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ABSTRACT

This dissertation presents a theoretical study of soft hadron production in relativistic
heavy-ion collisions. The aim is to explore the principles governing the hadroniza-
tion of the expanding quark-gluon plasma (QGP) fireball, and to understand its
properties. Strange hadron production and strangeness abundance in the QGP help
us to look before the instant of hadronization. Consideration of entropy and charm
production further enhances the reach back in time to the first instances of the
heavy ion collision.

Much of the ongoing effort is to demonstrate the validity of a QGP hadronization
model which describes the particle production data accurately and thus allows us to
carry out the above research program. We begin with performing a centrality depen-
dent study of multistrange hadrons from Au—Au collisions at /syy = 62.4 GeV,
data obtained at the Relativistic Heavy lon Collider (RHIC). We show that the
statistical hadronization model (SHM) well describes particle production in QGP
hadronization. For all centralities, the particle production conditions are compatible
with the earlier proposed critical hadronization pressure suggesting a set of universal
hadronization conditions of QGP.

Heavy-ion collisions at the Large Hadron Collider (LHC) present a new challenge
for SHM in describing particle production at TeV energy scales. We show that the
chemical non-equilibrium model gives a good description of the hadron production
in Pb-Pb collisions at y/syy = 2.76 TeV not only in central collisions, where the
equilibrium model struggled to describe the baryon to meson ratio, but consistently
as a function of centrality. Moreover, the model parameters, such as chemical freeze—
out temperature, assume expected values suggested by results from previous studies
at lower energies. The quark-gluon plasma fireball hadronizes at the same universal

hadronization conditions, that is a common critical pressure, entropy and energy



density.

At LHC energies, a significant amount of charm is expected to be produced in
the initial hard parton scattering processes. It is therefore crucial to incorporate
charm into the present description of particle production. We present a new tool,
an upgraded SHARE with CHARM program, that quantifies the effect of charm
on the yield of lighter hadrons and physical properties of the hadronizing fireball.
In addition to light flavors (u, d, s), SHARE with CHARM describes charm hadron
production and decays of charm hadrons. We observe, that according to present
experimental results, charm decays mainly affect the yields of multistrange particles.

This dissertation begins with an introduction to the particle production in heavy-
ion collisions and SHM framework, followed by a summary of results that are either
published or submitted to peer-reviewed journals and others which are published as
conference proceedings. Reprints of the publications are attached to the dissertation
as appendices. Each appendix is prefaced with a short summary of presented results,

and my contribution to these works is described.
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CHAPTER 1

QUARK-GLUON PLASMA IN THE LABORATORY

1.1 Particle production in heavy-ion collisions

1.1.1 Quark-gluon plasma — a new phase of matter

In matter around us, only colorless combinations of strongly interacting elementary
particles, quarks and gluons, are present. In the Early Universe, however, all matter
was sufficiently hot and dense so that quarks and gluons were free and formed a
new phase of matter we refer to as ‘quark-gluon plasma’ (QGP). The QGP has
been under active investigation in past decades [1]. Studying QGP in laboratory
experiments aims to answer fundamental questions about the structure of matter.
This requires exploration of collective phenomena of the strongly interacting medium
and understanding of the transition between this new QGP phase of matter and the
regular matter that emerges in a process called hadronization.

In heavy-ion collisions at relativistic energies, at first a dense partonic matter is
created. Such strongly interacting matter at high enough energy density dissolves
into a thermal gas of quarks and gluons, the state we refer to as quark-gluon plasma.
When left to expand and cool down, the quarks bind into colorless combinations
of three quarks (gqq) called baryons and quark-antiquark (¢q) states called mesons.
The process the quark-gluon plasma undergoes while freezing-out the color degree
of freedom is called ‘hadronization’. It has been of particular interest to many for
several decades and is to this dissertation as well. The description of hadronization
in strong coupling limit leads to phase space dominance model for particle pro-
duction. This statistical hadronization model (SHM) has been successfully used to

describe hadron production in high energy particle collisions, in particular heavy-ion
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Figure 1.1: Schematic heavy-ion col-

lision evolution.
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collisions, in conditions where we expect the
creation of quark-gluon plasma.

The main stages of such collisions are de-
picted in Figure 1.1. In the laboratory frame
of a collider experiment, the Lorentz con-
tracted ions collide. The initial hard par-
ton scattering is the dominant mechanism of
heavy (¢, b,t) quark production. A droplet of
QGP forms, thermalizes and expands. Dur-
ing the expansion and cool-down, light quarks
(u,d,s) are produced abundantly, and heavy
quarks are carried by the medium outwards
from the collision center. When the conditions
of the QGP fireball reach a critical point, the
fireball hadronizes. After this point, quarks
are present only in newly produced bound
states, hadrons.

The confinement of quarks and gluons in
hadrons is a phenomenon investigated in the
context of the theory of strong interactions,
quantum chromo-dynamics (QCD). It is not
the topic of this dissertation; however, quarks
and gluons interact in the QGP. Because the
coupling constant of QCD, ay, changes as a
function of energy scale in the interactions,
only at high momentum transfer (> 1 GeV)
is it small enough to allow the use of pertur-

bative theory methods. At low momentum
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transfer where hadronization takes place, the perturbative expansion does not ap-
ply. In the limit of strong coupling, we have to rely on phenomenological models,
such as SHM. SHM enables us to study and understand the properties of the QGP
fireball, the hadronization conditions at which the color degree of freedom freezes-
out, and the connection between the chemistry of the plasma and emerging hadrons

arises.

1.1.2 Statistical hadronization model

The statistical hadronization model aims to describe hadron production in heavy-ion
collisions given thermal parameters of the particle source, whether or not deconfine-
ment has been achieved. Given a set of common thermal parameters, hadronization
temperature T', system volume V' and chemical potentials u, the phase space of all
hadrons is populated. Below we present the essence of SHM, showing the neces-
sary steps to calculate the hadron yields using statistical methods. More detailed
description is presented in Section 2 of Appendix F and a thorough derivation can
be found in [2].

We work in grand-canonical limit when describing the phase space of produced

particles. Each hadron species ¢ is thus described in SHM by the distribution

1 +1  Fermi-Dirac distribution
ni =n; (B;) = = , 9S=4¢0 Boltzmann approximation
17 exp (Ei/T) + 8 —1 Bose-Einstein distribution.

(1.1)

where the hadron energy E; = /m? + p?, T is the temperature of the source, Y; is

the fugacity and S distinguishes the appropriate distribution for fermions, bosons
and Boltzmann approximation.

The introduction of the temperature 1" of the source means that we assume
produced particles to be in kinetic, often called ‘thermal’, equilibrium, but not

necessarily in chemical equilibrium. The fugacity T; describes the chemical potential
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of the i-th hadron based on its constituent quark content. The total fugacity of a
hadron i is a product of constituent quark (u, d, s, ¢) fugacities,
.= ] 7 (1.2)
f=u,d,s,c
Fugacity of each quark flavor YT, is usually further decomposed into a product of

two factors, the phase space occupancy v¢, and chemical potential factor As.

Ty =7pAs (1.3)

The fugacity factor A relates to quark chemical potential uy of each quark flavor f
as

Ap = et/T (1.4)

It can be shown that for anti-particles (anti-quarks), v; = 75 and A\ = )\]71 [2].

The simplest and most commonly used SHM approach assumes that all hadron
phase space populations reach an equilibrium abundance, which is equivalent to
fixing all 4’s to unity. The introduction of phase space occupancies 75 # 1 orig-
inates from the recognition that it takes considerable time to re-equilibrate flavor
abundance. In the scenario of very dynamical, sudden QGP hadronization [3],
the number of available quarks of each flavor to be distributed among final state
hadrons is given by the conditions in QGP at hadronization. Bearing in mind that
equilibrium abundance in the quark phase does not have to be the same as chemical
equilibrium abundance of valence quarks in the hadrons, we have to allow for the
chemical non-equilibrium. Note that if the hadron abundances were indeed in abso-
lute chemical equilibrium, this general approach allows the phase space occupancies
s to converge to unity. As we will show in Chapter 2, this is not the case.

The parameters ~y; controlling the number of ¢y, ¢ quark pairs of flavor f, as we
just explained, is responsible for what one calls, absolute chemical equilibrium. The
parameter As describes the relative chemical equilibrium, that is the difference of

quarks and anti-quarks gy —qy in the system. The effects of A and y are schematically
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Figure 1.2: Illustration of v and X\ controlling quark abundance. The phase space
occupancy v controls the population of quarks ¢ and antiquarks ¢ (left); the fugacity
factor A controls the ¢ — ¢ difference (right).

depicted in Figure 1.2. The phase space occupancy « describes the number of quark-
antiquark pairs present in the system, whereas A describes the difference between
the quarks and antiquarks of the same flavor [4].

For a hadron ¢ composed of N,, N4, Ny and N, up, down, strange and charm
quarks and Ny, Nz, N; and N; anti-quarks respectively, the fugacity can be expressed

as:

Ty = (Nt Na \NumNay (g HatNa\Na=Nay (o NotNa \Na=Ney (o NetNey\Ne=Ney (1 5)

Given the temperature 7" and fugacities of all flavors, the hadron yield in a given
volume V' can be calculated by integrating the distribution (Eq.1.1) over the phase
space: ,

d°p
) =4V [ Gt (1.6
where g; is the hadron spin degeneracy g = (2J + 1). For a massive particle, Eq.1.6

can be numerically evaluated to any desired precision when expressed as a series of
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modified Bessel functions of the second kind

(N;) = “";ng i <i1):3_1m (n;""ff(g (”?) . (1.7)

This is widely used in SHM implementations including the program we developed,
SHARE, which I upgraded with a CHARM calculation module, and tuned it for
LHC (see Appendix F), and which was used to produce the results presented.

As discussed so far, the observation of all particles of type i is required to deter-
mine the total volume V' at hadronization. However, we work with RHIC and LHC
results, which were obtained in mid-rapidity range. Thus we study d(N;)/dy and ac-
cordingly determine a volume parameter dV'/dy. This is a 3-dimensional freeze-out
hypersurface of the 4-dimensional domain generating particles within —0.5 < y < 0.5
domain. This dissertation does not relate dV'/dy to a geometric and/or dynamical
interpretation.

Once we obtain a set of statistical parameters dV/dy, T,~;, and \; from a best
fit to experimental data, we can evaluate within SHM all and any hadron yield and
the physical properties of the QGP at hadronization, the latter by summing the
contributions of all emerging hadrons carrying away the energy, entropy, and other

properties.

1.2 Strangeness and charm production and freeze-out

1.2.1 Origin of strangeness and charm

The colliding nuclei contain only a very small fraction of the second family quarks,
strange or charm. The dominant production mechanisms of these two flavors in
relativistic heavy-ion collisions are qualitatively different. Both flavors are produced
in pairs s + 5 and ¢ + ¢ in the early stage of a heavy-ion collision in hard parton
scattering. Upon thermalization, the initial fireball temperature is of the order

of 300 — 600 MeV [1], rapidly decreasing during the fireball expansion. There is
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a qualitative difference in the subsequent behavior of strange and charm quarks,
because during the evolution of the QGP fireball, its temperature falls between the
strange and charm quark mass m, < T9%" < m,, where T' = 140 MeV < TO¢F <
T2G", ~ 600 MeV.

initial

1. The strange quark mass of m, = 95 £ 5MeV/c? [5] is lower than the QGP
temperature. This allows a significant additional amount of strangeness to be
produced in thermal gluon fusion processes during the expansion of the fireball,
which greatly enhances the total yield of strangeness available at hadroniza-
tion [6]. QGP can achieve chemical equilibrium, which implies 75 > 1 in the

hadron phase.

2. Due to the high mass of charm flavor compared to the QGP laboratory temper-
ature , m, = 1275+ 25MeV /c? [5], virtually all charm is produced in the early
hard parton scattering processes. Depending on the total amount of charm
produced, or rather its density in the fireball, it can undergo re-annihilation
during the fireball expansion, as long as 7. > 1. In general, this is a slow
process compared to strangeness. We cannot expect charm to be in absolute
chemical equilibrium in QGP, and hence not in the hadron phase either. It is
therefore necessary to introduce the charm phase space occupancy factor 7.

which we expect to be 7. > 1 at hadronization.

One of the objectives of this dissertation is to quantify the effect of charm hadrons
production and decay on the final measured particle abundances and hence we focus
on the amount of charm present at the end of the fireball expansion, at hadroniza-
tion. We use as a measure of charm abundance the total charm, i.e., the number
of charm and anticharm quarks N, = (¢ + ¢) present at hadronization. Although
the charm is described by the equations introduced in Section 1.1.2 the same way
as the other flavors with . and ). as parameters, it is more intuitive to evaluate .

given the value of N, which thus becomes a model parameter.
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There are two reasons to allow a separate charm hadronization temperature

Tcharm :

1. Charm quarks may not completely follow the kinetic equilibrium within QGP

in the first pre-hadronization stage.

2. Due to their relatively large binding, charm hadrons can preform earlier in
the QGP and thus the final abundances is controlled by a higher chemical

freeze-out temperature T pam-

1.2.2 Statistical hadronization of charm

In the statistical model approach, the number of charm (and anticharm) quarks is
distributed among the charm hadron states according to the relative abundance of
other flavors present. Following the approach of [7], given N, and all other model

parameters, we solve for charm phase space occupancy .

(Nee) = Ve (Vg{NEL) 4+ 75 (ND) 4+ 2 (NEL) + Ysyg(NEL) 4+ 72 (NL))
+ 92 ((NED) + 7g(NeL) + s (Ns))
+ 2N, (1.8)

where (N/J

12(3)> is the statistical equilibrium yield of a meson with quark content ‘12’

or a baryon with quark content ‘123’.
As Figure 1.3 shows, the charm phase space occupancy 7. increases very rapidly
as 7. ~ 16N28 reaching 7. = 100 — 500 for the D meson data inspired range of

N and v, > 1000 for the scaling charm pair production cross section estimate.

1.2.3 Estimated charm abundance at RHIC and LHC

At the time of this dissertation preparation, the total charm cross-section of
doce/dy|y—o = 175 + 12 £ 23 ub has been measured at RHIC and has been shown

to scale with the number of binary collisions [9]. Multiplying the cross-section
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Figure 1.3: Charm phase space occupancy as a function of total charm N, present
at hadronization in 0-20% centrality Pb-Pb collisions at /syy = 2.76 TeV. In this
example, v, is computed using T pam = T
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with the number of binary collisions in a central Au-Au collision at 200 GeV
(Npin = 1012 £ 59 [10]) and normalizing by the total inelastic cross-section in pp
collisions, the estimated total charm abundance is

doliN /dy

chéHIC — Nbin— ~
do—fgtal/dy

8.6. (1.9)

Based on the statistical hadronization of charm with T ..., = T, the theoretical
D° meson yield we obtain is compatible with the experimental data dNpo/dy =
3.440.32 (stat.) +0.28 (syst.) [11] for 0-10% centrality Au-Au 200 GeV collisions, .

No charm hadron yield has yet been measured in heavy-ion collisions at LHC.
An estimate may be based on the incomplete p,-spectrum of D° meson [8], see Fig-
ure 1.4, where the low p; bins are yet to be resolved and the spectrum extrapolated
to p; = 0. We extrapolate the spectrum without the missing points to estimate a
range of D° yield dNpo/dy € (1.3,9.0). Considering the statistical hadronization of
charm, this corresponds to NMI¢ € (6,45), see corresponding domain of v, in Fig-
ure 1.3. From the charm production cross section measurement in pp collisions, the

estimated amount of charm produced in a central Pb—Pb collision at LHC is much
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Figure 1.4: Shaded area shows a domain of extrapolation of the DY meson p, -
spectrum from central Pb—Pb collisions at /syny = 2.76 TeV, data points measured
by the ALICE experiment [8].

higher, N,z = 246 4+ 154, where the large uncertainty originates in the uncertainty of
the total charm cross section. The relevant domain of v, is shown in Figure 1.3. It
is important to remember that the charm abundance estimate based on D° yield is
directly related to the charm yield at hadronization, whereas the theoretical based
calculation reflects the amount of charm produced in the initial stages of the colli-

sion. The discrepancy between the two may be due to the annihilation of c¢ pairs

during the fireball expansion.
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CHAPTER 2

PHYSICS OF STRANGENESS AND CHARM HADRONIZATION

This chapter summarizes results that are presented in detail in the appended pub-
lications, and which are referenced as appropriate throughout this chapter. The
presentation follows the time line of my research work and its publication of the

past years.

2.1 Hadron ratios as flavor probes

The QGP flavor content is imprinted on the hadron distribution. Strangeness rich
QGP leads to the production of more strange and even more multistrange particles.
One can describe all measured hadron yields fitting them with a complex multi-
parameter SHM model. However, as a first step, we choose a different simplified
approach (see Appendix A), in which we explore hadron production at RHIC at
VsnN = 62.4GeV testing in the process the consistency of SHM. Consideration of
specific ratios of hadrons rather than their individual yields removes the dependence

on most model parameters. Consider the following ratio:

E_ E—(ssd)?(ggd): V2 NA2ANY (dVe [(dV\ ! Tz, my)
¢\ o(s3) o(s3) oA \dy ) \dy e

=, f(T,mz, my). (2.1)

In this form, by taking a ratio of the same number of hadrons in the denomina-
tor and in the numerator, we remove the dependence on overall normalization; in
Eq. 2.1, the overall normalization is volume per unit rapidity dV/dy. Because both
hadron species originate from one QGP fireball source, dVz/dy = dV,/dy. Multi-

plying a particle with its antiparticle causes the fugacity factors (or equivalently the
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Figure 2.1: Hadron ratios at different heavy-ion experiments from SPS to LHC.

chemical potentials) to cancel. Finally, by choosing specific hadron species, we can
eliminate dependence on different powers of phase space occupancies; in Eq. 2.1, the
dependence on v, vanishes. The =/¢ ratio is then directly proportional to v, and a
function of the hadronization temperature 7" and the mass of = and ¢. Note that
the yield of = is a sum of the = and higher mass resonances with the same quark
content with =Z(1530)~ as the second most significant contribution. Looking at this
ratio as a function of reaction energy and centrality enables us to study primarily the
model parameter, 7,, and to some degree 7', independently of the other parameters,
dV/dy, s, As, Ag, as is indicated in the second form of Eq. 2.1.

