontal axis by their multiplicity products. The size of the quark
system before hadronization is chosen to be N, = N; = 500 and the
relative ratios of different quark flavors are settobe N, : Ny : Ny, =
1:1:0.43. Symbols are numerical results of the QCM algorithm in
Sec. II and the dashed line is the scaling given by Eq. (17).

where we use SNz 6N =G5 = E% at fixed quark numbers.

Inserting posterior production weight pg, = (Np,)/(Np), we
get a scaling property
63:'3/' _ E%;
NsNs  NsNg

a7

for baryon-antibaryon multiplicity correlations.

In Fig. 4, we compare the above formula with numerical
results obtained from the algorithm in Sec. II with the
quark system N, = N; = 500, in which the relative ratios
of different quark flavors are set to be N, : Nyj: Ny =1:
1:0.43. The good agreement suggests that global baryon
number conservation is the dominant reason for the production
correlation between identified baryons and antibaryons. One
interesting result is that both EB,- 5, and EBi 3, (i # ) follow
the same scaling line, which indicates that the production of
baryon-antibyaron pairs does not have a greater constraint
than that of two different baryons. This is reasonable in the
case of free combination of quarks and antiquarks. Using
Ng/Ny ~1/12 and N,/N, ~ 0.43, which reproduce yield

J

SNy +55B3Np+2c—1)+Ng(Np — )N

PHYSICAL REVIEW C 95, 014901 (2017)

data in relativistic heavy ion collisions, we can estimate NB o
éN” ~ %NS, which means the baryon number conservation is
the strongest constraint in baryon-antibaryon joint production.
The production of identified baryon B; and antibaryon B;
consumes only a small fraction of total quarks and antiquarks
and thus does not reach the conservation threshold of specific
quark flavors.

D. Multibody correlations

Following a similar procedure, we also get multibaryon
correlations due to the exclusion effect of successive baryon
production discussed in Sec. III B and baryon number con-
servation in baryon-antibaryon production in Sec. III C. The
three-baryon correlation is

Cupy = SN,ON4SN,

and the four-baryon correlation is

Cupye = SNgSNgSN, SN,

The average multiplicity product of three baryons (a¢fy €
baryon) can be written as

NaN—ﬁNV = (- Aaﬂy)ﬁwﬁﬁﬁy
5 SN3 + 353(NB—1)+3NB(NB—1)(NB—2)
NB
+8up(1 = 84y )(Cay + NaN,)
+ (8ay + 85, )(1 — 845)(Cup + Ny Np)
+80p 8ay[35, + 3Na(Ny — D+ No], (20

where 8, is Kronecker delta function and SN = Spoy is the
third moment of total baryons. For that of two baryons and one
antibaryon, e.g., 8 € baryon, y € antibaryon, we have

NeNgN; = (1 — Agg) NgNgNy x

—— + 84p(Cay + NoNy). Q1)
NN

Here, ¢ = N — N is the number of net baryons and was taken to be zero at LHC.
The average multiplicity product of four baryons (¢fy e € baryon) can be written as

1
Np

x {SN% + (4N 5 — 6)5N3 + 55 (6N — 18N + 11)

+Np(Np— DN —2)(Ng — 3)} + 8upBaySac (6N — 1IN2 + 6Ny) + Sapday (1 — 80e) (BNZN, — 2N, N,)

+ Bupduc(1 — 84y ) (BNZN, — 2Nu N, ) + (BaySuc + 85y 8p)(1 — 80g) BNENy — 2N Np)
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+8upSye(1 = 80y )(NZNy 4 Ny N2 — No Ny ) + (Suy 8pc + 8ue8py (1 — 84p)(N2Ng + NoNj — NoNp)
+8aﬁ(1 - (Sozy)(l - Sae)(l - Sye)NaNyNe + (Say + ‘Sﬂy)(l - 8aﬁ)(1 - Sae)(l - 8ﬂe)NaNﬁNe
+ (Bae + 8pe + 8ye)(1 — 8ap)(1 — 8ay )(1 — 85, )N Ng Ny, , (22)

where 5N§ =(Kz+ 3)6‘}9 is the fourth moment of total baryons. The average multiplicity product of three or two baryons can
be read from Eqgs. (20) and (12). For that of three baryons and one antibaryon, e.g., 8y € baryon, € € antibaryon, we have

NyNgN, Nz = (1 — Agpy) NgNgN, N

+Np(Ng—1D)(Np—2)Nj } +

x {SNj + (4N + 3c — 3)SN3 + UB[6N +9(c —

DNz + 3¢* — 6¢ + 2]

SapBay (BNZNe — 2Ny Ne) +80p(1 =80y YNo Ny Ne +(8ay +85,)(1 —80p) N Ng e,

(23)

and for that of two baryons and two antibaryons, e.g., «f € baryon, y€ € antibaryon, we have

NoNgNy Nz =(1—Agp)(1—Az2)N

{5N4+(4NB+20 2)8N3+UB[6N +6(c—1)Nz+c*—3c+1]

+NB(NB—1)N§(ﬁg—l)}+8a58yE(N2N F N N2+ No Ny ) +80p(1—87¢) NoN; Ne+85¢ (1—845) Nu N5 N .

Coefficients Ayg, Agpy, and Ayg, e are extensions of Eq.(10),

e = 1— l_[fl_[h ,sl_["“(l—%)
afye — - .
’ et Tz (1= k=)

Here nj, in the denominator denotes the number of involved
baryons, i.e., n, =4 for afye and 3 for afy. ny, is the
number of valance quarks of flavor f contained in hadron
h. h — 1 in the numerator denotes the hadron before % in
combination a8y €. Taking the charge conjugation operation,
we get coefficients of antibaryons.

We can check that the following normalization is satisfied:

A (25)

> Copy =8N3.
afyeB
Y Cupye = 6N, (26)
afyeeB

and

Y (=1)"Capy = 8(Np — Nj)} =0,

afyeB,B

D (=1)"Capye =8(Ng — Np)* =0,  (27)

afyeeB,B

where m denotes the number of antibaryons in «fy and By e
combinations.

= > APUN, Y ((Ng).(Ng,
{Na;} {N,,

= Y Ay PUNG,Ng b LNg) (Ng)D.

{Ng; .Ng; }

Z Z AnP{Ni, }; (N,

»Ng; } {Nn; }

(24)

(

IV. BARYON PRODUCTION FROM THE QUARK SYSTEM
WITH VARIATIONAL QUARK NUMBERS

In this section, we take into account effects of fluctuations
and correlations of quark numbers in the system before
hadronization on multiple production of baryons and an-
tibaryons. We first give the general procedure for including
quark number fluctuations and correlations in hadronic observ-
ables and then show the specific formulas for moments and
two-body correlations of baryons and antibaryons. Then we
discuss properties of quark number fluctuations and correla-
tions in the context of ultrarelativistic heavy ion collisions, and
we show numerical results of baryon moments, two-baryon
correlations, and baryon-antibaryon correlations.

A. General formulas for including variational quark numbers

The produced quark system in heavy ion collisions at a
specific collision energy is always varied in size event-by-
event, and the number of quarks and that of antiquarks in the
system at hadronization should follow a certain distribution
PNy, Ng 1 {{Ng,),(Ng,)}) around the event-average quark
numbers (N,,) and antiquark numbers (N ), where g; = u,
d, s are considered in this paper. In QCM, the distribution
includes also the possible contribution of small-amount dy-
namical production of newborn quarks and antiquarks during
the hadronization process due to the requirement of exact
energy conservation and entropy increase [33]. The event
average of a hadronic physical quantity A, is

Ng DP({Ng, - Ng, }: {{Ng, ). (Ng,}})

(28)
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If A, is known already, we can expand it as a Taylor series at the event average of quark numbers {{Ng,),(Ng,)}:

A P U TR o L
b= ShlNg) AT S FONT,
i T Ny 2 ONRON vy
<N171 ' ( i
1 33A,
4+ — ———1 | 8N;8Ny5Ns + 0%, (29)
3! ﬁ;ﬁ INGOINRONg |,y 77
2 (Ng;)
where indexes f1, f2, and f3 run over all quark and antiquark flavors and SNy, = Ny — (Ny,). The subscript (N, ),{Nz ) denotes
the evaluation at the event average point. Substituting it into Eq. (28), we get
— 1 82A,, 1 ° Ay 4
(An) = An|iv,) + 5 v | Canrt v | Crppnt0E), (30)
|(qu.> fIX:Z IN{INp |, 3l ﬂ; IN[ON [N |,y
(Nq,) (N )

where Cflfz = (8Nf]8Nf2) and Cf1f2f3 = (8Nf18Nf28Nf3) are
two-body and three-body correlation functions of quarks and
antiquarks, respectively. Then the influence of quark number
distribution on hadronic quantities can be taken into account
by the mean, two-body, and multibody correlations of quark
numbers. In the following equations we drop the subscript
(Ng,),(Ng,) for convenience.

B. Formulas of identified baryons
Using Eq. (30), we first get the event average of baryon
multiplicity
3’Np,

31
ONfjONy, @D

J

<NB NB + - Z Cf1f2+O(N;2)‘

— — 1
O'l%[ = Eéi + Z (E)INBi 82NB,. + Ea]zaéi)c_f],fz +O(N/:2)’

fi.fa

i

(

The effect of two-quark correlations on baryon multiplicity
is the order of magnitude of 1/(Ny), which is only a few
percent of the leading term due to the large quark number (i.e.,
hundreds of quarks and antiquarks per unit rapidity at RHIC
and LHC energies). The influence of three-body and four-body
correlations of quarks and antiquarks is suppressed further by
1/ NJ%. Therefore, effects of quark number correlations and
fluctuations can be safely neglected in studies of inclusive
multiplicities of identified hadrons in relativistic heavy ion
collisions, as we did in previous works.

For moments of multiplicity distributions of identified
hadrons, we have

SBI»=§B, 1+Z|:

S fa

Kp =Kp+EKp+3] )

(32)
3128N> + 30N 0,55 +30,Np 0,04 (aN)aN + 191,07
120Np. 1N, 0205, LN g, 0103, 1N 5,)(0, B) 120 g, Canton At Gy
25N3, 2o
|:8125N§’_ +8818N§i 82NB‘.4+ 126%}81N31. 32NB/. B 231NB,- 32NB2 +%3123%’_ :|Cf] . —|—O(N;2)
fik 25N, OB
34

Here, we have used 9, = N N and 0y, = W for abbrevi-
ation. Because higher order dontributions of quari< correlations
and fluctuations are usually suppressed by the factor 1/(Ny),
here we only show effects of second-order correlations and
fluctuations of quark numbers on the directly produced
baryons.