Data shown in Figure 2.1 from various heavy-ion experiments ranging from GeV
to TeV energies demonstrate that =/¢ as defined by Eq. 2.1 is constant over the
whole range of energy, and at different centralities. This implies that v, and T’
describing all these data sets will be similar. The remarkable universality of the
E/¢ ratio also validates the SHM model. A different result is obtained from the

study of ratios proportional to 7, which change significantly even at one energy,
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e.g., 62.4 GeV, but different centralities. This implies the need for strangeness
phase space occupancy 7, as a strongly variable model parameter. This result is

obtained by considering the ratio of

=/K = \/ i{_f‘zzg ?{_((gjg)) X e, (2.2)

which increases by 50% for RHIC 62.4 GeV as a function of centrality. Even more
pronounced functional dependence (factor of 2) is observed in Figure 2.1 for ratios

proportional to 72, such as

=/ = \/ = (ssd) 5 (55d) 92 (2.3)

7wt (ud) 7 (du) Yy

where 7, is fixed to a common value by the constant =/¢ ratio. This implies that
strangeness reaches different levels of equilibration depending on the available colli-
sion energy and the reaction volume size (and therefore lifespan) of the QGP fireball.
With a clear need for v4 for proper description of hadron production in heavy-ion
collisions, we effectively ruled out the chemical equilibrium model with all v’s fixed
to unity. We established not only on a theoretical, but now also on an experimental
basis, that strangeness is not chemically equilibrated in the observed hadron yields.
This result confirms and extends the first analysis of relativistic heavy-ion collision

experimental data based on the SHM principles [12].

2.2 Strangeness overabundance and hadronization conditions at RHIC

Considering all the available data from Au-Au collisions at \/syy = 62.4 GeV [13],
we have enough constraints to perform a global fit to these data within the SHM
framework. In Appendix B, we perform a detailed analysis using the yield of
75 KT K% p ¢, A, A,=F and QF as a function of centrality. We use the number
of participating nucleons Nypart as a measure of centrality characterizing the impact

factor of the collision, see Ref. [14] for centrality measure overview. We overcome



23

the problem of the data reported in incompatible centrality bins by interpolating
each hadron species with a power law in the form

sz (anart)

b;
dy = a; anart + ¢, (24)

where the parameters a;, b;, ¢; are fitted to best describe the centrality dependence
of particle 7. This very precise empirical description enables us to perform an SHM
fit to all the particle species for arbitrary centrality.

It is noteworthy that the publication of experimental multistrange particle
data [13] included a semi-equilibrium fit to the data, constrained however by
vs < 1,7, = 1. Our analysis with the semi-equilibrium model (fixed v, = 1) of the
same data set and unconstrained parameter 7, values leads to compatible results
only for peripheral collisions, where ~, converges to values below unity. For central,
head-on collisions, the measured strange hadron yields correspond to vy > 1, an
overpopulated strangeness phase space. The hadronization temperature assuming
semi-equilibrium approach converges to 7™ ~ 160 MeV.

When we release the light quark phase space occupancy 7, and fit the data
within the non-equilibrium model, we find that the light quark phase space is also
overpopulated. This is described by the centrality independent value v, >~ 1.6. The
centrality independence is expected from the analysis of the =Z/¢ ratio shown in the
previous Section 2.1, assuming that the hadronization temperature 7' is constant. In
full non-equilibrium model, strangeness is even further from the absolute equilibrium
value reaching v, = 2.2 for the most central collisions.

Another very important aspect of the SHM fit shown is the opportunity we have
to examine the physical properties of the bulk at hadronization. We expect the
same hadronization conditions of the bulk irrespective of the relativistic heavy-ion
collision origin and experimental setup leading to the QGP fireball, e.g., determining
the volume and the initial collision energy. The physical properties of the bulk,

the energy density e, the pressure P, and the entropy density o are of particular
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interest in the the study of QGP hadronization. All three vary significantly as a
function of centrality in the semi-equilibrium model, whereas in the chemical non-
equilibrium approach these bulk properties are virtually constant for all centralities.
This result strongly supports the non-equilibrium SHM variant within the context of
the universal QGP hadronization conditions hypothesis. We cannot exclude fitting
the RHIC 62 GeV data with the semi-equilibrium model based on the fit quality, as
the large data uncertainties are tolerant enough to accommodate v, = 1. However,
the non-equilibrium is clearly preferred on physics grounds; it leads to compatible
physical properties of different size fireballs at break-up.

A critical hadronization pressure P = 82 MeV/ fm® has been proposed for heavy-
ion collisions at SPS energies [15]. We find the same hadronization pressure for
all centralities within the non-equilibrium SHM fit at a CM energy almost 4 times
higher than the top SPS energy and for fireballs spanning more than an order of
magnitude in reaction volume. This suggests that the intensive bulk properties we
evaluated for this system: critical hadronization pressure P = 82 MeV/ fm®, energy
density ¢ = 0.50 GeV/fm?’, and entropy density ¢ = 3.3fm™>, are in fact nearly

universal hadronization conditions for QGP created in heavy-ion collisions.

2.3 Hadronization at LHC

2.3.1 Does SHM describe particle production at LHC?

A naive semi-equilibrium SHM fit has been presented together with the preliminary
data from 0-20% central Pb-Pb collisions at /sy = 2.76 TeV measured by the
ALICE experiment [16]. The ALICE experiment has higher precision tracking than
RHIC, which leads to smaller experimental data uncertainties. The simple fit pre-
sented in [16] yields inconsistencies when fitting different hadron species, creating
the impression in the community that SHM does not work at LHC. This impression

was caused by the constrained v, < 1,7, = 1 semi-equilibrium model, which does
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not agree (as it does at RHIC) with all particle production data from heavy-ion
collision at LHC energy. The largest reported inconsistency is the ratio of protons
to pions p/m. Recalling the method from Section 2.1, we see that according to the
quark content, this ratio has to be proportional to p/m o 7,. In Appendix C, we suc-
cessfully fit the same data as in [16], applying the non-equilibrium SHM that allows
7, to vary, permitting also 75 > 1. The correct experimental value of p/7 ratio is a
natural outcome of the fit with a value of vy, ~ 1.6, as predicted in [17]. Similarly to
RHIC results confirming the need for 45 > 1, at this point the LHC results require
both 7, > 1 and 7, > 1 . Moreover, as Figure 2.2 shows, the non-equilibrium model
accurately describes all hadron production from central to peripheral collisions that
is over 5 orders of magnitude in their yields, where the most variable parameters as
a function of centrality are the normalization dV/dy and strangeness phase space
OCCUpancy s.

We complement the preliminary data from the central Pb—Pb collisions with
centrality dependent yields of 7%, K* and p* from [18] and ratios ¢/K, A/7 and
K% /K~ from [19]. We perform a centrality dependent analysis with a focus on the
hadronization conditions at an energy 45 times higher than RHIC 62, the previous
system we analyzed. In order to unify the centrality binning, we use four centrality
bins in which K% /K~ is reported. We match the other data by taking the average
of two neighboring points.

This centrality analysis reveals that the main difference from RHIC 62 is a 4
times larger volume of the hadronizing fireball, see Figure 2.5 below. Hadronization
temperature 7" is found to be a few MeV lower for most central collisions; baryochem-
ical potential is difficult to quantify, but is of the order of 1 MeV. The strangeness
phase space, while showing a large overpopulation, is 20% lower than expected based
on RHIC 200 results analysis and extrapolation [17]. Those results suggest a long
lifespan of the fireball created at LHC, allowing strangeness to annihilate to a lower

final abundance. The intensive properties at freeze-out are very similar to those
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Figure 2.2: Non-equilibrium SHM fit to experimental data from 0-5% and 70—
80% centrality Pb-Pb collisions at /syy = 2.76 TeV measured by the ALICE
experiment. Note that the model describes particle yields from dN/dy ~ 1000 to

dAN/dy ~ 0.01.

at RHIC: pressure P = 82 + 8MeV/fm3, energy density € = 0.50 £ 0.05 GeV and
entropy density o = 3.3540.30 fm~®. This result confirms the existence of universal

hadronization conditions of the QGP fireball, which we introduced in the previous

Section 2.2 and Appendix B.
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Figure 2.3: The entropy yield at LHC and RHIC as a function of centrality. The
black dotted line shows a linear growth, which is to be compared with the top LHC
line.

In Figure 2.3 we show an unexpected behavior of the entropy content of the
fireball. The entropy yield of the QGP fireball at LHC increases more steeply
with the number of participants than the linear behavior seen at RHIC 62, which
implies an additional entropy production mechanism proportional to centrality of
the collision. At the present time, we suspect charm re-annihilation in the QGP
and charm decays after hadronization to be the extra omitted entropy production
mechanism, a phenomenon we plan to explore as an application of SHARE with

CHARM program we developed, see Appendix F.
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Figure 2.4: Statistical significance profile of the best fit to data from Pb—Pb collisions
at \/syv = 2.76 TeV as a function of v, for all studied centrality bins.

2.3.2 Centrality independence and chemical equilibrium of light quarks

In Appendix D, we present a detailed comprehensive centrality dependent analysis
of hadron production in Pb—Pb collisions from LHC. We complement the data set
used in the first analysis presented in Appendix C with multistrange baryons = and
) and unify centrality binning using the interpolation method developed for RHIC
data analysis discussed earlier in Section 2.2. This enables us to perform a detailed
non-equilibrium SHM analysis in 9 centrality bins and to discuss and reject the
alternative models.

We thoroughly compare fits to the data with three SHM equilibrium variants;
equilibrium (y5 = v, = 1), semi-equilibrium (vs # 1,7, = 1), and non-equilibrium
(7s # 1,7, # 1). Recall that the equilibrium model has been proven inapplicable al-
ready at RHIC energies. The more precise LHC data clearly prefers non-equilibrium
with v, ~ 1.6 , as we expect based on the constant =/¢ ratio, which keeps the same

value at RHIC and LHC, see Figure 2.1. We show the necessity of v, > 1 by eval-
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uating the statistical significance profile as a function of «, shown in Figure 2.4.
This result clearly shows; first, that v, = 1 has no special meaning for the model
and has the lowest confidence level; and second, that the highest confidence level

corresponds to the value of 7, near its critical value of Bose-Einstein condensation

of ¥ defined by

crit __ Myo
Vg = exp ( 5T ) . (2.5)

The only qualitatively different behavior is the most peripheral bin we analyze, 70—
80% (Nupart = 16), for which the x? of the fit is more tolerant to v, < 1.6. One can
infer that in peripheral collisions, for example, surface contribution could play an
important role [20].

With prescribed 7, = 1, the total x? of the fit increases by a factor of 4 as
compared to vy, ~ 1.63, confirming the need for 7, as a free model parameter.
Although one can argue that adding a free parameter to a model automatically
improves fit to the data, it is noteworthy that releasing only 7, does not improve
the fit decisively, as does releasing and fitting v, and vs. On the other hand, we
have already presented arguments based on the study of particle ratios that v, # 1,
see Section 2.1 and Appendix A. We thus conclude that v, # 1 is required as well.

We further exclude models in which the hadron abundance evolve strongly after
hadronization (for example the annihilation process p+p — pions) on the grounds of
wrong centrality dependence. We find that equilibrium SHM complemented by such
‘afterburner’ does not describe the data adequately. The main challenge of this effort
has been the measured ratio of p/m = 0.046 compared to the factor of 1.5—1.9 larger
value predicted by the equilibrium SHM [21], which could be reduced via the pp
annihilation. Although the posthadronization interactions can explain this isolated
data point in central collisions, they have two huge challenges to overcome before
becoming a viable model. First, the annihilation interactions are highly centrality
dependent; the ratio increases to p/m = 0.058 already in 20-30% (Nppart = 186)

centrality bin [22], which is in contradiction by 3 standard deviations with the
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Figure 2.5: SHM parameters obtained by fitting the data from Pb—Pb collisions at
VSnn = 2.76 TeV from LHC (Appendix D) compared to RHIC 62 (Appendix B).
Volume normalized to number of participants in panel (a), freeze-out temperature
T in panel (b), light quark phase space occupancy 7, in panel (¢) and strangeness
phase space occupancy 7, in panel (d).

experimentally measured centrality independent p/m ratio. Second, while solving
the ‘proton anomaly’ with baryon-antibaryon annihilation, the posthadronization
interactions cause a new anomaly in the equilibrium model value of = yield, which
is depleted by these interactions disagreeing further with the experimental data.
Having excluded other model approaches, we return to elaborate on the results
of SHM non-equilibrium analysis. In Figure 2.5, we show a comparison of centrality
dependent non-equilibrium SHM parameters for LHC and RHIC62. Panel (a) shows

the volume per unit rapidity normalized to the number of participating nucleons
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Figure 2.6: Physical bulk properties of the hadronizing QGP fireball from RHIC62
and LHC, critical pressure P, energy density €, and entropy density o, as a function
of centrality.

(dV/dy)/Nupart; we note the rise with centrality. The freeze-out temperature T
(panel (b) of Figure 2.5) is very close in the two environments, RHIC and LHC.
We observe a temperature drop of a few MeV, which we associate with deeper
supercooling of a more dynamically expanding fireball at the LHC energy. However,
it is possible that systematic differences in detector properties (ALICE vs. STAR)
are the origin of this difference, which is within the fit error. The light quark
phase space occupancy 7, (panel (c) of Figure 2.5) saturates earlier, i.e., for more
peripheral systems at LHC. The strangeness reaches a steady level of equilibration
for relatively small systems (Nypart 2 50), as seen in the value of the strangeness
phase space occupancy vs — 2.

As data in Figure 2.1 show, hadron ratios proportional to 7, are also almost
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constant at LHC compared to lower energy experiments. This behavior is consistent
with the resulting chemical parameters of the SHM fit; in particular the strangeness
phase space saturates at 7, ~ 2 already for rather peripheral collision, Nypart > 50,
see Figure 2.5(d). This shows that the high initial energy density fireball (increasing
greatly the final volume V') lives sufficiently long for strangeness to establish a stable
chemical equilibrium in the QGP. This QGP equilibrium of strangeness implies
chemical non-equilibrium of produced hadrons [2].

In Appendix D, we further evaluate the physical bulk properties of the QGP
fireball at LHC and compare them to our previous results from RHIC. New ad-
ditional data and finer centrality binning are compatible with results also shown
in Appendix C further confirming the conclusion that quark-gluon plasma created
in heavy-ion collisions at TeV energies hadronizes at nearly the same universal

hadronization conditions as at RHIC (and therefore also SPS), see Figure 2.6.

2.3.3 Fit stability, omitted resonances and strange quark mass at hadronization

In Appendix E, we study new ALICE data and the physical stability of our fit,
and therefore the physics reliability, of the chemical non-equilibrium SHM fits, that
we presented above and in Appendices C and D. We first confirm that the newly
published final data of K2, A,Z and Q agree practically exactly with our presented
interpolations and estimates. Furthermore, we perform a fit with finite hadron
resonance widths, which in general can cause a shift in computed particle yields due
to resonances being created more abundantly below their central mass. We find the
calculation with and without finite widths to be virtually the same, except for an
overall normalization change which is compatible within the fit errors of our earlier
work.

Detailed inspection of the individual fitted data points reveals that the only
systematic difference between the model and the experimental yield is for A (e.g.,

A = 17 4+ 2 in the 10-20% centrality bin) which is systematically underpredicted:
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the model value is a little over 1 standard deviation below the experimental point
for all centralities. This may mean that the deviation is due to a systematic cen-
trality independent omission in our model. We explore the Particle Data Book [5]
seeking a 2-star (**) resonance that, upon inclusion in the SHARE particle list,
could serve as a significant source of A. We identify »(1560) as a potential can-
didate. The charged states ¥(1560)* have been observed with 60 signal; however,
the neutral state ¥(1560)° has not been confirmed by an independent experiment.
This resonance has only one decay channel 3(1560) _100% , Am; it is light enough
and likely has spin 3/, so it could be produced abundantly enough to provide the
missing source of A. After including the 3(1560) and its decay in the particle list,
the subsequent SHM fit converges to the same SHM parameter values. The only
change is a significantly lower x?, because the A yield is now fitted within 1/, stan-
dard deviation below the experimental point, and thus contributes significantly less
towards the total y2.

After establishing the fit compatibility with the new final data and fit stability
against finite resonance width, and against an addition to the hadron mass spectrum,
we turn to address strangeness conservation during a sudden hadronization process.
We evaluate the observed strangeness in hadrons and match it to the strangeness in

QGP. We offer two possible extreme scenarios:

1. Strangeness is chemically equilibrated in the QGP created in central collisions.
This, however, requires the strange quark to acquire an effective mass of my =

299 MeV /.

2. Strange quark has its PDG mass m, = 140 MeV /c? (at the relevant scale p ~
27T = 0.9 GeV) and strangeness phase space in the QGP is undersaturated
with v2¢F = 0.77.

Further analysis may bring these two scenarios together by, e.g., incorporation of

QCD many body interactions and/or longitudinal expansion strangeness dilution.
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2.4 Charm production and hadronization

With a large yield of charm expected in heavy-ion collisions at LHC, hadroniza-
tion of charm becomes a new necessary feature to be accounted for in the SHM.
For this purpose, we developed and present a tool in Appendix F: SHARE
with CHARM. It builds on the success of its predecessors, SHAREv1 [23] and
SHAREv2 [24]. SHARE was developed at the Department of Physics of the Uni-
versity of Arizona in collaboration with Cracow and Montreal. The first release,
SHAREv1 [23], introduced hadron yields and yield calculations for the light (u, d, s)
quarks. SHAREv2 [24] added calculation of event-by-event fluctuations and has
been widely used within the community as a tool for many publication results.
SHARE with CHARM (SHAREv3) described in Appendix F now enhances the
powerful implementation of SHM with charm capabilities and provides an effective
tool for SHM studies of particle production in the LHC era. The program is publicly
available at http://www.physics.arizona.edu/~gtshare/SHARE/share.html for
download together with operation instructions. For the SHARE with CHARM web-
site screenshot, see Figure 2.7.