For two-body correlations of baryons and antibaryons, we
have

| _ _ B

Cap=Capt5 > 201Ny, Np+312CaplCy, 1, +O(N 7).
fi 2

(35

(

Here, the contribution of second-order quark correlations is
the same order as axﬂ, and they might cancel with each
other significantly. The influence of higher order contribu-
tions of quark correlations is about few percent at LHC
and is neglected here. As o = 8, we obtain Eq. (32),
which is also hardly influenced by higher order quark
correlations.

In the Appendix, we supplement the procedure of
obtaining the full expression of Egs. (32)-(35) up
to the four-body quark correlations for the readers’
convenience and for decay calculations in the next
section.
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C. Quark number correlations and fluctuations

We first determine the size of the quark system before
hadronization, which is consistent with that produced in
relativistic heavy ion collisions at LHC energy. By fitting the
rapidity density of hadronic yield in central Pb+Pb collisions
at \/syy = 2.76 TeV, we obtain (N,) = (Nz) = 1710 and
the strangeness content (Ny)/(N,) = (N;)/{(Ng) = 0.43 for
the quark system in unit rapidity window y, =1 in the
central rapidity region. We note that the obtained strangeness
suppression factor A; = (Ny)/(N,) = (N;)/(Ny) = 0.43 isin
agreement with the Wroblewski parameter calculated by lattice
QCD [34,35]. In the following sections, we use it as the default
size of the quark system. If a different y,, is selected, quark
numbers in the system are multiplied by factor y,, because we
always focus on the central rapidity plateau region y,, < 1.5
where the rapidity distribution of quark numbers is uniform.

For two-body correlation Cy,f, of quarks and antiquark,
using the charge conjugation symmetry and isospin symmetry
between u and d quarks for the quark system produced at LHC,
there are only eight relevant quark correlations, i.e.,

two variances C,,, = auz and Cs; = asz,
two pair correlations C,; and Cjs,

four off-diagonal correlations C,,4, Cys, C,7 and Cy;.

Variances of quark numbers are usually approximated to
follow Poisson statistics auz ~ (N,) and 03.2 ~ (Ny) for a ther-
malized quark system with grand canonical ensemble. Lattice
QCD calculations at vanishing chemical potential provide an
important constraint on the above quark correlations [36],
which show the weak off-diagonal flavor susceptibilities
of quark numbers x,,/xss = —0.05 and .4/ xuuw = —0.05
as temperature approaches the confinement phase bound-
ary. Here, xu5s = Cys + Cas — Cus — Cis = 2(Cys — Cyus), and
others are similarly defined. Because of the lack of further
theoretical constraints on those quark number correlations
at present, we have to adopt some symmetry approxima-
tions on quark correlations, i.e., C,5/Cys = Cyuq/Cua = M
and Cu,;/(ru2 = ng/a_? = A, where A; and A, are treated as
parameters of this work. The value of A, is smaller than
1 if we consider a slice of the quark system, e.g., the
mid-rapidity region, produced in heavy ion collisions. The
off-diagonal flavor correlations are usually expected to be
much smaller than variances of quark numbers. Inspired by
the weak off-diagonal flavor susceptibilities in lattice QCD
calculations, we assume C,;/C,, ~ 0.05 (correspondingly
A1 ~ 2.0) with some arbitrariness in this work to study effects
of the weak flavor off-diagonal quark correlations on baryon
and antibaryon production.

Since this work focuses on the baryon sector, we introduce
the total baryon number balance coefficient ,ogq) as one physical
characteristic of the quark system,

1
3Ch i 1 — Ay 1+ 24,
P& = Zfl-fz(z) M sy — 0.1 2 L+ . (36)
NB 1—)\,1 2+)"v

where indexes f, f> run over all flavors of quarks and N g’) =
%((Nu) + (Na) + (Ny)). Note that the factor 1/3 before Cy, ,

PHYSICAL REVIEW C 95, 014901 (2017)

denotes the balanced baryon number if f; and f; are correlated.
The second equality uses the above approximated quark
correlations. We also introduce the electric charge balance
coefficient of the quark system, which is defined as

1

@ -

pc = N fo min(Qy,,0) Cy 7 G7N
J1sJ2

where indexes fi, f» = u,d,5 run over all positively charged
quarks with electric charges Qy and Q,, respectively, and
N(C") = %(Z(Nu) + (Nj) + (N5)). The balanced charge for the
fif> pair is the minimum of their electric charges. The
above approximated quark two-body correlations guarantee
the correct boundary behavior of conserved charge for the
quark system; i.e., as A, goes to 1, both pg]) and p(cq)
go to 1. Using the measured charge balance function of
thermal particles in central Pb-+Pb collisions at \/syy = 2.76

TeV [37], we can roughly constrain pg’ ) of the quark system,

Yuw
P9 (y0) ~ / B(sm)den, (38)
0

if we expect a small change of the charge balance property of
the system during hadronization [38]. By pgl)(yw) we can fix
A, and other off-diagonal elements of two-body correlations
which are also dependent on y,,.