SHARE with CHARM is designed to address the following questions:

e What number of charm quarks is present at hadronization?

e [s charm hadron production in heavy-ion collisions described by SHM?

e Does charm freeze-out at the same temperature as other hadrons?

e Are the physical properties of the hadronizing fireball affected by a non-

negligible amount of charm present at hadronization?

SHARE with CHARM will help to answer all of the above questions once charm
hadron yield data from heavy-ion collisions at LHC become available. Currently,
we have implemented in the program all 3-star (***) and 4-star (****) hadrons
and resonances, we also included states that were not yet confirmed experimentally,

but must exist for symmetry reasons of the quark model, such as Q1 a bound
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state of three charm quarks (ccc). Creating a charm hadron decay table is an even
more challenging task. Considering the high number (a few hundred in some cases)
of decay channels with comparable branching ratios, we have to include all decay
channels with a relative branching ratio over 107*, sometimes 10~°, when no domi-
nant channel is present. Oftentimes, due to their high mass, charm hadrons decay
into four, five or more daughter particles. For many of the decay final multiparticle
states, an isospin symmetric decay product state may not have been observed, be-
cause some of them are very challenging to measure experimentally. We add these
into the charm decay tree, as they are the most likely candidates of unobserved
decay channels allowing the sum of branching ratios to add to one.

As an example of this procedure, consider one of the dominant and measured

decay channels of AT:
A — pK%7°  BR=(33+£1.0%. (2.6)

We add in the decay table a channel symmetric to this one with the same branching
ratio

A —nKo%T  BR=(3.3+1.0)%, (2.7)

even though this channel was not experimentally observed. The decay channels
added by hand and the relatively large uncertainties of the branching ratios introduce
an intrinsic uncertainty into our CHARM module, which is therefore subject to
future refinement as more precise data inputs become available in the future PDG

releases and as additional theoretical constraints are recognized.
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The new input files and the external CHARM program module are responsible
for charm hadron yields calculation based on the thermal parameters set by SHARE.
The two parameters specific to charm are: the total number of charm and anticharm
quarks N, = c+ ¢; and the ratio of charm hadronization temperature to the freeze-
out temperature of light hadrons Tiyam /7. The CHARM module then calculates
the charm feed-down into hadron yields, solves for v, and feeds all information back
into SHARE for subsequent calculations.

In Appendix G, we present the immediate effects of charm hadronization for a
range of produced charm N, based on the estimates described above in Section 1.2.3.
In central Au-Au collisions at \/syy = 200 GeV at RHIC, there is relatively little
charm, N = 8.6. We find the effect on SHM fit with charm is small at RHIC in
terms of modification of both final fit parameters and physical bulk properties of the
hadronizing fireball. The effect is well within the experimental errors of the data
available for this system.

For LHC, we base our study on the two charm production estimates mentioned
in Section 1.2.3; that is the charm production cross section scaling indicating Nz =
2464154 (large error due to pp charm cross section uncertainty), and the incomplete
D meson p,-spectrum consistent with N, = 10 — 60. During this study, we fit
the non-charm hadron data from LHC used in our previous work (see Appendix D),
while prescribing a fixed amount of charm in the range of N, € (0,400). This way
we cover the range of charm production up to the forthcoming energy upgrade of
LHC. In this preliminary exploration, we kept the charm hadronization temperature
equal to that of other hadrons.

The charm hadron feed-down represents, in general, a different pattern of hadron
species production. We test if the non-charm data from LHC, which we collected
for Appendix D, constrain the charm abundance through the charm decay pattern.
For each centrality we calculated a y? profile in N.. As a result, we obtain a

range of compatible N, for each centrality that does not contradict the non-charm
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Figure 2.8: x? profile of fits to non-charm data from Pb-Pb collisions at \/syy =
2.76 TeV from LHC (analyzed in Appendix D) as a function of total charm present
at hadronization N = ¢ + ¢C.

hadron data, see Figure 2.8. For instance, in the 50-60% centrality bin, N < 50 is
compatible with the data; whereas the more peripheral bin 60-70% suggests a tighter
limit, N, < 25. However, no clear minima of the x? function in the compatible N
ranges are observed. We conclude that in absence of a directly measured charm
hadron yield, charm decay hadron yields impose only a weak constraint on the total
amount of charm, and that future data are likely to be compatible with our current
SHM results.

We observe that charm hadron yields scale with N;. While D°(cu) meson scales
almost linearly, the yield of, for instance, =1 (ccu) is proportional to NZ. Recalling
that a yield is proportional to one power of ; for every constituent (anti)quark
of flavor f, we can attribute this proportionality to 7. assuming large values, and

thus playing a dominant role in charm hadron yield calculation. The yields of single
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charm hadrons are well described within our framework irrespective of the Ty amm
value. This effect is further discussed below, see also Figure 2.9. A more complete
test of SHM with charm comes when several multicharm hadrons will have been
measured.

Further, we reach the same conclusion as [7], that charm decays can be a sig-
nificant source of multistrange particles. This is primarily caused by the enhanced
strangeness present in the fireball at hadronization making it very likely for a charm
quark to bind to a strange quark, thus enhancing relative yield of hadrons containing
a combination of ¢s (anti)quarks, e.g., ¢s, or csq. Charm quark in most cases decays
weakly into a strange quark (by emitting a W) hence creating a multistrange par-
ticle. On an example of =~ (ssd), we show that already for N ~ 30 (15 c¢ pairs),
charm feed-down contribution to the yield of =~ is of the same order of magnitude as
the experimental uncertainty of the yield measurement, in this case 7%. Therefore,
even a very conservative estimate of charm abundance at hadronization makes a
significant contribution to the yield of multistrange particles, namely Z(ssq), ¢(s5),
and €2(sss).

We also evaluated the physical bulk properties in the presence of charm and we
observed a slow decrease as N,z increases, with charm decays serving as an extra
source of particles replacing direct contribution. However, the magnitude of this de-
crease is found to be insignificant compared to other sources of uncertainties of the
fireball physical properties. We have checked that including charm in the SHM cal-
culation does not contradict our previously established universality of hadronization
conditions.

Without availability of experimental charm yield data, we used a fake charm
hadron data point to ensure proper program operation and to test N, sensitivity.
With dNpo/dy =5+ 1, SHARE with CHARM successfully converges to a value of
N, ~ 21.5 for various initial parameter values, which implies stable behavior. We

further explore the D yield sensitivity to the charm freeze-out temperature 7eharm
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Figure 2.9: D° yield as a function of charm abundance at hadronization Nz, and
ratio of charm hadronization temperature to that of other flavors Tepam /7. Solid
lines on the surface depict constant yield of DP.

and the total charm N in Figure 2.9. We can see that the higher hadronization
temperature is at a given Nz, the lower is the yield of D°. This is so since the relative
abundance of heavier multicharm hadrons increases with an increase in T pamm.

We believe that the new tool, SHARE with CHARM, offers comprehensive anal-
ysis of hadron production and properties of quark-gluon plasma at hadronization in
contemporary heavy-ion collision experiments including the forthcoming LHC up-
grade. It offers an easy to use, yet very flexible implementation of the statistical
hadronization model including u, d, s and now ¢ quark content. We expect SHARE
with CHARM being used extensively in the coming years as charm hadron yield data
from LHC should soon become available. At the time of writing this dissertation the
most important result obtained with SHARE with CHARM is that universality of

hadronization conditions is not affected by the charm feed into hadron abundances.
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CHAPTER 3

SUMMARY AND FUTURE PLANS

In research leading to this dissertation, we studied particle production from quark-
gluon plasma hadronization within the statistical hadronization model. Multi-
strange particle ratios, such as Z/¢, are effective probes of the quark chemistry
of the hadronizing fireball imprinted in the measured hadron yields. SHM is con-
firmed by that =/¢ ratio is a constant in many heavy-ion collision experiments for
a wide range of collision energy and centrality. Variation of other ratios we showed
implies different level of strangeness equilibration achieved during the fireball expan-
sion, thus confirming chemical non-equilibrium variant of SHM as the only viable
model of hadron production in relativistic heavy-ion collisions.

Fitting data from RHIC 62 within the statistical hadronization model framework
with ~, as a free parameter reveals that strangeness phase space is overpopulated in
most central collisions. Due to the large uncertainties of hadron data we cannot ex-
clude the semi-equilibrium model (fixed 7, = 1) based alone on the fit quality, even
though the fit clearly prefers the non-equilibrium, where for all centralities, -y, con-
verges to a value near condensation of 7°, 4, ~ 1.6, and the fireball hadronizes at a
temperature of T'= 140 MeV. However, the non-equilibrium SHM approach results
in the same hadronization conditions as previously observed at high energy SPS col-
lision, suggesting both universal hadronization conditions of QGP and applicability
of non-equilibrium SHM.

Analysis of preliminary data from Pb-Pb collisions at /syx = 2.76 TeV reported
by the ALICE experiment at LHC confirms the hypothesis of universal hadronization
conditions. We find that at the 45 times higher energy than the previously studied

system at RHIC 62, the quark-gluon plasma created in heavy-ion collisions freezes-
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out at the same universal hadronization conditions. This result holds also as a
function of collision centrality.

Detailed analysis of the full set of data shows that at LHC energy, the experi-
mental p/m ratio can be described by our non-equilibrium SHM variant. LHC data
is precise enough to confirm the necessity of including the light quark phase space
occupancy 7, > 1 as a model parameter. The measured ratio of p/m is a natural
outcome of the fit with v, ~ 1.6. No other consistent explanation has been pre-
sented up to this date; when applied consistently, posthadronization interactions do
not explain all hadron species, nor do they result in a correct description of the p/m
ratio as a function of centrality.

Non-equilibrium SHM describes all available data from Pb—Pb collisions at LHC
energy with high accuracy across all reported centralities, spanning 5 orders of mag-
nitude of hadron yields at LHC alone. We confirm the universal hadronization
conditions of the QGP fireball. For the most central collisions, we find a hadroniza-
tion temperature of T' = 138 MeV, lower than the hadronization temperature at
RHIC 62, T' = 140 MeV, for central collisions. We attribute the decrease to more su-
percooling of the fireball due to the more dynamical expansion, as the higher energy
content implies a longer-lived fireball, which also gives enough time for strangeness
to reach a steady level of QGP equilibration. This is reflected among hadrons by a
saturation of v, ~ 2 for wide range of centrality. Strangeness conservation during a
sudden hadronization allows us to understand better the chemical equilibrium con-
ditions of strangeness in the QGP phase. Matching the QGP Fermi gas strangeness
distribution with parameters resulting from the fit to hadron data with the observed
strangeness in the hadrons, we conclude that the strange quark either acquires an
effective mass of m, = 299 MeV /c?, or the strangeness is undersaturated in the QGP

with Q6P

s

~ 0.77. These bulk QGP properties require further investigation.
At LHC energy, it is estimated that a large amount of charm is produced. The

DP p | -spectrum suggests the total amount of ¢+¢ quarks ranges between 10 < N,; <
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60 ¢ + ¢. Scaling of the charm production cross section measured in pp collisions
suggest a much higher number, 100 < N, < 400. Since charm is predominantly
produced in the initial hard parton scattering processes overpopulating the thermal
phase space significantly, annihilation of ¢¢ pairs can be expected during the fireball
expansion making the two estimates compatible, a point in need of future theoretical
investigation. The upgraded program, SHARE with CHARM, is designed to study
the effect of charm abundance on hadronization conditions in a range covering the
two estimates mentioned above and beyond.

At RHIC 200 GeV, the reported yield of charm is N.z; = ¢+ ¢ = 8.6 and charm
effects on hadronization remain hidden within the large experimental hadron yield
uncertainties. Without any charm hadron yield measured in Pb—Pb collisions at
LHC, we can study today for each centrality, which range of N, is compatible with
the non-charm data we have. Charm decay feed-down is found to be a weak con-
straint for N... We observe, however, that charm decays are a non-negligible source
of multistrange hadrons, such as = or ¢. The contribution of charm decays in the
total yield of multistrange hadrons is comparable at LHC to the small experimental
uncertainty already for rather small amount of charm, N ~ 30.

The SHM numerical computation program, SHARE with CHARM, needs as
experimental input a charm hadron invariant yield to determine the amount of charm
present at hadronization. With more charm hadron yield data, we can determine
if charm hadronizes at the same or a different temperature Ty, than the other
flavors. We made SHARE with CHARM publicly available expecting it to become
a useful tool in the future to the heavy-ion community, once charm data become
available.

Several future research directions have become possible as a result of this dis-
sertation and/or due to data becoming available. I intend to address the following

questions in the near future:

Beam Energy Scan at RHIC To complete the study of the universal hadroniza-
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tion conditions of the quark-gluon plasma, we intend to study the particle
production data from the Beam Energy Scan experimental program at RHIC.
Detailed analysis of this data within the non-equilibrium SHM framework will
test the universal hadronization conditions hypothesis. We hope to identify a

reaction energy threshold for QGP creation, i.e., deconfinement.

Charm dynamics in QGP fireball expansion The estimated amount of
charm created in the initial stages of heavy-ion collisions at LHC is well above
the charm content of the fireball at hadronization suggested by the D data.
Resolution of this discrepancy between preliminary results requires a detailed

modeling of charm evolution during the fireball expansion.

Entropy at LHC Charm annihilation during the fireball expansion may be the
omitted additional source of entropy at LHC. Detailed modeling of flavor dy-
namics during the fireball expansion will reveal how much additional entropy
can be created by charm annihilation after charm is created in the initial hard
parton scattering processes. This will help explaining the value of strangeness

over entropy ratio s/S as a function of centrality at LHC.

¢,s — flavor hadronization dynamics Because at LHC the fireball volume is so
large, strange and charm quarks could undergo complex evolution in QGP to-
wards the end of QGP expansion and hadronization. For example, distillation

phenomena of both strangeness and charm need to be considered.

Flavor chemistry and flavor symmetry The precision of the LHC heavy-ion
data may enable us to study the u and d quark flavors separately. This will
test the u—d production symmetry in the QGP fireball. Flavor is one of the
important riddles of particle physics. Only in QGP can we study deconfined

flavors of the first and the second elementary particle family in a large volume.
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APPENDIX A

MULTISTRANGE PARTICLE PRODUCTION AND THE
STATISTICAL HADRONIZATION MODEL

M. Petran, J. Rafelski, Phys.Rev. C 82 (2010) 011901
DOI:10.1103/PhysRevC.82.011901

Summary

In this work, we have motivated the SHM method of studying the multistrange
hadrons, primarily = and ¢. Their ratio Z/¢ (as defined by Eq. 1 of the paper) is
within SHM proportional to the light quark phase space occupancy 7,. This ratio
remains constant over a wide range of energy and centrality values confirming the
SHM and the value of 7, as being constant. Other ratios also proportional to the
strangeness phase space occupancy s (such as Z/7) vary, as can be expected, from
system to system. This implies that strangeness at hadronization is out of chemical
equilibrium. We must allow ~, # 1 to achieve proper description of particle produc-
tion in heavy-ion collisions. This result rules out the absolute chemical equilibrium
among produced hadrons. Furthermore, all hadron data from Au-Au collisions at
Vsny = 62.4GeV at RHIC are well described with the chemical non-equilibrium
SHM. Seeing the Z/¢ ratio being constant, we predict it to hold also for heavy-ion
collisions at LHC and this prediction is now confirmed.

During the preparation of this manuscript, I was guided into SHM calculations
and was responsible for the result analysis and preparation of all figures. I prepared
a draft, which has been discussed and revised with my advisor, Johann Rafelski,
before submission and during the referee process. I estimate the published version

contains about 30% of my original text.
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Multistrange particle production and the statistical hadronization model
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We consider the chemical freeze-out of E, Z, and ¢ multistrange hadrons within a statistical hadronization
model inspired approach. We study particle yields across a wide range of reaction energy and centrality from
NA49 at the Super Proton Synchrotron (SPS) and the Solenoidal Tracker at RHIC (STAR) experiments. We
constrain the physical conditions present in the fireball source of strange hadrons and anticipate results expected

at the Large Hadron Collider (LHC).

DOI: 10.1103/PhysRevC.82.011901

Introduction—We study multistrange hadron production
in the context of the quark-gluon plasma (QGP) formation
in relativistic heavy ion collisions [1]. Given the relatively
small reaction cross sections of multistrange hadrons in
hadron matter, the observed yields of E(gss), &, Q(sss), 2,
¢(s5) [2-7] are considered probes of the earliest stage of the
QGP-fireball hadronization.

The yields of these particles were considered previously
within a global approach (see, e.g., Ref. [8]). Here we show
that it is possible to analyze multistrange hadron yields alone.
When this is done we find that multistrange and nonstrange
hadrons share the same freeze-out condition. We will discuss
the meaning of this discovery in the following, addressing the
dynamics of hadronization. We also address the forthcoming
Large Hadron Collider (LHC) effort to measure multistrange
hadron yields in high multiplicity pp [9], and soon after, in
A + A reactions.

QGP hadronic particle production yields are usually consid-
ered within the statistical hadronization model (SHM) [10-12].
SHM has been successful in describing (strange) hadron
production in heavy ion collisions for different colliding
systems and energies. These results showing successful global
fits of particle yields in the SHM framework inspired us to
study multistrange hadron yields alone in this separate analysis
for the purpose of (i) establishing that SHM is appropriate for
describing yields of these particles, (ii) assessing if their yields
are consistent with the established bulk matter properties of the
QGP fireball, thus testing the single freeze-out hypothesis for
particles with large and small hadron reaction cross sections,
and (iii) understanding better how the future LHC results may
help arrive at a distinction between SHM model approaches.

SHM Models—We begin by introducing the three principal
SHM approaches:

(i) Taking the view that SHM has a limited theoretical

foundation, one can seek simplicity in an effort to obtain
a qualitative description of the yields for all hadrons
with just a small number of parameters. An additional
attraction is that this assumption leads to a model with
chemical equilibrium hadron yields is explored. The
main result of this approach is that the hadronization
in high-energy heavy ion collisions at the Relativistic
Heavy Ion Collider (RHIC) requires 7 > 175 MeV

0556-2813/2010/82(1)/011901(5)
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(ii)

(iii)

PACS number(s): 24.10.Pa, 12.38.Mh, 13.60.Rj, 25.75.—q

and this high value is close to the lattice crossover
temperature, between the deconfined and hadron phases
[13,14].

To arrive at a precise description of the bulk properties,
such as the strangeness and entropy content of the
hadron fireball, we need a precise capability to extrapo-
late hadron yields to unobserved kinematic domains and
particle types. This is achieved by introducing statistical
occupancy parameters y; > 1,i = g, s. Within this
approach there is good systematic behavior of physical
observables as a function of collision conditions such
as energy or centrality [8,15—19]. The yields of hadrons
are, in general, found not to be in chemical equilibrium,
y; # 1; the hadronization temperature is found near to
T ~ 140 MeV.

While this value of 7 can be further away from

the deconfinement crossover domain, this is where
chiral symmetry restoration is achieved [13,20] and
QGP is transformed into hadrons. Moreover, in this
approach the variation of the freeze-out temperature
with a baryochemical potential parallels the slope seen
in the lattice data. Another important outcome of this
approach is that a fit to the data offers a good statistical
significance. The results obtained can be interpreted in
terms of a dynamical picture of nearly chemically equi-
librated QGP, decaying into free streaming hadrons.
The high intrinsic QGP entropy content explains why
equilibrated QGP turns into chemically overpopulated
(oversaturated) hadronic gas (HG) phase space—the
fast breakup of QGP means that the emerging hadrons
do not have the opportunity to re-establish chemical
equilibrium in the HG phase.
The single freeze-out and/or strangeness nonequilib-
rium model has, as the main objective, a statistically
significant description of hadron yields achieved with
minimal effort. Only strangeness chemical nonequi-
librium is allowed. This is often enough to produce
a decent data fit and to assure that all particles can
be formed at the same physical condition [21-25].
The main result of this approach is a hadronization
temperature near 7 ~ 160 MeV, which agrees with
Hagedorn temperature [26,27].

©2010 The American Physical Society
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FParticle ratios of interest—We must include in our
theoretical consideration of multistrange hadron yields the
contributing yield of decaying hadron resonances. Within
SHM these individual yields generally depend on several pa-
rameters. The phase-space occupancy y, scales particle yields
according to the light quark content and a similar parameter y;
refers to the strange quark content. Temperature T quantifies
the size of the accessible phase space. The baryochemical
potential pp differentiates baryons from antibaryons and
strange chemical potential ug does the same for strangeness.
There is also a potential 1,3 related to a different number
of up and down quarks that is constrained by proton and
neutron asymmetry in colliding nuclei and the overall yield
is normalized by a volume parameter V.

By considering the ratio

——

¢ ol
we eliminate in good approximation most of the SHM
parameter dependencies since (i) by taking the product of a
particle and antiparticle, we eliminate baryochemical potential
wp as well as strange chemical potential ug, (ii) we also
eliminate the strange quark phase-space occupancy y; because
the strange and antistrange quark content in the numerator and
denominator is the same, and (iii) The overall normalization
is eliminated by the fact that we have the same number of
hadrons in the ratio numerator and denominator.

The E/¢ ratio depends on the probability of finding
a nonstrange d,d quark at the formation of E~(dss) and
§+(J§§), respectively. This is expressed by the light quark
phase-space occupancy y,. Furthermore, temperature 7' con-
trols the magnitude of

A TR
ry = YR (M) e ®

¢

(1]

>~ ye f(T), ey

1

the (nonrelativistic) phase-space ratio of £~ and ¢. E(1321)
is always a decay product of E*(1530). Thus aside from the
ground state i = 1 : E(1321), g; = 2 one must include in the
sum the E*(1530), g» = 4 resonance. Consideration of this
special yield ratio parallels the earlier effort made to identify
¥s/vq in Ref. [28].

We extend our considerations to include single strange
K (u3), K~ (iis) mesons and triple strange Q™ (sss), §+(§§§)
baryons considering the ratios

e |EE e |e'a
<~ =\ = nha: 5\ o = ¥s J2(T).

3

Given the quark content, both /K and /¢ are proportional
to strange quark yield [i.e., the strange quark phase-space
occupancy y, and a function f;(7)].

The arguments leading to Eq. (1) and Eq. (3) are strictly
valid only in the Boltzmann approximation. Considering
quantum statistics, there is some residual dependence of f(7')
on the chemical parameters, involving higher powers of y, for
the ratio E /¢ Eq. (1), and higher powers of y; for the ratio /K
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Eq. (3). To estimate the magnitude of the quantum statistics
effect we calculate the actual particle ratios with SHARE2 [11]
using both quantum and Boltzmann statistics. We find that
the Boltzmann approximation we used overestimates E/¢ by
0.25%, which is always negligible. For /K, we find that it is
overestimated by the Boltzmann approximation by up to 4%,
the relatively larger effect is due to the relatively low mass
of the kaon. Since the experimental error is much greater we
continue to consider the simple theoretical Boltzmann yields.
When in the following we consider ratios involving pions,
all results are obtained using SHARE2, which accounts for
resonance decays and all yields can be obtained using quantum
statistics.

Experimental data—We consider 4 data from the CERN-
SPS NA49 experiment, and for the STAR experiment at
RHIC the acceptance rapidity interval is |y| < 0.5; therefore
at RHIC we use the yield per unit of rapidity dN/dy and
omit the differential dy when referring to relative yields.
For the ¢ meson we consider the recently published data
from STAR [2] and the updated data from NA49 [3]. We
collected the necessary data for E and E baryons from
Refs. [4-6].

We do not use NA49 158 GeV results since these exper-
imental results do not allow us to interpolate the different
centrality bins used to measure different multistrange particle
yields. We cannot simply combine data from different cen-
trality bins having seen the variation of yields with centrality
(that is y;). The STAR 62 experiment provides data in several
centrality bins, defined as a percentage of the most central
collisions: Data from the most central collisions are found in
the centrality 0-5% interval and the most peripheral collision
results presented are in the 70-80% bin. The relation to Npay
and/or impact parameter b is discussed in Ref. [7].

We use recent data for K* mesons from STAR experiments
atboth \/syn = 200 and 62.4 GeV from Ref. [7]. For the SPS
NA49 data we use yields from Refs. [29,30].

We note that different centrality bins are often chosen for
different particle types. To be able to form particle ratios in
a common centrality interval, we interpolate or extrapolate,
that is, fit individual yields as a function of the number
of participants using a simple functional form f(Npa) =
a- Né’art—i—c. We show the fit parameters a, b, and c in
Table I and compare the experimental results and the fit in
Fig. 1.

TABLE 1. Fit parameters used to determine particle yields for
incompatible centrality bins using f(Npu) = a - lem + ¢ (see text
for details).

a b [¢
- 4.179 x 107! 1.072 7.107 x 107!
ot 4247 x 107! 1.048 6.422 x 10!
K+ 5.433 x 102 1.111 —1.014 x 10!
K- 4.812 x 1072 1.107 ~3.859 x 102
c 1.228 x 1073 1.247 —4.678 x 1073
B 8.978 x 10~* 1.221 9.390 x 104
¢° 4.162 x 1073 1.203 9311 x 1073
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FIG. 1. (Color online) Data points (full symbols) of particle yields
used in the analysis and their respective fitted centrality dependence.

Farticle ratios—After this preparation we can form ratios
of particle yields as shown in Fig. 2 and Table II. We note that
the E/¢ relative yield does not change much over a wide range
of energies and centralities, in contrast to the individual hadron
yields which enter the ratio. The average value of all available
data points is E/¢ = 0.281 with an error at 15% level.

The remarkable result, the constancy of E/¢, means that
at SPS and RHIC energies the mechanisms and conditions at
which double-strange particles are produced are very similar
and that, according to Eq. (1), there is a constraint between the
values of y, and T', which we now explore in Fig. 3 where we
show in the T', y, plane the theoretical SHM results as lines for
a constant ratio =/¢. These values are obtained using SHARE2
and varying y, and T, with all other model parameters fixed to
reasonable physical values. In this way we also confirm once
again the analytical formula Eq. (2).

We limit the magnitude of y, by a critical value of light
quark phase-space occupancy y ™. yro =y < () =
exp(myo/T), which is the condition where the pion phase-
space distribution function diverges for mo = 135 MeV/c?.
The experimental values E/¢ ~ 0.281 £ 15% are found
consistent with all SHM models in that for y, =1 we find

FIG. 2. (Color online) Data points of E/¢ Eq. (1), E/K Eq. (3),
E/m and ¢ /7 Eq. (4). The straight line for E/¢ = 0.281.

the value 7 = 1704 10 MeV, and for y, — 1.63 a value
T — 140 MeV.

Test of SHM models—We have seen that hadronization of
E and ¢ is consistent with the three different SHM models, but
there is an interesting constraint between T, y, arising from
the constancy of the relative E and ¢ yield. We see also in
Fig. 2 that the variation of E/K is significant, it changes by
a factor of 2.3 in the entire data range. Considering that we
already established by the study of E/¢ that the hadronization
temperature does not vary, this indicates that there is a variation
of the y; value by a factor of about 2.3 in the data range. We
conclude that a fixed value y; = 1 cannot be chosen. This rules
out the SHM model (a). We also note that this argument can
be made in the same way considering the variation of the other
ratios in Fig. 2 (e.g., E/m and ¢/ K).

SHM results for E/K and 2 /¢ in the T, y, plane are shown
in Fig. 4, obtained by the same method as before (i.e., using
SHARE with other SHM parameters fixed at an appropriate
value. For a given E/K and/or /¢ a slight y, dependence
remains since there are unrelated resonances decaying into K
(and to a lesser degree E). Thus we present for each fixed
value of E/K two extremes y, = 1 and y, = yq”it. The effect
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TABLE II. Values of ratios E/¢ Eq. (1), /K Eq. (3), and E/m and ¢/ Eq. (4) obtained from the data and the resulting estimated
uncertainty in y, and y,, respectively. When symbol “E” is shown in the error column, the data ratio is a result of the interpolation and/or
extrapolation needed to account for different centrality bins.

Experiment Centrality E/¢ x 10 8v, E/K x 10? 8Ys E/m x 103 ¢/K x 10 o/m x 107
STAR 62 0-5% 3.04 E 4.19 9.6% 6.22 1.38 2.04
STAR 62 5-10% 3.00 E 4.08 9.2% 6.20 1.36 2.06
STAR 62 10-20% 2.94 E 4.06 9.3% 5.98 1.38 2.04
STAR 62 20-40% 2.88 12.5% 3.79 E 5.48 1.32 1.91
STAR 62 40-60% 2.85 14.6% 3.38 E 4.65 1.18 1.63
STAR 62 60-80% 2.49 19.3% 2.84 E 3.45 1.14 1.38
STAR 200 0-20% 3.02 11.8% 4.06 12.9% 6.04 1.34 2.5470%5°
SPS 80 AGeV 7% 3.33 24.5% 3.04 22.7% 2.60 0.83 0.88
SPS 40 AGeV 7% 2.45 42.1% 1.89 18.0% 3.23 0.78 0.83
SPS 30 AGeV 7% 2.57 66.5% 1.85 24.3% 2.10 0.63 0.72

“For STAR 200 ¢ /7 considering Fig. 14 in Ref. [2] we give an average of data for centralities up to 50%.
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FIG. 3. (Color online) Lines of a constant given ratio Eq. (1)
8/¢ €[0.03,0.45] in the T, y, plane. The lines for y, = 1 and y, =
chm are presented by solid black lines. The average result, 0.281, of
all SPS and RHIC experiments is highlighted by a thick gray line. As
this ratio is considered constant, this line indicates the prediction of
the LHC results.

is depicted in Fig. 4(a) in terms of two lines shown by the same
line type.

15
10

2/Kx10?

120 130 140 150 160 170 180 190
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FIG. 4. (Color online) Lines of constant ratio £/K (a) and Q2/¢
(b). Experimental data from most central 0-20% STAR 62 are
indicated by a thick line which in the bottom frame (b) shows our
prediction. See text for more detail.
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FIG. 5. (Color online) The relative ¢ /7 Eq. (4) yield as a function
of y, in several hadronization scenarios, see text. The vertical
solid black line shows the chemical equilibrium with y; = 1. For
experimental data see Table II. Predicted values for LHC are indicated
in blue.

Note that similarly as for y,, there is a critical value
for y, based on the Bose-Einstein condensation of the
n meson (1 = 0.55(uu + dd) + 0.45s5 [31,32]). The large
values of y,; can be relevant to the future LHC results.
To compare theory and experiment we show the thick 0-
20% STAR 62 line and by looking at the bottom frame
of Fig. 4 we obtain the prediction 5.5 x 1072 < Q/¢ <
7.0 x 1072, the variation due to the variability of hadronization
temperature.

To further elaborate the validity of models (b) and (c) we
show on the right in Table II the ratios E/m, ¢/K and ¢ /7,

where
7[71* E\'KKJr __Vnrﬁ

The experimental E/m and ¢/ relative yields vary by a
factor ~3.5 in both cases. In Fig. 5 we show the ¢/ ratio
and compare it to theory as a function of y, at a fixed
given T. Model (b) with T ~ 140, y, = Y. implies that
the different experimental results correspond to 1 < y, < 2.4.
These values are consistent with the large value of ¥, = Verie =
1.6. However, for y, = 1, several fixed T lines nearly coincide
in the interesting range 210 > T > 160 MeV. This means that
the growth in the yield of ¢ is nearly compensated by the
growth in the 7 multiplicity. It will be very interesting to see
how LHC results will line up in this presentation since we
see that the high-energy RHIC results even at y, = 1 imply
ys > 1. A value y; > 1 is incompatible with the picture of
strangeness production in hadron collisions and implies the
presence of a strangeness dense QGP phase as a source of
hadrons.

Behavior at LHC—As already remarked the ratio E/¢ =~
0.28 is firmly constrained and cannot change. Even under
the extreme LHC conditions we expect that this ratio will be
the same as at RHIC. However, considerable changes can be
expected for the other (multi)strange particle ratios that were
discussed earlier [33,34]. Here we will mainly address the ¢ /m
ratio.
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When we accept the premise that entropy and strangeness
are conserved during the hadronization, we can predict values
of the phase-space occupancy y; in chemical semiequilibrium
and nonequilibrium models for the LHC. We expect a 20%
increased value of strangeness over entropy s/S =~ 0.037 [34].
For the two models under consideration (I" = 140 MeV,y, =
)/qcmic"‘l and 170 MeV,y, = 1) this value suggests [33] y; /v, =~

1.55. The expected ¢ /7 ratio is 2.95 x 1072 and 3.90 x 1072
for the two models as indicated by the boundaries of the
LHC band in Fig. 5. Experimental results of this magnitude
require ¥, > 1 and concludes in favor of chemical nonequi-
librium, the still ongoing discussion of chemical equilibrium
models.

Summary and conclusion—We find that the relative particle
yield E/¢ is practically constant as a function of centrality
and the reaction energy at RHIC and SPS. We find that
these particles, despite their small reaction cross-sections are
emerging at the same hadronization condition as all bulk
particles. This result was anticipated [35] for a fast expanding
QGP fireball, which undercools and rapidly breaks apart
(hadronizes) and was used extensively in single hadronization
models [16,18,19,22].

Variation in the ratio E/K (and thus also ¢/K  y,/v,)
implies a variation in strange phase-space occupancy y;, in
agreement with the expectation that strangeness production
grows with energy and the centrality of the collision. This
experimental result is incompatible with the chemical equilib-
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rium model (a), for which also the parameter y; is fixed to 1
by definition.

Considering further the yields &/ and ¢ /7, consistency
with the bulk matter particle production rates is arrived at
within the chemical nonequilibrium model (b) with y, > 1and
ys > 1. These values imply that the observed strange hadrons
yields are above chemical equilibrium, a feature predicted to
be signature for hadronization of a QGP fireball [36]. The
expected further increase of y, > 1 at LHC implies a further
increase of the ¢/ ratio, providing a clear distinction between
chemical nonequilibrium model (b) and semi-equilibrium
model (c).

Our results show that the yields of all multistrange hadrons
available today are (1) compatible with the SHM picture of
hadron formation, (2) are well described by current chemical
nonequilibrium hadronization models in the parameter domain
obtained from the other hadron yields, and (3) these data are
incompatible with the chemical equilibrium single-freeze-out
SHM. A critical test of our approach is that in LHC ion
experiments the E/¢ ratio remains the same as was observed
at SPS and RHIC.
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APPENDIX B

STRANGENESS PRODUCTION IN AU-AU COLLISIONS AT
A/SNN = 62.4 GeV

M. Petran, J. Letessier, V. Petracek, J. Rafelski, proceedings of Strangeness in
Quark Matter (SQM), 18-24 September 2011, Cracow, Poland

Acta Phys.Polon.Supp. 5 (2012) 255-262

DOI:10.5506 / APhysPolBSupp.5.255

Summary

We explore hadron production at RHIC in Au-Au collisions at \/syny = 62.4 GeV.
We performed a fit to all available data as a function of centrality including mul-
tistrange particles using the chemical non-equilibrium SHM, allowing v, # 1 and
v, # 1. We show that our model describes the data better (with significantly
lower x?) than previous efforts seen in literature, for instance compared to the con-
strained 5 < 1,7, = 1 semi-equilibrium model fit presented in reference [3] of our
publication. We find overpopulation of strangeness, v, > 1 for large enough system
volume in central collision. We have confirmed the same hadronization conditions,
pressure P = 82MeV/fm®, energy density ¢ = 0.5GeV/fm®, and entropy density
o = 3.3fm™*, that were found for the high SPS energy and other RHIC energies
(reference [7] of the publication). This led to a hypothesis of universal hadronization
conditions in all heavy-ion collision experiments, in particular also at that time not
yet available LHC. This prediction has been now confirmed.