Three-body and four-body correlations of quarks and
antiquarks have relatively less influence on the physical
quantities of initial baryons in the previous subsection than
the two-body correlations of quark numbers. But they will
influence those of final baryons through resonance decays
(as shown in next section), so we need them also. Because
there are no theoretical calculations at present which we
can borrow, we take the following approximation for three-
body quark correlations: i.e., Cyrr = (SN}) = (Ny) and off-
diagonal correlations Cy, r, s, = 0, where fi, f2, and f3 are
different flavors. For four-body correlations, we approximate
them using two-body correlations

Crnri ® CanCrn+CrpCrpn+CrnCrip
+3851000Crpn 385 1855Ch 0
+385 58 00Cri g0 (39)
Cippn ® CipnCraut+CipCrp+CrrCrp
+957,187Cr frs (40)
Crnnts ® CanCrn+ CrpChpn+ CrnChy
+987, 7,811 C i e 4D
By this approximation, the kurtosis of net baryons has the

property K. Banze[ g = 1, which is suggested in ultrarelativis-

tic heavy ion collisions [11].

D. Numerical results of multiplicity moments
of identified baryons

Figure 5 shows moments of various identified baryons after
taking into account effects of quark number correlations and
fluctuations. The system size is taken to be the default value of
unit y,,. In order to clearly present effects of quark correlations
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FIG. 5. Moments of identified baryons after considering quark number fluctuations (QNF) and quark number flavor conservation (QFC)
with parameter X,. The value 1, = 0.91 is chosen to be consistent with the observed charge balance function of thermal particles in the unit

pseudorapidity window observed in Pb+Pb collisions at 2.76 TeV [37].

and fluctuations, the variance aiz, skewness S;, and kurtosis K;
of identified baryons are multiplied by factors 1/(N;), +/(N;),
and (N;), respectively, to make them the order of 1. Here, the
usage of (V;) as the scaling factor is due to its insensitivity
to correlations and fluctuations of quark numbers. We present
results caused by the quark combination process (marked by
“ini”), results including effects of quark number fluctuations
(marked by “ini+QNF”), and results further including effects
of quark flavor conservation (marked by “ini+QNF+4QFC”).
The last case is the physical result. The purpose of such a
presentation is to show the contributions of different sources
in the final physical results.

Solid circles in Fig. 5(a) are the variances of initial baryons
directly produced by hadronization. As discussed previously,
o?/(N;) of identified baryons, roughly following a binomial
distribution, is always smaller than 1 and usually decreases
with the increase of multiplicity or production weight. For
Q7 it is only 2% smaller than 1 while for protons it is
about 10% smaller. But there are several exceptions to such
a decreasing trend. For example, variance of AT is smaller
than its isospin partner AT although their multiplicities are
nearly the same. This is due to the effect of identical quark
flavors in baryon production encoded via coefficient A, in
their variance formula in Eq. (7). Others exceptions, including
those between & and X* and those between ¥t and A,
are due to the same reasons either in the strange or light
flavor sector. These properties are also observed in baryon
skewness, Fig. 5(b), and kurtosis, Fig. 5(c), with larger
amplitude.

Open circles show the baryon moments after considering
effects of quark number fluctuations. We can see that fluc-
tuations of quark numbers obviously increase the baryon’s
multiplicity fluctuations. o?/(N;) of various baryons exceeds
1. For the proton it is about 3% greater than 1 while for 2~
it also slightly exceeds 1. Skewness and kurtosis of baryons
are also greater than 1, and they are more sensitive to quark
number fluctuations; e.g., proton skewness increases about 5%
and kurtosis about 10%, respectively. The numerical reason for
such rapid increase, taking variance for example, is that quark
number fluctuations contribute to baryon variance mainly via

the Zf(am,/azvf)zo—; term in Eq. (32) but contribute to
baryon yield via the Y .(3°N,/dN7)o} term in Eq. (31),
which is much smaller than the former. We emphasize that
these results are not the final physical predictions of baryon
moments because we should always consider the effect of
flavor (or charge) conservation in the studied rapidity window
in the context of relativistic heavy ion collisions.

Solid up-triangles show baryon moments after considering
further effects of quark flavor conservation with parameter
Xy =091, as well as quark number fluctuations. Here the
value of parameter A, is chosen so that the electric charge

balance coefficient ,o(é]) of the quark system, according to
Eq. (38), is consistent with the measured charge balance
function in the unit pseudorapidity window in central Pb+Pb
collisions at /syy = 2.76 GeV [37]. The pair association of
quarks and antiquarks will facilitate meson production and
suppress baryon production. Comparing the open circles, we
therefore observe a significant decrease of proton variance,
skewness, and kurtosis. Such influence of flavor (or charge)
conservation has been studied in Ref. [39]. For baryons with
small multiplicities such as Q7 and E*, they are weakly
influenced by flavor conservation of quark numbers and their
moments are always almost 1. If we choose a smaller flavor
conservation parameter A, = 0.18, which corresponds to the
observed charge balance in small rapidity window y,, & 0.15,
we can observe almost unitary baryon moments, shown as star
symbols, which is similar to a Poisson distribution. However,
for such small y,,, particle exchange in the window boundary
due to the rapidity shift in hadronization, resonance decays,
and particle rescatterings is significant, and therefore the
statistic effect is dominant. The Poisson distribution is then
usually expected but the microscopic dynamics of hadron
production is lost at such small y,,.