After presenting these results at Strangeness in Quark Matter 2011 conference,
I prepared a draft, which was then revised with my co-authors. I estimate about

50% of the publication to be my original text.
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We obtain strangeness production as function of centrality in a statis-
tical hadronization model analysis of all experimental hadron production
data in Au-Au collisions at /syny = 62.4 GeV. Our analysis describes suc-
cessfully the yield of strange and multi-strange hadrons recently published.
We explore condition of hadronization as a function of centrality and find
universality for the case of chemical non-equilibrium in the hadron phase
space corresponding to quark-gluon plasma (QGP) in chemical equilibrium.
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1. Experimental data

The statistical hadronization model (SHM) is known to successfully de-
scribe hadron yields in a variety of experiments at different energies [1,2].
Recently, new results on the yields of strange and multi-strange hadrons
at /sNn = 62.4 GeV have been published [3]. This data together with
previously published non-strange particle yields [4] and ¢ meson measure-
ment [5] provides a new opportunity to reevaluate hadronization conditions
in \/syy = 62.4 GeV collisions.

Heavier multistrange particles are more rarely produced and therefore to
assure that statistical errors are small, they are often presented in wider cen-
trality bins than non-strange particles. In order to study all particle yields
as a function of centrality, we have to account for the different centrality

* Presented at the Conference “Strangeness in Quark Matter 2011”7, Krakéw, Poland,
September 18-24, 2011.
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binning. We associate each bin with average number of participants Npart.
Then, we fit hadron yield as a function of Nyt using a power law,

f(Npart) = aNgart +c, (1)

where a,b and c are free parameters fitted and shown in Table I. We see,
as expected, that particles are always more numerous than their respective
anti-particles. However for the {2, we had only three data points and three
free parameters of the interpolating function from Eq.(1). Therefore, we
fixed ¢ = 0 and fitted the other two. This fit, with one degree of freedom,
gave us a qualitatively similar function as for the other particles.

TABLE 1

Particle yields power fit parameters (as defined by Eq. (1)) used to describe particle
yields as function of centrality. For (2, ¢ = 0 is assumed.

a b c
T 3.756 x 107! 1.098 —2.330 x 1072
nt 3.788 x 107! 1.094 —5.768 x 1072
K+ 4.769 x 1072 1.141 —2.002 x 107!
K- 4.188 x 1072 1.138 —1.165 x 107!
K? 5.068 x 1072 1.074 —2.341 x 107!
pt 3.972 x 1072 1.125 —9.963 x 1072
p 3.404 x 10~2 1.024 —8.573 x 1072
@° 4.162 x 1073 1.203 —1.311 x 1073
A 1.772 x 1072 1.154 —1.025 x 1072
A 1.045 x 1072 1.125 1.764 x 1072
E- 1.434 x 1073 1.197 —1.415 x 1072
El 7.693 x 10~ 1.231 —1.765 x 1073
0 1.266 x 10~° 1.720 0
(9] 3.985 x 1076 1.879 0

2. SHM fit including multistrange hadrons

We performed a cross check of SHARE [1], the thermal model imple-
mentation we used, with three other codes currently in use by other groups
using the compiled data in [2]. We tested our model on the data set from
Au-Au collision at /syn = 200 GeV from STAR and obtained both yields
and thermal parameters within 5% from the values in [2].

Rather than hadron ratios studied in [3], we decided to fit hadron yields,
which require a common volume dV/dy of the source. We complemented
the data set with identified hadrons (7%, K=, p*) from [4] and ¢ yield
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Strangeness Production in Au—Au Collisions at /sy = 62.4 GeV 257

from [5]. Furthermore, we require the conservation of charge per baryon
(Q —Q)/(B — B) = 0.39 + 0.01 and strangeness (s —3)/(s +3) = 0 £ 0.05
with a few percent error to account for the detector acceptance and efficiency.

As was also pointed out in [3], the experimental particle yields are subject
to an important inconsistency: for all centralities, the yield of K? is smaller
than both K™ and K~ (lowest of three corresponding lines in the left panel
of figure 1). In general, at finite baryon density, we expect K+ < KY < K~.
Interestingly, the missing K? are associated with yields of A, A in that these
three particle types had the largest contributions to the total y? of the fit.
The choice to include or exclude them from the fit did not change the values
of the SHM parameters we obtained.

E STAR —=— SHARE y>T — & | |
0175 1|  SHARE —e— 9

E 0.170 |
51 0165 F ]
1 3 0.160 - ]
EE RO E 1
] £ 0155 E :

0.150 £

0145 " = - .
0.140 | - I
N R R T I BT B

1.6 £ =] B ZE|
Li15Es B a E
14 & - LE|
1.3 F - E
12 £ }?
11 E % E
1.0 — %
209¢ S
%08 -, # E
0.7 & E!
| Lo b v b v v b v v v 0 13
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50 100 150 200 250 300 350

Npart

Fig.1. Left panel: Particle yields as a function of number of participants with
respective interpolating functions. Right panel: Top panel depicts chemical freeze-
out temperature 7" as a function of the number of participants Np,,¢. Triangles
(red) are a copy of the results in [3], circles (blue) describe our fit of the same
data set in semi-equilibrium model with v, = 1, 75 # 1 and squares (purple)
are non-equilibrium model v; # 1, i = ¢, s. Bottom panel shows the strangeness
phase space occupancy compared to the light quark phase space occupancy ratio
vs/7q for different models. Open squares (purple) show the values of ~, for the
non-equilibrium model.
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It is interesting to note that the three neutral particle types have the
same V-type charged particle decay and that there is an overlap in kinematic
ID of the decay channels. For this reason, we fitted instead the yield of
A+ A+2 K? which does not have this ambiguity. Considering the smallness
of the required shift from more numerous K? to A, A we also fitted the ratio
A/A. These two data points replace the three raw yields and proved to be
consistent with all other particle yields. Assuming that other particles fix
the source volume, this procedure incurs minimal loss of data information.

We expected that our SHM fit with 7, = 1 should reproduce results
of [3]. And indeed, we obtain compatible chemical freeze-out temperature T°
(top right panel of figure 1). However, we find that the strangeness phase
space is strongly overpopulated, which is reflected by 75 >1 (bottom right
panel of figure 1) contrary to results published by STAR. After we found
this discrepancy, we learned from the authors that in [3] 75 < 1 has been
forced. This, of course, completely invalidates the conclusions of this work.
This also resolves the myth that the yields of ¢ o< 42 are inconsistent with
SHM.

As a next step, we considered the chemical non-equilibrium with ~; # 1,
1 = q,s. This approach allows that aside of the strangeness phase space also
the light ¢ = u,d quark phase space, when observed on hadron side, to be
out of equilibrium. To preserve the number of degrees of freedom, we fitted
the pressure P ~ 82 MeV/ fm?, which is the value of critical hadronization
pressure found in SHM fits to other experiments [7].

The chemical non-equilibrium SHM fit results in an even more pro-
nounced strangeness yield enhancement, v — 1.5 at central rapidity, an
over-population of the light quark phase space v, ~ 1.6, and a lower freeze-
out temperature T' ~ 142 MeV. Another important feature of this approach
is that the parameter errors in the fit decreased dramatically compared to
the semi-equilibrium model. In the right bottom panel of figure 1, the cen-
trality dependence of these parameters is shown and the errors on 7, and
vs for chemical non-equilibrium are within the size of the symbols. We note
that the SHM fits at all centralities have confidence level above 60%.

3. Hadronization conditions

In the non-equilibrium SHM approach there appears to be universal
hadronization condition as function of centrality, which can be seen in fig-
ure 2 top two panels on the left. Apart from the constant pressure P ~
82 MeV /fm?3, obtained at other RHIC energies [7], which value was used
in non-equilibrium fits and found consistent with the new data, the entropy
density at hadronization stays at constant universal value o ~ 3.3fm™3.
Similarly, the energy density is constant at e ~ 0.48 GeV /fm3. A universal
value of statistical properties at hadronization as function of centrality [8]
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supports the notion of a new phase of matter, the quark-gluon plasma un-
dergoing a sudden break up transition to hadrons which free stream, as the
chemical non-equilibrium model assumes. On the other hand, in the semi-
equilibrium hadronization model, both entropy and energy density grow
nearly proportional to the number of participants. There is no physical un-
derstanding of this behavior.

3.8
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Fig. 2. Left panel: Going from top to bottom, centrality dependence of entropy
density, energy density (o and e respectively) and strangeness per entropy ratio s/S.
Right panel: Going from top to bottom, centrality dependence of the strangeness

O T T T T T T T T T I e I

rapidity density and energy per baryon.

We see, in the left bottom panel of figure 2, that in SHM non-equilibrium
fit, the ratio of strangeness s to entropy S approaches for most central colli-
sions the QGP expectation s/S = 0.031. The relative yield of strangeness is
systematically smaller in the SHM semi-equilibrium fit. In the right panel of
figure 2, we see at the top that strangeness density increases with centrality,
in agreement with the expectation that the largest system can approach the
QGP yield. Moreover, we see that in the SHM non-equilibrium model, we
always find a much greater strangeness yield compared to the SHM semi-
equilibrium. The effect is quite large at small centrality, where the entropy
contents differ most, see the left top panel.

Another interesting result in non-equilibrium SHM is the constancy for
Npart > 130 of hadronization energy per baryon E/B seen in the bottom
right panel of figure 2. Moreover, we find that the fraction of the available
energy in the collision is universal among other systems and collision ener-
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gies. We find, E/Buost central = 16.5 GeV ~ 0.25 x 62.4 GeV = 1,/syN.
This result is the same as at the lower SPS energies. It says that the stop-
ping of baryon number is 4 times more effective than the stopping of energy.
Only at small centralities the stopping of energy and baryon number seems
to converge to a common value resulting in E/Buost peripheral — %\/m .

4. Conclusions

We revisited the statistical hadronization fit of particle yields from
Au-Au collisions at /syny = 62.4 GeV recently updated with the yields
of multi-strange hadrons. We obtained qualitatively different fit from the
one published by the STAR Collaboration [3] which was done with the con-
straints v, = 1 and s < 1 and which fails to resolve yields of all multistrange
particles. They also show a very good confidence level at all centralities.
Our results show that the hadron strangeness phase space is overpopulated
s > 1 from semi-central Npary = 150 to most central collisions Npary = 350.
We allowed the light quark phase space, 7, # 1, to be out of equilibrium as
well and the new fit to the experimental data works for multistrange hadrons
and has much smaller errors. However, given that K were inconsistent with
the yields of charged hadrons, we did fit A + A + 2KY. We conclude that
the non-equilibrium model shows appropriate and universal behavior of bulk
physical properties (entropy, energy, strangeness and the stopped energy per
baryon) as a function of centrality, i.e., as a function of system size [7].

Laboratoire de Physique Théorique et Hautes Energies, LPTHE, at Uni-
versity Paris 6, is supported by CNRS as Unité Mixte de Recherche,
UMR7589. This work was supported by the grant LC07048 and LA0O8015
from the Czech Ministry of Education and the grant from the U.S. Depart-
ment of Energy, DE-FG02-04ER41318.
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APPENDIX C
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COLLISIONS AT /syny =62 GeV AND AT ,/syny = 2.76 TeV

M. Petran, J. Rafelski, Phys. Rev. C 88, 021901(R) (2013)
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Summary

As the first data from Pb-Pb collisions at /syn = 2.76 TeV from LHC has become
available, we study the first results in four overlapping centrality bins. The first
important result is that the non-equilibrium SHM describes all available data from
LHC with high accuracy despite smaller data errors compared to RHIC. We estimate
small baryochemical potential ug ~ 1.5MeV. Following the model-independent
approach presented in Appendix A, we recall that p/m o« ~,. The experimental
value of p/7 is a natural outcome of a fit with 7, ~ 1.6. For the first time, the
data is precise enough to exclude directly SHM variants that require light quarks
(¢ = u,d) in equilibrium, i.e. 7, = 1. Moreover, our fits to the data show the
same bulk physical properties of the hadronizing fireball as at RHIC 62, despite
the 45 times higher energy and 4 times larger hadronization volume in most central
collisions. In other words, we establish universal hadronization conditions of QGP
in all contemporary heavy-ion collision experiments. This means that bulk critical
pressure P, energy density ¢, and entropy density o are found to be in essence the
same.

I was responsible for experimental data assembly, all calculations, evaluation of
results and figures for this publication. I prepared the original draft of the pub-
lication, which was later revised based on fruitful comments of J. Rafelski and in
response to the referee reports before it was accepted for publication. I estimate the

article contains 70% of my original text.
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Universal hadronization condition in heavy ion collisions at ,/syy = 62 GeV
and at /syy = 2.76 TeV

Michal Petrani and Johann Rafelski
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We obtain a detailed description of all available hadron multiplicity yields in central Pb-Pb collisions at the
CERN Large Hadron Collider (LHC) measured in the rapidity interval |y| < 0.5. We find that the hadronization
of the fireball at the LHC occurs at nearly identical intensive physical bulk conditions for all centralities similar
to those already seen at the Brookhaven National Laboratory Relativistic Heavy Ion Collider.

DOLI: 10.1103/PhysRevC.88.021901

Introduction and motivation. We extend the successful
description of central rapidity particle yields in a single
freeze-out model [1,2] to characterize the physical properties
of the hadronizing fireball. We consider, as an example, a
supercooled quark-gluon plasma (QGP) disintegrating into
hadrons, which can scatter but can preserve the stable particle
abundance. Therefore, hadron particle multiplicities directly
characterize the properties of the fireball. Final state hadrons
are, thus, produced according to the accessible phase space
with otherwise equal reaction strength. Accordingly, the
particle yields are described by the chemical non-equilibrium
statistical hadronization model (SHM) [3].

In this SHM implementation within the SHAREV2.2 pro-
gram, the yields of particles are given the chemical freeze-out
temperature 7 and overall normalization d V /dy (matching the
presentation of the experimental data available as dN /dy). We
include phase-space occupancies y,, y; for light (g = u, d)
and strange s quark flavors, respectively, and we account
for the small asymmetry between particles and antiparticles
by fugacity factors A,, A; and the light quark asymmetry
Ar3. These parameters enter the distribution function as
file, T, yi, M) = 1/(yi_lkf'eE/T + §) for flavor i, where § =
—1, 0, +1 for bosons, Boltzmann distribution, and fermions,
respectively. We refer the reader to Sec. 2 of Ref. [4] for further
discussion of the above parameters.

Our discussion addresses, evaluates, and compares the
CERN Large Hadron Collider (LHC) Pb-Pb experimental
results available at ,/syy = 2760 GeV and the Brookhaven
National Laboratory Relativistic Heavy Ion Collider (RHIC)
Au-Au results available at ./syy = 62.4 GeV. We show
that the chemical non-equilibrium SHM works at the LHC
in the 0-20% centrality. This is so, since in the chemical
non-equilibrium SHM approach, we allow the quark pair yield
parameter y, > 1 for light quarks; this is the key difference
from the simpler equilibrium SHM. The rationale for y, # 1
originates in the high entropy density of QGP at hadronization
compared to the hadron phase space in which the color degree
of freedom is frozen. In case the fireball disintegrates faster
than the time necessary to equilibrate the yield of light quarks
bound in hadrons, the value y, > 1 must arise.

In case the fireball disintegrates faster than the time
necessary to equilibrate the yield of light quarks bound in
hadrons, either the value y, > 1 arises, or one must consider

0556-2813/2013/88(2)/021901(5)
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a dynamical volume growth as a path for absorbing the excess
entropy of the QGP source. However, this second option
requires a much longer life span of the particle source than
supported by the two pion correlation data [5,6] and, thus, is
experimentally excluded: The observed LHC total life span
(ty =~ 10 fm/c [6]) favors very fast, or sudden, hadronization
[7,8]. In this situation, the chemical non-equilibrium approach
must also be applied to the light quark abundance, which
introduces the light quark phase-space occupancy y,. This
proposal, made for the high-energy CERN Super Proton
Synchrotron (SPS) data [9,10], also helped to improve the
understanding of RHIC200 hadron rapidity yield results [11]
and allowed a consistent interpretation of such data across the
full energy range at the SPS and RHIC200 [12].

The equilibrium SHM fits, which arbitrarily set y, = 1[13,
14], describe hadron yields at the LHC with relatively large
total x2. This chemical equilibrium SHM disagrees at the
LHC across many particle yields, but the greatest issue is
the “proton anomaly,” which makes it impossible to fit the
p/m = 0.046 &+ 0.003 ratio [14] along with the multistrange
baryons E and €2.

We will show that intensive QGP bulk properties are nearly
exactly equal to those found at the RHIC for all four collision
centralities we analyze. We will discuss in depth the main
extensive bulk property difference we find, which is the entropy
dS/dy growth with energy and centrality.

Fit to most central collisions. Within the chemical non-
equilibrium SHM, we have, by allowing for baryon-antibaryon
asymmetry, seven independent statistical model parameters
reduced by two constraints: (a) The isospin fugacity factor A3
is constrained by imposing the charge per baryon ratio ((Q) —
(0))/((B) — (B)) ~ 0.38, present in the initial nuclear matter
state at the initial instant of the collision; (b) for each value
of A4, strangeness fugacity A, is evaluated by imposing
the strangeness conservation requirement (s) — (5§) >~ 0. By
considering the particle-antiparticle symmetry at the LHC, the
four key parameters are the hadronization volume dV /dy, the
temperature 7, and the two phase-space occupancies y, and
¥s. The seventh parameter is light quark fugacity A,,.

We use, as input to our fit, the hadron yield data in
the 0-20% centrality bin as presented in Ref. [15] where
a fit to this data set for the case of chemical equilibrium
(ys = v4 = 1) is shown. For comparison and demonstration

©2013 American Physical Society
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FIG. 1. (Color online) The non-equilibrium SHM fit is indicated
by (blue) solid horizontal lines overlaying for all the LHC-ALICE
(preliminary) data available in a 0-20% centrality bin (red squares).
The chemical equilibrium fit is indicated by (green) dashed lines with
model parameters presented in parentheses.

of method compatibility, the chemical equilibrium model fit
(dashed lines in Fig. 1) is shown with a large x> = 34.8. In
both approaches, we fit the same data, the decrease in x2 by
a factor of nearly 5 is due to chemical non-equilibrium, i.e.,
vq 1, vs # 1. We determine the best light quark fugacity
factor A, = 1.003 59, which corresponds to the baryochemical
potential up ~ 1.5 MeV, and we apply strangeness and charge
per baryon conservation by fitting them as two additional data
points. The result of our 0-20% centrality bin fit is shown in
Fig. 1 and in the upper section of the third column of Table I.
We compare our present results to our recent analysis [16] of
Au-Au collisions at \/syy = 62.4 GeV at RHIC62, shown in
the second column of Table 1.
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FIG. 2. (Color online) Experimental data (full symbols) and
model predicted (open circles) for particle ratios as a function of
centrality. See text for discussion of data and results.

More peripheral centralities. We extend our study to more
peripheral collisions at the LHC by using a much smaller data
set, complemented by two assumptions as follows:

(i) We consider the three ratios K*°/K~, A/m =
2A/(m~ +7"), and ¢/K~ as presented in Ref. [17]
and which we show in Fig. 2 with full symbols.
We fit these ratios in three centrality bins, 20—40%,
40-60%, and 60-80% in which K*/K and A /7 have
experimental data points. We take the average of two
neighboring ¢ /K data points to use this ratio as input to
our fit in the intermediate centrality. This is consistent
with the claim that ¢/ K is constant over all centralities
and has been claimed independent of centrality in
Ref. [17].

(i) To obtain overall normalization, we complement the
ratios with charged particle rapidity density d N.,/dy.
Based on our fit of 0-20% centrality data, we see that

TABLE L. The top section shows chemical non-equilibrium SHM fit parameters dV /dy, T, y,, ¥s, and x2, with number of data less
number of parameters (ndf) obtained in each centrality bin. Errors are a fit-stability estimate obtained with a K* yield shifted within the
experimental error; the underlying statistical fit error is negligible. The bottom section presents fireball bulk properties in each bin: energy
density ¢, pressure P, entropy density o, strangeness per entropy content s/S, and entropy at LHC2760 compared to RHIC62 S; yc/ Sruic. The
centrality that defines number of participants Ny, values is adopted from Ref. [20].

RHIC62 LHC2760
Centrality 0-5% 0-20% 20-40% 40-60% 60-80%
(Npart) 346 308 157 68.8 226
dV/dy (fm*) 853 2455 + 146 1169 +9 406 + 3 102+£7
T (MeV) 139.5 138.6 £ 1.1 137.6 £0.03 140.5 + 0.04 143.2 £0.08
Ve 1.58 1.627 £ 0.007 1.633 = 0.0002 1.616 & 0.003 1.60 = 0.02
Vs 2.24 2.04 £ 0.04 2.01 £0.12 1.83 £0.08 1.70 £ 0.09
x2,,/ndf 0.38/5 7.40/8 2.93/5 3.58/5 5.43/5
& (GeV/fm’) 0.493 0.466 =+ 0.018 0.441 +0.012 0.488 + 0.010 0.536 £ 0.025
P (MeV/fm?) 82.0 79.1+£28 755+ 1.5 8224+ 1.3 90.2 +4.0
o (fm™) 3.40 3.234+0.11 3.07 +0.07 3.36 +0.06 3.65+0.13
s/S 0.0322 0.0296 = 0.0002 0.0289 =+ 0.0014 0.0277 = 0.0009 0.0267 £ 0.0011
Stuc/ Sriic 3.05 2.66 2.18 1.52
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the ratio of charged particle rapidity to pseudorapidity
density is (d Neh/dy)/(d Nen/dn) = 1.115. We multiply
data from Ref. [18] by this factor and use the resulting
dN¢/dy as an additional data point that determines the
value of fireball volume dV /dy. The input multiplicity
data is presented in Fig. 3.

(iii) We include the yields of 7%, K¥*, and p* as presented
in Ref. [19] and shown in Fig. 3. Similar to the ¢/ K
ratio, we use the averages of yields in two neighboring
centrality bins as input.

We fit the three centrality bins of the LHC2760 data by
using the eight data points and the two conservation laws,
which fix Ay and A;3. Therefore, we have five degrees of
freedom as seen in Table I in the fourth through sixth columns.
All studied centralities show reasonable y2/ndf < 1.1. We
find remarkably similar statistical parameters for all four LHC
centrality bins.

We compare the outcome of the fit by showing the three
input ratios K*°/K~, A/m, and ¢/K~ and p/m in Fig. 2.
All data are well fitted, including both yields of p and 7 from
Ref. [19], which implies good description of their ratio p/m
evaluated from the individual yields.
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FIG. 3. (Color online) Predicted particle yields per participant
pair as a function of centrality. Open symbols represent our model
predictions; lines guide the eye. We show experimental data for the
0-20% bin as full symbols with an offset.
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The predicted particle yields normalized by Np../2 are
shown in Fig. 3 where, in consideration of particle-antiparticle
symmetry, only one of the isospin multiplets is shown.
The m, K, and p yields are fitted values, whereas, the other
particle yields are predictions. In Fig. 3 on the right boundary,
we indicate the experimental input for the 0-20% bin with an
offset to assure visibility of the small differences between
fit and experimental data. We show the input multiplicity
(dNen/dy)/(Npare/2) and fit result in Fig. 3. Both are exactly
overlapping for the three peripheral bins since this is the most
precise input data.

Hadronization conditions. Despite a change by a factor of
45 in the reaction energy by comparing the RHIC and the LHC
and the wide range of centrality, the only quantity among
the statistical parameters shown in Table I that significantly
changes is dV /dy. This suggests that we should look closer
at the intensive bulk physical properties of the fireball: The
emitted hadrons not only carry the above-discussed charge,
baryon number, or strangeness away from the fireball, but also,
e.g., carry the thermal energy d E/dy obtained by summing
the energy content of all produced particles, observed and
predicted.

The bulk thermal energy density at hadronization ¢ defined
by e = (dE/dy)/(dV /dy) is of direct interest. Similarly, we
evaluate the entropy dS/dy, pressure P, and total yield of
strangeness ds/dy = d(qs + G,)/2 dy. These properties of the
fireball at hadronization are shown in the bottom section of
Table I where, in the first column, for simplicity, we omit the
symbol d/dy.

As one can see by comparing the second and third columns
of Table I, the intensive properties of the RHIC62 fireball
at hadronization, i.e., &, P, o, and s/S, are practically
identical to the here evaluated case of LHC2760, and this
continues across all considered centralities as seen in the fourth
through sixth columns of Table I. We show a comparison
of ¢, P as a function of centrality between the LHC (solid
symbols) and the RHIC (open symbols) in the bottom part of
Fig. 4. The difference between the LHC and the RHIC can
easily be attributed to the fit uncertainties since the intensive
quantities are proportional to a high power of statistical
parameters.

Hadronization volume dV /dy does not characterize the
early stage of a collision; this information is available
in the entropy content at hadronization dS/dy o dV/dy,
which presents a more accurate view of the prehadronization
processes that created the fireball. For an ideally flowing
and expanding QGP, most of the observed entropy yield
dS/dy of a fireball is created early in the collision. In the
top panel of Fig. 4, we see that, at the LHC, dS/dy
Noi', the rise is faster than linear. For comparison,
note that, at the RHIC, the entropy yield rises almost
linearly with Npa. The last row of Table I shows the
enhancement of entropy at the LHC compared to the RHIC
Stuc/Sruic. The enhancement decreases as a function of
centrality from ~3 to ~ 1.5, which implies an additional
entropy production mechanism proportional to centrality at
the LHC.

Strangeness per entropy s/S = (ds/dy)/(dS/dy) is of
particular interest in the source fireball since both entropy and
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62



MICHAL PETRAN AND JOHANN RAFELSKI

3 T T T T T T T T
10 5 RHICE2 : 12.9 N322
10 - = LHC2760: 9.6 Njai(° 1
8 L 4
5
» 0 1
©
4L i
2 L 4
0 t t
90 | = P (MeV/im®) 4
85 | N :
=] O =] [m] o B}
80 | L ]
75 £ ‘ ‘ ‘I : ‘ ‘ ‘ ‘ E
8'22 . ¢ (GeV/im®) |
048 | 0 o= . IV :
* n
0.44 | ‘ ‘ —_— ‘ ‘ ‘ ]
0 50 100 150 200 250 300 350 400
Npart

FIG. 4. (Color online) The top panel shows the entropy content of
the fireball at the LHC (full symbols) and the RHIC (open symbols)
as a function of centrality. The bottom part shows pressure P and
energy density ¢ at hadronization with the same symbols for the LHC
and the RHIC as in the top panel, for values, see Table I.

strangeness yields are nearly preserved in the hadronization
process, but the production of strangeness occurs after most
of the entropy is created. Up to a well-studied proportionality
factor, s /S is the ratio of strange quark abundance to total quark
and gluon abundance, which makes up the entropy in the bulk.
Therefore, s/S measures the degree of chemical equilibration
in the QGP. We observe a constant value of s/S ~ 0.03 (see
Table I), which is in agreement with theoretical expectations
for the strange quark mass m; >~ 100 MeV [21].

Comments and conclusions. The LHC2760 experimental
environment has opened a new opportunity to investigate
the hadron production mechanisms in detail. Precise particle
tracking near the interaction vertex in the ALICE removes
the need for off-line corrections of weak interaction de-
cays, and at the same time, vertex tracking enhances the
efficiency of track identification by considerably increasing
the precision of the particle yield measurement [13,15]. All
LHC experimental results we considered were obtained in
this way by the ALICE experiment for Pb-Pb collisions at
Sy =2.76 TeV, limited to the central unit of rapidity
interval —0.5 < y < 0.5.

In this new experimental environment, we show the
necessity to introduce the final-state hadron chemical non-
equilibrium, which well describes all experimental results
obtained in the Pb-Pb collisions at ,/syy = 2.76 TeV from
the LHC. As Fig. 1 shows, y, ~ 1.6 (non-equilibrium of light
quarks) allows for describing the ratio p/m = 0.046 £ 0.003
[13,14] together with yields of multistrange baryons E and 2.

Another approach to describe the data that include the
“anomalous” proton yield at the LHC involves chemical
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equilibrium hadronization at relatively high 7 followed by
hadron interactions [22,23]. We note the chemical equilibrium
SHM yields at hadronization in Fig. 1, which overpredicts
proton yield and, at the same time, underpredicts both E and
Q. Any alternate data explanation must come to terms with
this situation, thus, it must deplete protons and enhance both
E and €2, and at the same time, the ratio p/m must remain
practically constant. This is difficult, as we now discuss, by
looking closer at the results of Refs. [22,23]:

(i) In Fig. 1 of Ref. [22], we see that if and when
equilibrium style hadronization occurs and leads to high
T, the necessary posthadronization reactions deplete
protons and E and enhance 2. This means that the
already too small yield of E is further depleted and
disagrees gravely with experiment.

(ii) The measured p/m ratio in the 0-5% centrality bin
can be made consistent with posthadronization proton-
antiproton annihilation [23]. This fine-tunes the model
parameters and, as a result, for the 20-30% centrality
bin, Ref. [23] reports increased p/m = 0.058.

(iii) For peripheral collisions, the model predicts yet less
annihilation and, thus, a p/m ratio that approaches
the equilibrium SHM value, which is twice as large
as experiment. Although the experiment for p/m seen
in Fig. 2 is a constant for all centralities, Ref. [23], thus,
predicts a rapid variation by about factor of 2.

These arguments lead to the conclusion that posthadronization
interactions are inconsistent with the experimental data of
baryon yields at the LHC. On the other hand, our chemical
non-equilibrium SHM at the LHC produces a high confi-
dence level fit x2/ndf =7.4/8 < 1. Prior SPS and RHIC
data analyses [11,12,16] have already strongly favored a
chemical non-equilibrium variant of SHM. The implied
sudden hadronization picture is perfectly consistent with the
anisotropic flow of quarks that lead to the final hadron
momentum distribution azimuthal asymmetry (see, e.g.,
Ref. [24]).

Moreover, we find that the LHC and RHIC results are
quite consistent in our approach, and we obtain the same
hadronization condition (g, P, o) at the LHC as previously
reported at the RHIC, which, in turn, agrees with high-energy
SPS [12]. The energy density of hadronizing matter is 0.50 +
0.05 GeV /fm?, which is about 3.3 times the energy density of
nuclear matter, and the pressure is P = 82 £ 8 MeV/fm3 =
(158 =4 MeV)* as seen in the bottom part of Fig. 4, and
which has been proposed in Ref. [25]. The bottom part of
Table I also shows that the entropy density is constant: o =
3.35 4 0.30 fm~? for both experiments and all centralities.

These typical QGP properties, which include s /S — 0.03,
mean that, at the LHC, the source of hadrons is a chemically
equilibrated strangeness saturated QGP fireball. Furthermore,
the universal hadronization condition assures that hadron
production cannot be viewed anymore as being due to
successive particle emission or to proceed via the equilibrated
hadron gas phase.

This work was supported by a grant from the US Depart-
ment of Energy, Grant No. DE-FG02-04ER41318.
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APPENDIX D

HADRON PRODUCTION AND QUARK-GLUON PLASMA
HADRONIZATION IN PB-PB COLLISIONS AT ,/syy = 2.76 TeV

M. Petran, J. Letessier, V. Petracek, J, Rafelski, Phys. Rev. C 88, 034907 (2013)
DOI:10.1103/PhysRevC.88.034907

Summary

This paper extends the analysis of hadron production data in Pb—Pb collisions at
Vsny = 2.76 TeV obtained by the ALICE experiment at LHC. We include mul-
tistrange baryons = and () to the data set. Using interpolation of experimental
results, we present a finer centrality binning of all available particle yields with non-
equilibrium SHM. For comparison purposes, the semi-equilibrium and equilibrium
SHM fits are also shown. We confirm the conclusion of Appendix C, that v, > 1
is necessary in order to describe all the measured yields within the experimental
uncertainty.

We address in more detail the p/m ratio, which is naturally fitted within
our chemical non-equilibrium SHM. A mechanism incorporating posthadronization
hadron interactions, namely proton-antiproton annihilation has been proposed (see
publication references [30,42-46]). We show that posthadronization interactions al-
ter yields of all other particles and while describing the proton yield, they create
large discrepancy in the multistrange baryon yields. Moreover, these interactions
produce centrality dependent p/m, whereas the experimental p/7 ratio is nearly
constant as a function of centrality.

We further report that at LHC, the expanding QGP reaches a steady equilibrium
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level of both light and strange quark flavors. This follows given the constant light
quark phase space occupancy v, >~ 1.6 for all centralities and the strangeness phase
space occupancy s, which even for relatively small systems created in peripheral
collisions has a value of 7, ~ 2. This v, value is 20% below expectation based on

the RHIC data analysis (reference [41] of the publication). This is why we found in
QGP

S ~ (0.8. This also contributes to lower than expected strangeness

Appendix E ~
over entropy ratio s/S ~ 0.030. We also report chemical freeze-out temperature
T = 138 MeV, 2MeV lower compared to similar centrality at RHIC. We interpret
this as a supercooling of the more dynamically expanding QGP fireball. However,
the difference is within error of RHIC results.

Some of the data we used in the analysis were still preliminary. During the review
process of this paper, final yields of K3, A, = and Q2 were published (references [61,62]
of the publication). We have confirmed (see section IV.F: Update of our publication)
that the final centrality dependent data is compatible with all our results in the
paper.

Preparation of this article took a considerable amount of time. I was responsible
for the data collection and calculations, which were checked by my collaborator,
J. Letessier. I analyzed the results and prepared all figures for publication and
an original manuscript draft. The text was then extended several times by all co-

authors including added results before and one revision during the referee review

process. The published version contains about 70% of my original text.
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Hadron production and quark-gluon plasma hadronization in Pb-Pb collisions at ,/syy = 2.76 TeV
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We show that all central rapidity hadron yields measured in Pb-Pb collisions at ,/syy =2.76 TeV are
well described by the chemical nonequilibrium statistical hadronization model (SHM), where the chemically
equilibrated quark-gluon plasma source breaks up directly into hadrons. SHM parameters are obtained as a
function of centrality of colliding ions, and we compare CERN Large Hadron Collider (LHC) results with
Brookhaven National Laboratory Relativistic Heavy Ion Collider (RHIC) results. We predict yields of unobserved
hadrons and address antimatter production. The physical properties of the quark-gluon plasma fireball particle
source show universality of hadronization conditions at LHC and RHIC.

DOI: 10.1103/PhysRevC.88.034907

I. INTRODUCTION AND MOTIVATION

Our interest in the multiparticle production process in ultra-
relativistic heavy-ion collisions originates in the understanding
that the transverse momentum integrated rapidity distributions
are insensitive to the very difficult to fully characterize
transverse evolution dynamics of the hot fireball source [1].
A successful description of central rapidity particle yields in
a single freeze-out model [2,3] are used here to characterize
the properties of the hadronizing quark-gluon-plasma (QGP)
fireball. The QGP breakup, as modeled within the statistical
hadronization model (SHM), assumes equal reaction strength
in all hadron particle production channels. Therefore, the
phase-space volume determines the hadron yields. SHM has
been described extensively before and we refer the reader to
SHARE manuals [4] for both further theoretical details and
numerical methods. Here we apply SHM to study particle pro-
duction in Pb-Pb collisions at \/syy = 2.76 TeV (LHC2760),
a new energy domain an order of magnitude higher than
previously explored in Au-Au collisions at ,/syyv = 200 GeV
(RHIC200).