E. Numerical results of two-baryon correlations

Figure 6 shows two-baryon multiplicity correlations after
considering effects of quark number fluctuations and corre-
lations. The system size is taken to be the default value of
unit y,. Solid circles show initial two-baryon correlations
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FIG. 6. Two-baryon multiplicity correlations after considering
the effects of quark number fluctuations (QNF) and quark flavor
conservation (QFC) just before hadronization. The labels for solid
circles are the same as those in Fig. 3.

due to the hadronization of a quark system with given quark
and antiquark numbers. They exhibit a sensitive dependence
on baryon species, as discussed in detail in Sec. III B. After
taking into account effects of quark number fluctuations, all
two-baryon correlations, open circles, flip sign and become a
positive and almost universal value. The positive value means
the production of two baryons is associated, which is because
both baryons jointly respond to the change of quark numbers
or that of antiquark numbers. This association is suppressed
and/or canceled by further taking into account the flavor
conservation of quark numbers. With small flavor conservation
parameter A, = 0.18, all two-baryon correlations, open up-
triangles, tend to be zero. With practical A, = 0.91 for unit
rapidity window size, we get the physical prediction of
two-baryon correlations shown as open squares. We see a
strong production anti-association between two baryons, and
interestingly we see a universal value for all two-baryon
correlations. This is a striking characteristic of two-baryon
production in QCM.

Figure 7 shows two-body correlations of stable baryons
p, A, E7, Q7 at different rapidity window sizes y,. In
order to closely relate to the experimental measurement at
specific y,, we have introduced the electric charge balance

coefficient of the quark system, pff“, defined in Eq. (37), and
we estimate its value by Eq. (38) using the data of the charge
balance function [37]. After obtaining the péq)(yw), we fix
the flavor conservation parameter A,(y,). The value of A,
as a function of y,, is shown as an auxiliary horizontal axis
on top of the figure. Note that the average quark numbers
of the quark system are also linearly changed with y,,. We
see a nonmonotonic behavior of two-baryon correlations with
respect to y,,, which is due to the competition between the
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FIG. 7. Rapidity window size dependence of two-baryon corre-
lations after taking into account effects of quark number correlations
and fluctuations before hadronization. The auxiliary horizontal axis
on top of the figure shows the corresponding value of flavor
conservation parameter A;.

changed flavor conservation and the changed quark numbers of
system. As y,, increases from 0.3 to 0.6, the flavor conservation
coefficient X, increases rapidly up to about 0.7, and this leads to
the increased anti-association between two baryons. However,
as y, continues to enlarge, the effect of increased flavor
conservation is overwhelmed by that of the increased quark
numbers, and we see a decreased anti-association between two
baryons. We also see that with the increased y,, the difference
between different two-baryon correlations decreases, and we
have an almost universal correlation magnitude for all two-
baryon correlations, as shown in Fig. 6.

F. Numerical results of baryon-antibaryon correlations

Figure 8 shows various baryon-antibaryon multiplicity
correlations after considering effects of quark number fluc-
tuations and correlations. The system size is taken to be the
default value of unit y,,. Solid circles show baryon-antibaryon
correlations for the hadronization of a quark system with
given quark and antiquark numbers. They exhibit a universal
behavior; see Sec. IIIC. After taking into account effects of
quark number fluctuations, all baryon-antibaryon correlations,
open circles, flip sign and become a negative and universal
value. The negative value means production of a baryon
and antibaryon is anti-associated. This is because that the
increase (decrease) of quark numbers will enhance (suppress)
the baryon formation and suppress (enhance) antibaryon
formation. It is contrary to the case of two-baryon production
discussed in the above subsection.

After further taking into account the flavor conservation
of quark numbers with parameter A, = 0.91, we get the
physical prediction of baryon-antibaryon correlations shown
as open squares in Fig. 8. We find that most baryon-antibaryon
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FIG. 8. Baryon-antibaryon multiplicity correlations after consid-
ering effects of quark number fluctuations (QNF) and quark flavor
conservation (QFC) with parameter A, = 0.91.

correlations return to the positive case, which means their
production is associated. In particular, hyperon-antihyperon
correlations, e.g., Q~ QT and Q™ E°, are much larger than pp
correlation. This suggests that strangeness conservation plays
an important role in hyperon-antihyperon joint production.
Surprisingly, in Fig. 8(b), some baryon-antibaryon pairs, e.g.,
pET, pQ*, have negative values. This is because these
baryon-antibaryon pairs do not involve, or involve to a
lesser degree, the matched uit, dd, s5 pairs, and thus flavor
conservation less directly constrains their joint production and
therefore the effect of quark number fluctuations is dominant.
With small flavor conservation parameter A, = 0.18, all
baryon-antibaryon correlations tend to zero (with maximum
deviation about 0.002) and we do not show them in Fig. 8 for
clarity.

In Fig. 9, we show the rapidity window size y,, dependence
of some baryon-antibaryon correlations. The relationship
between A, and y,, is the same as that in the above subsection.
We observe from panel (a) that C g+ is always negative at
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FIG. 9. The rapidity window size dependence of baryon-
antibaryon correlations after taking into account quark number
fluctuations and correlations just before hadronization. The auxiliary
horizontal axis on top of panel (b) shows the corresponding value of
flavor conservation parameter A;.

different y, and C,z+ is negative at small y, and tends to
zero with increasing y,, due to the increasing effect of flavor
conservation A,. For pp, AA correlations in Fig. 9(a), E-E7,
Q~Q* and other hyperon-antihyperon correlations in panel
(b) that largely involve the matched uii, dd, s5 pairs, they are
all positive under the influence of quark flavor conservation.
We also observe that as y, > 0.6, pp, AA, E-EF, Q- QF
correlations decrease with increasing y,,, which is because of
the increasing quark numbers (or system size).

V. DECAY EFFECTS

Multiplicity of final baryons observed in experiments
usually contains the decay contribution of unstable resonances.
In this section, we study the effect of resonance decays on
the multiplicity correlations and fluctuations of final stable
baryons. We first derive formulas of decay influence on stable
baryons and then show numerical results of stable baryons p,
A, E7,and Q2.
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A. Formulas of decay effects parent baryon i of number N; is taken to be the multino-

For baryon resonance i, its stable daughter baryons are de- mial dlsgrlbll;tlor; SUNg Ny Nes o L NidADia, D, Dic - - -}),
noted as a,b,c, . .. with decay branch ratios Dja, Dip, Dic . .., ~ Vhere Ny, Ny N, ... denote the numbers of decayed baryons
respectively. D;; is taken from PDG [40]. The joint a,b,c, ..., respectively. Recalling the joint distribution of

directly produced baryons in Sec. IV, we write the joint

multiplicity distribution of daughter baryons from the Y PRURHRA T
multiplicity distribution of stable baryons

F(Na,Np,Ne, ...) =Y PAN,, 1 NG ) (NG D T | Z FUANLNLNE A NADia D, Dics - ) | [T Swes wis
{Nh } i k=a,b,c,...
(42)
where index i runs over all kinds of directly produced baryons and & runs over all stable hadrons we study.
The inclusive yield of final-state identified baryons includes the linear superposition of resonance decays,

(Na) =Y Na F(Na,Np, N, ...)
{anNba--'}

=Y Pan ][] (Z f N’!Ni,ﬂ'a)> 2N
k

N/, i

= Z ( Y PUN LN, (Nqi)})Nka¢,>

Nh
= > (Ne)Dya. (43)
k

Note that we have used the abbreviation P({Ny,}) = P({Ny,}; {(N,,),(Ng,)}) for the joint distribution of directly produced
baryons, and we have written Dy, = 1 to obtain compact formulas. Similarly, we can calculate various moments of multiplicity
distributions of stable baryons as

(Ny)=">_ NI'F(Ng,Np,Ne,. )—ZP({Nh })H(Zf Nf,Ni,Dia)>(ZN§) :
{Na:Np,...} i k

and finally we have

02 = Con DD + Y (N} Dyl = D). )
Sa = O’ <k§:n Ckmn DkaDmaDna +3 Z Cmn Dma(l - ma)Dna + Z m ma(l ma)(l - 2Dm(l)> ’ (45)

Ka + 3= O'_;< Z Cmnkl Z)ma-Z)naZ)kaZ)la + 6 Z(Cmnk + an<Nm))-Z)ma(1 - Z)ma)Z)naZ)ka

m,n,k,l mnk

+ 4 Z Cmana(] - Dma)(l 2Z)ma)Z)na + 3 Z(Cmn + >< ))Z)ma(l ma)Dna(l - z)na)

+ Z(an)Dma(l - Dma)[l - 6Dma(1 - Dma)]) (46)

The average of the multiplicity product of two stable baryons is evaluated by

(NaNp) = D" NaNp F(Ng, Ny, N, . )—ZP({Nh })H( > r({ N,,{D,a,D,b}>(ZNf)<ZNg)

{Na.Np....} b NG NG
=Y PN, D[] ( > f( N;;},Ni,{@m,m})> ( S ONINEAY N;"N,T)
{Nhj} i {N; Nb m#n m=n
= Z(NmNn>DmaDnb - Z(Nm>DmaDmb (47)
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Substituting it into the definition of two-body correlation we
getfora # b

Cah = Z[Cmn - (Smn (Nm>] DmaDnb» (48)

m,n

which includes the coherent superposition of two resonance
correlations as well as the anti-association due to the possible
same parent resonance.