We begin by demonstrating that the chemical nonequilib-
rium SHM variant describes the experimental LHC-ion data
with high accuracy. This finding disagrees with claims that
SHM alone does not describe the particle multiplicity data
obtained in relativistic heavy-ion collisions at LHC [5,6].
In the chemical nonequilibrium SHM approach, we allow
quark pair yield parameter y, for light quarks, a feature
we presented as a necessary model refinement for the past
15 yr [7-9]. We demonstrate the general model validity in our
numerical approach by showing correspondence of chemical
equilibrium SHM results with other fits to the LHC data.
This demonstrates that several SHM programs, which had
years to mature and evolve, are compatible in their data
tables of hadronic resonance mass spectra and decay patterns.
However, only our extended SHARE code includes advanced
features, such as chemical nonequilibrium of all quark yields,
differentiation of up and down quarks, evaluation of fireball
physical properties, and the capability to constrain the fit by
imposing physical properties on the particle source.

0556-2813/2013/88(3)/034907(20)
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To demonstrate that our chemical nonequilibrium SHM
works at LHC, we show in the left-hand side of Fig. 1
our fit to the 0%—20% centrality data, shown in the second
column of Table I, recently presented and studied by the
experiment ALICE [5,6]. Only in this one instance we consider
the relatively wide centrality trigger of 0%—20% to compare
directly with the earlier analysis effort. As can be seen in the
left-hand side of Fig. 1, our nonequilibrium SHM approach
describes these data with x2/ndf =9.5/9 ~ 1. We see in
the Fig. 1(a) inset that the chemical equilibrium SHM works
poorly, x2/ndf = 64/11 ~ 6, which is the same finding and
conclusion as in Refs. [5,6].

While the equilibrium SHM disagrees at LHC across many
particle yields the most discussed data point is the p/m =
0.046 £ 0.003 ratio [6], a point we study in more detail in
Sec. III B. Our work shows that the inability of the equilibrium
SHM alone to fit the experimental value of the p/m ratio does
not mean that all variants of SHM do not describe particle
production in heavy-ion collisions at LHC. One of the key
findings of this work is that the chemical nonequilibrium SHM
variant without any additional posthadronization evolution
provides an excellent description of all data. We also argue that
the present-day hybrid models, that is, models that combine
SHM results with posthadronization hadron yield evolution,
need to address key features of the data such as quasiconstancy
of the p/m ratio as a function of centrality of the heavy-ion
collision and the abundance of multistrange baryons.

The chemical nonequilibrium results for the 5%-10%
centrality bin (containing interpolated data, open symbols)
is shown for comparison in the right-hand panel of Fig. 1.
The fit has the same set of particles as the 0%—20% centrality
bin; however, we must fit here three ratios for which data are
directly (or by interpolation) available, and we use a more
recent set of proton, pion, and kaon data. Definition of the
model and some technical details about how we obtain results
seen in Fig. 1 follow below; the fitted data are shown in
the fourth column of Table I. The Fig. 1(c) shows the SHM
parameters and y? for all three variants. Comparing the SHM
parameters on left- and right-hand sides of Fig. 1 we see a large
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FIG. 1. (Color online) SHM fit to experimental data measured by the ALICE experiment in Pb-Pb collisions at ,/syy = 2.76 TeV for
0%—-20% centrality [panels (a) and (b) on the left-hand side] and for 1/4 of this range, 5%—10% [panels (c) and (d) on the right-hand side].
The input set of particle types is the same as can be seen in particle listing on the ordinates of panels (b) and (d); in panel (d) also particle yield
ratios are used. In the panels (b) and (d) comparison of SHM chemical nonequilibrium fit (horizontal line) with data is shown. The experimental
data are shown as solid squares; in the panel (d) the interpolated experimental data are shown with open symbols (see Appendix for details).
Panels (a) and (c) show the ratio of model values to experimental data for the three SHM variants and present the key parameter values for
chemical nonequilibrium (solid squares), chemical semiequilibrium (solid circles), and chemical equilibrium (solid triangles). For readability,

antiparticles are omitted in panels (a) and (c).

change in V expected for different centralities. We see that
use of finer centrality binning and more mature data sample
reduces x 2 for all SHM variants.

AsFig. 1 shows and we discuss below in detail, the chemical
nonequilibrium SHM works perfectly at LHC, resulting in a
high confidence level. This could be predicted considering
prior CERN Super Proton Synchrotron (SPS) and RHIC data
analyses [10—12], which strongly favor chemical nonequilib-
rium variant of SHM. Moreover, the chemical nonequilibrium
SHM has a dynamical physical foundation in sudden breakup
of a QGP fireball, we are not aware of a dynamical origin of
the simple chemical equilibrium SHM because no dynamical
computation of relativistic heavy-ion scattering achieves the
chemical equilibrium condition without introduction of an
unknown particle, cross sections, etc. Furthermore, as we
discuss in Sec. IIIC, we obtain hadronization universality
across a wide collision energy range: Comparing RHIC62
with LHC2760 we show that the fireball source of particles
is nearly identical and consistent with chemically equilibrated
QGP fireball. Given this result, the chemical nonequilibrium

SHM variant is validated across a wide energy range, while
the chemical equilibrium SHM [13—18] is invalidated by the
LHC data and this conclusion can be extended across different
reaction energies because there is no reason why a model
should work only sporadically.

We have now shown that the chemical nonequilibrium is
the necessary ingredient in the SHM approach to the process
of hadronization of a QGP fireball. The nonequilibrium SHM
was proposed when first strange hadron multiplicity results
were interpreted more than 20 yr ago [19]. The yield of
strange hadrons indicated that the number of quark pairs
present had to be modified by a factor y,; the source of
strangeness is not populating the final-state hadrons with the
yields expected from the hadronic chemical equilibrium, a
point of view widely accepted today. At SPS energies, for
which this model was originally conceived, the production of
strangeness did not yet saturate the QGP phase space; that
is, strangeness was out of chemical equilibrium both in the
QGP fireball source with yQ < 1 and thus also in the final
hadronic state with also ! < 1. The distinction of QGP as
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TABLE I. Table of data points we use as input for SHM fits; hadron yields (d N/dy) and ratios at midrapidity |y| < 0.5 for different
centralities. The header of the table defines the centrality bins in three different ways. Centrality as a function of N,y is taken from [29]. Errors
are combined systematic and statistical errors added in quadratures where systematic errors are, in general, dominant and statistical errors are
negligible. Values in brackets are interpolated data. See Appendix for details about data sources and how data are rebinned.

Centrality 0%-20%  0%-5%  5%-10% 10%-20% 20%-30% 30%-40% 40%-50% 50%-60% 60%-70% 70%—80%
(Npart) 308 382.8 329.7 260.5 186.4 128.9 85.0 52.8 30.0 15.8
dNe/dn 1601 £60 1294449 966+37 649+£23 426415 261+9  149+6  76+4 3542
ot 562436 733+£54 606+42 455 +£31 3074£20 201 +13 124+£8  T1+£5 37+2 17.01+1.1
- 560 £34 732+£52 604+42 453 +£31 3064£20 200+ 13 123+£8  T14+4  37+£2 170+ 1.1
K+ 84+£54 109+9 91+£7 68+5 46+4  30£2 183+14 102+£08 514+04 23+£02
K- 84+£57 109+£9 90+8 68+£6 46+4  30+2 181+15 102+08 51+£04 23+02
K* 173 £ 42

K% /K 10° (188 £ 98) (196 & 77) (209 + 54) (227 £ 59) (247 + 64) (269 £ 70) (295 & 77) (326 + 85) (361 =+ 94)
p 259416 34+£3 2842 210+£17 144+£12 96+08 61£05 36+03 19+02 0.90+008
P 260418 33+£3 2842 211418 145+12 97+08 62£05 37+03 20£02 0.93+0.09
¢ 9.6 + 1.4

¢/K 10° 109 +£20 116£18 117417 128419 120420 123418 123+£19 119418 119 & 21
A 19.3 £ 2.0

A/ 103 (333 £ 3.9)(34.2 £ 4.0) 353 £ 4.1 (36.4 + 4.3) (37.0 & 4.3) (37.1 £ 4.4) (36.8 & 4.3) (36.0 £ 4.2) (34.7 + 4.1)
102 323 £35 (397 +44) (337 £ 37) (258 £ 28) (176 £ 19) (116 £ 13) (71.6 &+ 7.9) (40.7 £ 4.5)(19.6 & 2.2) (7.5 + 0.8)

Q107 57+10 (718 £19) (62+£16) 45+£11) 29 7)
Q10 58+ 11 (76 £18) (61 £15) “45+£11) 29+ 7)

102 304 £ 33 (382 4+ 42) (327 £ 36) (253 £ 28) (176 £ 19) (118 £ 13) (73.7 £ 8.1) (42.3 £ 4.7) (203 £ 2.2) (7.1 £ 0.8)

(18 + 4)
(18 + 4)

(10 + 3)
(10 + 3)

(54 +1.4) (25+06) (1.0 £03)
(55+ 1.4) (2.5+0.6) (1.0 £03)

the initial and the final hadron phase-space domain for y;
was also modeled [20]. It is important to always remember
that hadron phase-space nonequilibrium can arise from a QGP
fireball with strangeness in chemical equilibrium, because,
in general, the QGP and hadron phase-space strangeness
densities are greatly different. Moreover, it is quite possible
that a not-yet-in-chemical equilibrium QGP, which is the
higher density phase, produces an equilibrated hadron yield.
This can, however, happen only accidentally and variation of
reaction energy or collision centrality shows this.

Another nonequilibrium parameter y,, similar to y,, was
introduced very soon after y, to control the charm final-
state phase space [20], and it has been widely adopted in
consideration of a strong charm yield overabundance above
chemical hadron gas equilibrium. Note that both strangeness
and charm flavors are therefore assumed to have been produced
in a separate and independent process before hadronization,
and note further that each of the production mechanisms, in
this case, is different, with charm originating in first parton
collisions and strangeness being also abundantly produced in
secondary thermalized gluon fusion reactions. At the end of
QGP expansion, these available and independently established
strangeness and charm particle supplies are distributed into
available final-state phase-space cells, which is the meaning
of SHM in a nutshell.

The full chemical nonequilibrium is introduced by means
of the parameter y, # 1. This situation arises when the source
of hadrons disintegrates faster than the time necessary to
reequilibrate the yield of light quarks present. The two-pion
correlation data provide experimental evidence that favors a
rapid breakup of QGP with a short time of hadron production
[21] and thus favors very fast, or sudden, hadronization

[22,23]. In this situation, a similar chemical nonequilibrium
approach must be applied to the light quark abundance,
introducing the light quark phase-space occupancy y,. This
proposal made for the high-energy SPS data [7,8], helped
improve the understanding of RHIC200 hadron rapidity yield
results [10], and allowed a consistent interpretation of these
data across the full energy range at SPS and RHIC200 [11].

For more than a decade we have made continued ef-
fort to show that a high-quality (low x?) and simple (no
need for hybrid models) description of hadron abundances
emerges using chemical nonequilibrium SHM. However, the
recognition of the necessity of light quark (u,d) chemical
nonequilibrium, i.e., y, # 1, remains sparse, despite the con-
sistency of this approach with the two-pion correlation results,
which provides additional evidence for fast hadronization [21].
The recent steady advances of lattice QCD [24-27] favors
QGP hadronization at a temperature below the once-preferred
T, = 165 MeV temperature. As already noted, the equilibrium
SHM variant imposing y, = 1 light quark chemical equilib-
rium [13-18] produces (relatively dense) particle chemical
freeze-out near 7 = 155 MeV. Such freeze-out assumes, on
one hand, in the present context a relatively high QGP
hadronization temperature and, on the other hand, requires
as a complement an “afterburner” describing further reaction
evolution of some particles. As we argue in Sec. III B, such a
“hybrid” model does not result in a viable description of the
precise ALICE experimental data.

This is the case since the LHC2760 experimental environ-
ment has opened a new experimental opportunity to investigate
in detail the SHM hadron production model. Precise particle
tracking near the interaction vertex in the ALICE experiment
removes the need for off-line corrections of weak interaction
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decays, and at the same time vertex tracking is enhancing the
efficiency of track identification, increasing considerably the
precision of particle yield measurement [5,28]. All data used in
the present work were obtained in this way by the LHC-ALICE
experiment for Pb-Pb collisions at /syy = 2.76 TeV, limited
to the central unit of rapidity interval —0.5 < y < 0.5. The
experimental particle yield results are reported in different
collision centrality bins according to the geometric overlap of
colliding nuclei, with the “smallest,” e.g., 0%—5% centrality
bin corresponding to the nearly fully overlapping geometry of
the colliding nuclei. The collision geometry model [29] relates
the centrality trigger to the number of participating nucleons
Npart, Which we use as our preferred centrality variable in what
follows.

Section II presents our general method and approach to the
particle multiplicity data analysis. Following a brief summary
of the SHM methods in Sec. I A, we describe in Sec. II B our
centrality study of particle production based on the following
data: For the 0%—20% centrality bin, we obtain the preliminary
data from [5,28]. For the centrality study of particle production,
we present in Table I the final yields of w*, K*, and p*
as presented in Ref. [30]. The preliminary ratio ¢/K is
from Ref. [31]; these seven data points are binned in the
same centrality bins and are used as presented. However,
several other particle types require rebinning with interpolation
and, at times, extrapolation, which is further discussed in
Appendix. The (preliminary) data input into this rebinning for
K*°/K~and for 2A /(w —+ n") are also taken from Ref. [31].

Usmg the preliminary enhancement factors of & B , Q7,

Q" shown in Refs. [32,33], combined with ylelds of these
particles for p-p reactions at ,/syy = 7 TeV as presented in
Ref. [34], we obtain the required yield input; see Appendix.
In Sec. II C, we present particles both fitted and predicted by
SHM, including antimatter clusters.

In Sec. III, we discuss the key physics outcome of the fits,
i.e., the resulting SHM parameters as a function of centrality.
We compare to the equilibrium approach in Sec. III A. We
discuss the differences seen between the SHM variants and
compare our results to our analysis of Au-Au collisions at
JSnv = 62.4 GeV at RHIC62, because it is a system we
analyzed in detail recently [12]. We obtain the bulk physical
properties—energy density, entropy density, and pressure—as
a function of centrality in Sec. III C, where we also address
strangeness and entropy yields. This study is made possible
because all SHM parameters are determined with minimal
error in consideration of the precise experimental particle mul-
tiplicity result. We discuss how our results relate to the lattice-
QCD study of QGP properties in Sec. III D. We close our paper
with a short summary and discussion of all results in Sec. I'V.

II. SHM AND PARTICLE PRODUCTION

A. Generalities

We use here SHM implementation within the SHARE
program [4]. The SHM describes the yields of particles
given the chemical freeze-out temperature 7 and overall
normalization dV /dy (as the experimental data are available
as dN/dy). We account for the small asymmetry between
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particles and antiparticles by fugacity factors A,, A, and the
light quark asymmetry X;3; see Ref. [4]. We further note
that it is not uncommon to present the particle-antiparticle
asymmetry employing the baryochemical and strangeness
chemical potentials defined by

g =3TIni, and ps=TIn(A,/A,), (1)

the “inverse” definition of g with reference to A has historical
origin and is a source of frequent error.

For each value of A,, strangeness fugacity A, is evaluated
by imposing the strangeness conservation requirement (s) —
(s) ~ 0. From now on, we omit the bra-kets indicating grand
canonical average of the corresponding summed particle yield.
The isospin fugacity factor X3 is constrained by imposing the
charge per baryon ratio present in the initial nuclear-matter
state at the initial instant of the collision. We achieve this
objective by fitting these conservation laws along with particle
yield data, using the following form:

"JI

s —
s+
Q —
B—-B
We believe that implementing conservation laws as data points
with errors accounts for the possibility that particles escape
asymmetrically from the acceptance domain.

In the LHC2760 energy regime, there is near symmetry of
particle and antiparticle sector; thus, the chemical potentials
are hard to quantify. Therefore, the two constraints Egs. (2)
and (3) alone were not sufficient to achieve smooth behavior
of the chemical potentials as a function of centrality. We
therefore impose as a further constraint a constant baryon
number stopping per participating nucleon in the midrapidity
region in the following form:

b—b

— 0.00 + 0.01, )

“l

th

= 0.38 £0.02. A3)

= 0.0054 + 1%. 4)

part

We selected condition (4) because this was the variable that
emerged in unconstrained fits as being most consistent. The
value we selected is our estimate based on convergence without
constraint to this value at several centralities. The alternative
to this approach would have been to take a constant value of
wp across centrality. While this produces a good-enough fit as
well, this approach was poorly motivated: The unconstrained
fit results produced a rather random-looking distribution of
up across centrality and thus did not present any evidence
pointing towards a specific choice for pg. While the actual
method of fixing matter-antimatter asymmetry is extraneous
to the main thrust of this paper, the value of wp is of some
relevance when considering predictions for antinuclei which
we present further below.

Our considerations include the already described phase-
space occupancy parameters y; and y,, where the light quarks
q = u, d are not distinguished. We do not study y, here; in
other words, we do not include in the present discussion the
charm degree of freedom. We note that there is no current
experimental p -integrated charmed hadron yield information
available from Pb-Pb collisions at LHC. The integration of the
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phase-space distribution is not yet possible owing to uncertain
low transverse momentum yields.

Thus, in the LHC2760 energy domain, we have at most
7 — 3 =4 independent statistical model parameters: seven
parameters—dV /dy, T, Ay, As, A13, ¥4, and y,—constrained
by the three conditions—Eqs. (2)-(4)—to describe within
SHM approach many very precise data points spanning in
yield across centrality more than 5 orders of magnitude. We
show for comparison results obtained setting arbitrarily y, = 1
(chemical semiequilibrium fit, comprising 6 parameters —
3 constraints) and then y, = y; = 1 (chemical equilibrium fit,
5 parameters — 3 constraints).