Following the spirit of Eq. (47), we obtain the three-body
correlation with different species Cp,,

Cabc = Z(Cmnk - ((Smk + 8nk)Cmn - amn ka

mnk

+ 26mn8nk (Nm>)DmaDankc’ (49)

and C,,. with one identical pair can be obtained by C,,. =
(Cabe)y—p + Cac, and the four-body correlation with different
species Cypeq by

Cabed = Z Conkl DinaDnp DicDya

mnkl

— > (Cot + Cu(Nu) Dl (@.b.c.d)
mkl

+ ) (Cot + (Na) (ND)D (@b d)
ml
+2) " Cu D (a.b.c.d)
ml
—6 (N} Dina Dy Die Dia. (50)

Here, D (@,b.¢.d)=DyaDuvDieDia+DinaDune DivDia
+DmaDmd@kbﬂlc+DmemchaDld+Dmemdeach+

DineDmaDiaDip denotes the summation over all possible
joint-decay probabilities for three resonances mkl into four
stable baryons, where the superscript (211) denotes that
one of the parent resonances has two decay channels to

two different stable baryons, respectively. Similarly, we
have D(Sl)(asb7C:d)ZDmaZ)memc-Dld+DmaDmemlec+

ml

—Z)maDmc-Z)mleb + Dme)ch)de)la and D(jf)(asb7c9d) =
DmaDmb-chDId+-DmaDmchbD1d+DmaDmlebch- Other
four-body correlations of stable baryons with one identical
pair, two identical pairs, and three identical species can be

obtained as follows:
Caabd = (Cabed)a=c + Caba + (Na)Cha, (51
Caaab = (Cabed)a=c=d + 3Caab + (3(Na) —2)Cap,  (52)
Caavp = (Caved)aec.b=d + Caab + Capy + (Na)oj
+ (Np)o; — Cap — (Na)(N). (53)

B. Numerical results of stable baryons

Figure 10 shows multiplicity moments of the final proton,
A, and E™ at different rapidity window sizes. Lines show
moments of baryons without including resonance decays.
Open symbols show results including weak decays, strong
decays, and electromagnetic decays. Solid symbols show
results including only strong and electromagnetic decays. We
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FIG. 10. Moments of final proton, A, and E~ at different rapidity
window sizes y,. The auxiliary horizontal axis on top of panel (a)
shows the corresponding value of flavor conservation parameter A,.
Lines show moments of baryons without including resonance decays.
Open symbols show results including weak decays, strong decays, and
electromagnetic decays. Solid symbols show results including only
strong and electromagnetic decays.

can see that, due to the large decay contribution to the final
proton and A, moments of the final proton and A, circle and
square symbols, are obviously smaller than those of initial
ones without including resonance decays, solid and dashed
lines, respectively. The decay contribution to E~ multiplicity
is relatively small, and we see that both weak decays and
strong and electromagnetic decays weakly influence moments
of 7. In contrast to significant y,, dependence of the moments
of proton and A, moments of E~ are only weakly decreasing
with increasing y,,, and the magnitudes are almost 1, which is
quite close to a Poisson distribution.

Figure 11 shows two-baryon correlations of the final
proton, A, 7, and 2~ at different rapidity window sizes.
Surprisingly, we see that they are almost unaffected by
resonance decays. However, we emphasize that the almost
unchanged quantities are relative correlations C;; /((N;)(N;)),
and for absolute correlations C;; they indeed change a lot.
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The nonmonotonic dependence of two-baryon correlations on
rapidity window size is also a striking behavior for future
experimental measurement.

Figure 12 shows baryon-antibaryon correlations of the
final proton, A, E~, and Q™ at different rapidity window
sizes. Open squares show results including only strong and
electromagnetic (S&EM) decays. Comparing to initial baryon-
antibaryon correlations without resonance decays (dashed
lines), we can see that all correlations except pp are almost
unaffected by S&EM decays. However, for baryon-antibaryon
correlations except 2~ EF and E~QT, after further including
weak decays, they (open circles) are significantly changed. In
addition, we observe that final pp, pA, pE* and pQ™ with
full decay contributions, open circles, have almost the same
correlations. This is because they all reflect such a baryon-
antibaryon production association; i.e., when an antibaryon,
either p, A, or E% is produced, a baryon of any species (via
final the proton) should be produced with a certain associated
probability to balance the baryon quantum number.

There are some striking properties in the above decay
calculations which are suitable for future experimental mea-
surement. First, - 2% and E- Q7 correlations are almost
unaffected by resonance decays. Second, pQ™ correlation
with only S&EM decays is negative, while that including weak
decays is positive at moderate and large rapidity window sizes.

PHYSICAL REVIEW C 95, 014901 (2017)

Third, final pA correlation changes sign around moderate
rapidity window size. Fourth, final pE* correlation with full
decay contribution is positive, while with only S&EM decays
it tends to zero at moderate and large y,,.

VI. SUMMARY AND DISCUSSION

We have studied dynamical multiplicity fluctuations and
correlations of identified baryons and antibaryons produced
by the hadronization of a bulk quark system in a quark combi-
nation model. We first developed a working model to discuss
the most basic dynamics of the quark combination which is
necessary for multiplicity study. Then, for the hadronization
of a quark system with given quark and antiquark numbers,
we derive moments (variance, skewness, and kurtosis) of
multiplicity distributions of produced baryons, two-baryon
multiplicity correlations, and baryon-antibaryon multiplicity
correlations. We obtain some interesting results about baryon
multiplicity as follows:

(1) Multiplicity moments of identified baryons exhibit the
behavior of a binomial distribution.

(2) Anti-association of two-baryon production is mainly
determined by the coinciding flavors of two baryons.

(3) All baryon-antibaryon correlations show a positive and
universal magnitude, which suggests that the joint
production of a baryon and antibaryon is mainly
constrained by baryon quantum number conservation
in combination.

These properties come from the basic dynamics of the quark
combination and, therefore, can be regarded as general features
of the quark combination mechanism.

We also take into account correlations and fluctuations of
quark numbers and antiquark numbers before hadronization
to study their effects on multiple production of baryons and
antibaryons. Supposing the weak off-diagonal flavor correla-
tions of quarks and antiquarks, we focus on effects of quark
number fluctuations and flavor conservation. In order to relate
the experimental measurement at specific rapidity window size
Yw, We use the charge balance function of thermal particles
measured in central Pb+-Pb collisions at \/syy = 2.76 TeV to
constrain the flavor conservation at different rapidity window
sizes. We calculate moments of inclusive baryon multiplicity,
two-baryon multiplicity correlations, and baryon-antibaryon
correlations at mid-rapidity with unit window size and at
different rapidity window sizes. Comparing with those results
directly from the quark combination, after including quark
number fluctuations and correlations we find

(1) Multiplicity moments of baryons deviate from bi-
nomial distribution, and at small flavor conservation
parameter we can observe the Poisson statistics.

(2) All two-baryon correlations at unit rapidity window
size tend to be a negative and universal value.

(3) Baryon-antibaryon correlations exhibit large species
difference. In particular, C,g+ is negative, showing
the anti-association between p and Q% production. At
moderate rapidity window size we observe the negative
sign of pE% correlation but at large window size
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FIG. 12. Baryon-antibaryon correlations at different rapidity window sizes y,,. The auxiliary horizontal axis on top of the panels shows
the corresponding value of flavor conservation parameter A,. Dashed lines show baryon-antibaryon correlations without including resonance
decays. Open circles show results including weak decays, strong decays, and electromagnetic decays. Open squares show results including

only strong and electromagnetic decays.

we observe the vanishing pE7 correlation. We also
observe the sign change of p A correlation at moderate
window size.

We also study the influence of resonance decays. We
separately calculate the above quantities including strong and
electromagnetic (S&EM) decays and those further including
weak decays. Our final results of stable baryons p, A, 27, and
2~ show several interesting properties as follows.

(1) Moments of final proton and A are obviously smaller
than those of directly produced baryons. However, the
scaled moments of final E~ are weakly influenced
by resonance decays and are close to a Poisson
distribution.

(2) Two-baryon correlations are hardly influenced by ei-
ther S&EM decays or weak decays. In addition, they are
dependent on rapidity window size in a nonmonotonic
way.

(3) Effects of resonance decays on baryon-antibaryon cor-
relations are sophisticated. E-E* and 2~ Q" correla-
tions are almost unaffected by S&EM and weak decays.
pQt correlation with only S&EM decays is negative,
while with weak decays it is positive at moderate and
large rapidity window sizes. pA correlation changes
sign around moderate rapidity window size.

They are striking phenomena which are suitable for the future
experimental measurement.

Some discussions related to experimental observation at
finite rapidity window size are in order. In Secs. III and IV,
we choose a quark system of specific size which corresponds
to a specific rapidity window of the quark system produced in
relativistic heavy ion collisions. Here we do not consider the
possible rapidity shift between (anti)quarks and the formed
(anti-)baryon, which may lead the produced baryons to fly out
of the studied window and baryons produced in other regions
to fly into this window. However, the effect of rapidity shift
in combination is quite small because of the following two
reasons. First, there is small discrepancy between the total
mass of three quarks and the mass of the formed baryon.
Note that we usually use the constituent quark mass in QCM,
i.e., m, ~ 330 MeV and m, ~ 500 MeV. Therefore, there is
no large rapidity shift in combination due to the mass (or
energy) mismatch between three neighboring quarks in phase
space and the baryon they form. Second, we apply the quark
combination rule as explained in Sec. II to longitudinal rapidity
direction to solve the unitary issue which is necessary for
multiplicity study. This approach has reproduced experimental
data of rapidity distributions of identified hadrons in relativistic
heavy ion collisions at different collisional energies. The ra-
pidity interval between neighboring quarks is only of the order
of 1073 due to the high quark number density d N /dy ~ 103 in
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ultrarelativistic heavy ion collisions. Therefore, rapidity shift
in baryon production is quite small and it hardly influences
results in this work. In Sec. V, we also neglect the rapidity
shift in resonance decays. Because the rapidity shift in baryon
decays is small (< 0.1), its influence is also expected to be
small.

J
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APPENDIX: DERIVATION OF EQS. (32)-(34)

Applying Eq. (30) and substituting the expansion

m n n 1 T 1 T 1
(NJ'Ng) = NINg + 3 > 0Ny Ny Crp, + 3 > 0sNIN Crpp + 2 > 0uuNIN; Crppig,
fifa Chhf

into the definition of multiplicity moments

o

(8N2) = (N2) — 4{8NZ)(Ny) — 6(N,)202 — (No)*

and two-body multiplicity correlation

Caﬁ = <NaNﬂ> - <Na)(Nﬁ)9

(ATD)
Chhff

02 = (N2) = (Na)?, (8N2) = (N2) = 3(No)o2 — (Na)?,

(A2)

o

(A3)

we can get the expressions of Egs. (32)—(34) up to two-body quark correlations. The complete expansions of Egs. (A2) and (A3)
up to four-body quark correlations are too long to be shown. In addition, direct calculations according to Egs. (A2) and (A3) are

numerically convenient.
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