Absolute yields of hadrons are proportional to one power
of y, for each constituent light quark (or antiquark) and one
power of y; for each strange quark (or antiquark). For example,
y, enters nonstrange baryon-to-meson ratios in the following
manner:

baryon(gqq)

3
Y.
— X _qu(T, Mparyon Mmeson)s )
meson(qq)

q

where g stands for either u or d quark and F' is the integral
over all particle momenta of the phase-space distribution
at freeze-out temperature. We always use exact form of
relativistic phase-space integrals. For strange hadrons, we must
replace y, with y;, for each constituent s (and/or 5) quark.
Experimentally measured light baryon-to-meson ratios (such
as p/m) strongly depend on the value of y, in a fit. Similarly,
A(gqs)/m(gq) x ys is very sensitive to the value of y;.

The value of y, is bound by appearance of a pion condensate
which corresponds to a singularity in the pion Bose-Einstein
distribution function reached at the condition

vy = exp(’"”” ) (©)

This numerically works out for 7 = 138-160 MeV to be in
the range chm = 1.63-1.525. However, there is a much more
lax limit on the range of y;; strangeness can increase very far
before a particle condensation phenomenon limit is reached
for the  meson.

B. Centrality study

The input hadron yield data used in the fit to the 0%—20%
centrality bin is shown in the second column of Table I. The fit
to this data set for the case of chemical equilibrium, where
one forces y, =y, = 1, was done in Ref. [28], choosing
a fixed value up =1 MeV. In a first step, we compare to
these results and follow this approach. However, we consider
it necessary to apply strangeness and charge per baryon
conservation by fitting Eqs. (2) and (3) as two additional
data points determining the corresponding values of chemical
parameters (g, (473, a procedure omitted in the report Ref. [28],
where pg = uy3 =0 was set. Naturally, the effect of this
improvement is minimal, but it assures physical consistency.
We show the values of Xt%)tal in Fig. 2; see the large open
symbols. The wider range of Np, corresponding to the
centrality bin 0%-20% is shown in Fig. 2 as horizontal
uncertainty bars.
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FIG. 2. (Color online) Total x2 as a function of centrality, as
indicated in the figure, for the total equilibrium (y, = y, = 1, ndf =
11), for the semiequilibrium (y, =1, y, # 1, ndf = 10), and for
chemical nonequilibrium (y, # 1, y; # 1, ndf =9) SHM. Open
symbols represent the total x 2 for the 0%—20% centrality bin depicted
in Figs. 1(a) and 1(b) The number of degrees of freedom for the
three cases, respectively, isndf = 11, 10, 9. (The value of equilibrium
SHM in the 0%—20% bin has been shifted down by 20 to fit in the
figure.)

In our detailed centrality-dependent analysis, we use data
in nine finer centrality bins, which we show in the 3rd to
11th and last column of Table I. The bins are classified
according to the average number of participants Npa as
a measure of centrality. This is a model value originating
in the experimentally measured pseudorapidity density of
charged particles d N.,/dn [29], which we state in the third
row of Table I. We consider the consistency in Fig. 3: The
experimentally measured d N.,/dn in the relevant participant
bins [30] is shown by square symbols, as well as our SHM
results for rapidity density of charged particles dNg,/dy
emerging directly from QGP (i.e., primary charged hadrons)
and the final yield of charged hadrons, as triangles, fed by
the decay of hadronic resonances. In all cases, we show, in
Fig. 3, the yield per pair of interacting nucleons using the
model value Np,. While the primary charged hadron rapidity
yield (solid circles) is well below the pseudorapidity density
d N /dn of charged hadrons (solid squares), the final rapidity
yield dNq,/dy after strong decays (solid triangles) is well
above it. This result, d Noy/dy > dN.y/dn, is consistent with
dynamical models describing the momentum spectra, which
account for the production of charged particles that are not
identified by experiments [1].

In Fig. 3, we see that about 50% of charged hadronic
particles are produced by strong decays of heavier resonances.
We show, in Fig. 4, the ratio of primarily produced yield to
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FIG. 3. (Color online) Experimental charged-particle yield pseu-
dorapidity density d/N/dn (blue squares), and geometric model
relating to charged-particle rapidity density d N /dy of only primary
particles (violet circles) and including feed from strongly decaying
resonances (red triangles) per participant pairs Ny /2.

the total yield for different particle species in the expected
range of hadronization temperatures. The dominant fraction,
almost 80%, of m and p yield originates from decaying
resonances. This result demonstrates the difficulty that one
encounters in the interpretation of transverse momentum
spectra which must account for the decays and is thus, in a
profound way, impacted by collective flow properties of many
much heavier hadrons [1-3]. Conversely, this means that one
can perform a convincing analysis of transverse momentum
distribution only for hadrons, which do not have a significant
feed from resonance decays, such as 2 or ¢. This finding is
the reason why we study the p, integrated yields of hadrons
in exploration of the physics of the fireball particle source.
Moreover, we believe that “blast-wave” model fits to p;
hadron spectra are only meaningful for the €2 or ¢ hadrons.
The centrality binning, which differs for the different
particles considered, requires us to use several interpolated and
even some slightly extrapolated experimental results, which

1 ' &
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0.2 < ]
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FIG. 4. (Color online) Fraction of primary hadrons produced,
normalized by their final yield, which consists of primary produced
hadrons and the feed from strong decaying resonances, for particles
indicated in the right margin, as a function of hadronization
temperature in single freeze-out model.
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procedure we discuss in depth below and in Appendix. In
our fits, we choose to use the centrality bins with the largest
number of directly determined experimental data, minimizing
the potential error originating in our multipoint interpolation.
A few particles appear more than once in our data set (as a yield
and/or in a ratio). However, to prevent duplicity, we always fit
every particle measured just once.

To show that the finer centrality binning matters, we have
already shown the 5%—10% centrality bin [which contains only
close extrapolation; see open symbols in Figs. 1(b) and 1(d)].
The fit has the same set of particles as the 0%—20% centrality
bin seen in Figs. 1(a) and 1(c), however, some of these particles
enter the finer binned fit in ratios. If the outcome of the fit
as a function of centrality is even a small variation in fitted
parameters (other than normalization, i.e., volume), we expect
and we find that the 5%—-10% centrality bin, which describes
a much smaller participant Ny, range, leads to smaller x>
compared to the wide 0%—20% case. However, the stability
of the fit parameters implies that much of the improvement is
attributable to the revision in the input data set. The 0%—20% fit
is based on preliminary data [28], whereas 5%—10% includes
more recent final data [30] (see Appendix for details). For
chemical nonequilibrium SHM an improvement of x? by a
factor of 4 is found for both preliminary 0%—20% and more
recent final data set in 5%—10% bin as compared to chemical
equilibrium SHM, thus favoring our simple nonequilibrium
hadronization model.

We perform a fit to the entire data set with all three SHM
approaches and compare the resulting x 2 as a function of Npart
in Fig. 2. The solid squares represent the chemical nonequi-
librium SHM (y, # 1, y; # 1), the solid circles represent the
semiequilibrium SHM (y, =1, y; # 1), and solid triangles
represent the full equilibrium SHM (y, = y; = 1). The range
of centrality is indicated by the horizontal bars. Considering
most central bins, we note in Fig. 2 that allowing y, # 1 can
reduce the total 2 of the fit by more than a factor of 3 compared
to semiequilibrium and more than a factor of 5 comparing full
nonequilibrium with full equilibrium.

As a last step, we verify if there is a special value of the
parameter y, of particular importance. To this end, we have
evaluated the x2/ndf of the fit as a function of a given fixed
¥, within a range y, € (0.95, chm). This x? profile curves,
seen in Fig. 5, all pass y, = 1 smoothly; therefore, y, = 1 has
no special importance for the SHM. However, fits to data in
all centralities decrease in x2 as y, increases; they all point
to best-fit value of y, near the critical value of Bose-Einstein
condensation given by Eq. (6).

The most peripheral bin (70%-80%, Npax = 15.8) analyzed
here requires further discussion as it shows in Fig. 5 a different
behavior and in particular a considerably lower x> when
¥y — 1. For this peripheral centrality bin the procedure we
use to interpolate data of E, Q, A/m, and K*/K assigns
a narrow peripheral centrality range to these experimental
data points obtained for a much greater centrality domain
spanning a participant range which is considerably wider.
This can be a problem because within the wider centrality
range the experimental results change rapidly with participant
number. Therefore, our extrapolation towards the edge of
the experimental data centrality range may introduce a fit
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xZ/ndf

FIG. 5. (Color online) x2/ndf profile as a function of y, for all
studied centralities.

aberration; here it happens that the created data are less
incompatible with equilibrium SHM variants when y, — 1.
We do not believe that there is any issue with the result of the
fit for y, — 1.6 we discuss in this work. A different approach,
in which we recombine the bins rather than interextrapolate,
was presented in Ref. [35].

C. Particle yields

We compare input to the resulting particle yields graphically
in Fig. 6. We fit 13 particles, counting antiparticles, which in
the figure cannot be visually distinguished as an independent
input or output data, and ratios A/x, K*/K, and ¢/K. For
these ratios, the relevant yield outputs A, K*, and ¢ are shown.
Direct comparison of the input A/z, K*/K, and ¢/K ratios
to the output is presented in Fig. 7; note that the ¢/ K ratio is
available as an experimental data point in all centrality bins.
The fitted output yields are stated also in the top portion
of Table II, and ratios are given just below, allowing for
comparison with the input values.

Our fit results appear as open circles in Fig. 6, at times
completely overlaying the input data (solid symbols). For the
A, the dotted line guides the eye, because the actual fit is
to the ratio A/m shown in Fig. 7; no absolute A data are
available. In the absence of absolute yields, only the open
circles, i.e., the fitted values, are shown in Fig. 6. A similar
situation arises with ¢ and K*, where data are not available,
but we fit ¢ /K and K% /K. One can see that SHM-generated
results follow closely both the experimental data available and
the interpolation dashed lines for each particle and that each
interpolation curve passes through the experimental data points
shown as full symbols or, at worst, the error bars if these are
larger than the symbol.

Even so, we note in Fig. 6 that our interpolation for 2 shows
a slightly different systematic shape (dashed line) compared
the fit results (open symbols) or the behavior of the other
particles. In other words, we see that other particles “predict”
the yield of 2 that follows the centrality dependence of
other particles, while the four data points lead to a centrality
distribution that is slightly different. More precise 2 data will,
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FIG. 6. (Color online) Solid symbols are the experimental data
points. Open symbols represent the outcome for our chemical
nonequilibrium SHM fit to LHC2760 as a function of centrality,
i.e., Npan. Dashed lines are the outcome of our data interpolation of
experimental yields available (see Appendix). Dotted lines connect-
ing A, K*, and ¢ SHM output values are presented to guide the eye;
because ratios of these particles were used in our fit, the data are
shown in Fig. 7.

without any doubt, offer a resolution to this slight tension in
our interpolation. The hadron yields we find are also stated
in Table II. Aside from the yields, we show there frequently
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FIG. 7. (Color online) Solid symbols, experimental data with
errors for K*/K, ¢ /K, and A/m as a function of centrality, i.e.,
number of participants Np,. Lines are the interpolation (respectively,
extrapolation) except for the case ¢ /K, where dotted line guides
the eye. Open circles represent the resulting fit value for each ratio.
The (blue) shaded band shows the error input used obtaining the
interpolated values of K*/K ratio.
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TABLE II. Table of hadron yield output. The header of the table defines the centrality bins in three different ways. The top section of the
table shows fitted yields d N /dy of hadrons entering the fit at LHC2760 obtained in the chemical nonequilibrium SHM. Next are three ratios
that are actually included in the fit (rather than the yields of A, K%, ¢), followed by the ratios of hadron yields that can be formed from the
stated results, stated here for convenience of the reader. In the two lower sections of the table, there are predicted yields of yet-unmeasured
hadrons, and at the very bottom we show predicted yields of light antinuclei scaled up by factor 1000 (and by 10° for antihelium). Note that
yield of matter particles is nearly the same.

Centrality ~ 0%-20% 0%-5% 5%-10% 10%-20% 20%-30% 30%-40% 40%-50% 50%-60% 60%-70% 70%-80%
bin (Npar) 308 3828 3297 260.5 186.4 128.9 85.0 52.8 30.0 15.8
dNew/dy 1312 1732 1433 1075 729 474 294 169 88.7 40.2
wt 525 696 574 431 292 190 118 68.0 35.8 16.4
w 525 696 575 430 292 189 118 68.1 35.9 16.4
K+ 88.4 115 96.0 71.8 49.0 314 19.2 10.8 5.41 2.30
K- 88.1 114 95.5 72.1 48.7 315 19.1 10.8 5.37 2.30
p 26.5 34.9 29.0 22.0 15.1 10.1 6.45 3.82 2.08 0.982
7 26.1 34.2 28.4 216 14.8 9.89 6.30 3.72 2.02 0.953
K 20.8 27.0 226 17.0 1.7 7.56 4.68 2.67 136 0.587
¢ 11.2 14.4 12.1 9.12 6.23 3.99 2.40 133 0.632 0.255
A 17.2 223 18.6 14.2 9.73 6.43 4.00 2.31 1.18 0.520
c 3.03 3.86 3.25 2.49 1.70 111 0.674 0377 0.181 0.0745
g 3.00 3.80 3.22 2.43 1.68 1.08 0.664 0.371 0.179 0.0726
Q- 10° 529 663 561 435 297 193 115 62.6 28.5 11.0
Q10 527 654 560 421 295 186 114 62.1 28.4 10.7
A7 10° 327 32.0 324 33.0 334 339 34.0 33.9 329 317
K*/K 10° 236 235 237 236 239 240 245 248 252 255
¢/K 10° 127 125 126 127 128 127 125 123 117 111
¢/n10° 214 20.6 21.0 212 214 21.1 203 19.5 17.6 15.6
K~ /7 10° 168 165 166 167 167 167 162 158 150 141
p/at10° 50.4 50.2 50.5 51.0 51.8 53.2 54.8 56.2 58.0 60.0
E/m 10° 5.76 5.55 5.65 5.79 5.84 5.86 5.71 5.53 5.06 455
Q/m 10° 1.007 0952 0976 1.010 1.019 1.019 0.973 0.920 0.795 0.671
K%/x 10° 39.6 38.8 39.3 39.5 40.0 39.9 39.7 39.2 37.8 35.9
p/K 0300 0303 0302 0.306 0.309 0.322 0336 0.354 0.385 0.426
n 61.0 79.7 66.3 49.8 33.9 219 13.4 7.64 3.90 1.72
p(770)° 38.9 513 425 32.1 21.9 14.5 9.14 5.35 2.87 1.34
»(782)° 35.1 46.4 38.4 29.0 19.8 13.1 8.28 4.85 2.61 1.22
A(1232)"F 498 6.57 5.46 4.15 2.86 1.92 123 0.734 0.402 0.191
TH(1385) 208 2.70 2.26 1.72 118 0.785 0.492 0.284 0.146 0.065
A*(1520) 1.09 1.41 118 0.907 0.625 0.418 0.264 0.153 0.0795  0.0355
E*(1530)°  1.02 130 1.09 0.84 0.58 0.378 0.230 0.129 0.0626  0.0258
H10° 74.7 98.1 81.9 62.6 43.6 29.4 19.5 11.8 6.53 3.16
JH10? 0478 0601 0506 0.397 0.279 0.191 0.128 0.0773  0.0415  0.0193
SH10° 1.64 2.13 1.79 139 0.983 0.677 0.468 0.290 0.166 0.083
*He 10° 1.64 2.14 1.79 139 0.986 0.679 0.469 0.291 0.166 0.083
“He 10° 5.87 7.57 6.41 5.04 3.64 2.56 1.85 1.18 0.697 0.362

quoted ratios of particle yields; e.g., we find p/7 ~ 0.05.
We return to discuss this ratio in Sec. 111 B.

Figure 7 has the largest differences between theory and
experiment. In case of the A/m ratio, we see a systematic
within error bar underprediction at all centralities. For K*/K,
we see within the error bar a different slope of the fit as
a function of centrality. The question can be asked if these
differences of fit and results indicate some not-yet-understood
physics contents. However, we are within the error bars and
such data-fit difference must be expected and is allowed given a
large data sample and potential for experimental refinement of
these two preliminary data sets involving K* and A. We recall

that at RHIC200, the K*/K ratio was 10%—15% smaller and
agrees with current ALICE results within the error margin [36].
We also note that we did not yet study how the charmed hadron
decay particles influence the fit.

Predictions for the six hadron yields—n, p°, A(1232)*7,
A*(1520), ©*(1385)", E*(1530)’—are shown in Fig. 8 as
a function of centrality; these results are stated in the lower
portion of Table II. We further show five different species
of (strange) antimatter, from antideuteron to anti-«, including
antihypertriton, appropriately scaled to fit into Fig. 8. Our
predictions of these composite objects should serve as a
lower limit of their production rates: Fluctuation in the QGP
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FIG. 8. (Color online) Particles predicted by the chemical
nonequilibrium SHM fits. Predictions for hadron yields (solid
symbols) are above antinuclei yield predictions (open symbols),
which have been multiplied by suitable factors. Lines guide the
eye; points are actual predictions for each of the nine centralities
we analyzed.

homogeneity at hadronization and recombinant formation after
hadronization may add contributions to the small SHM yield;
see here the corresponding RHIC result [37].

III. PARTICLE SOURCE AND ITS PROPERTIES

A. Statistical parameters

In Fig. 9, we depict the LHC2760 statistical parameters as
a function of collision centrality and compare these LHC2760
results with those we have obtained at RHIC62 [12], shown
with open symbols. In all three panels of Fig. 9, we show
parameter errors evaluated by SHAREV2 [4] employing the
MINOS minimization routine. One can see that the parameter
values for chemical nonequilibrium are defined better than for
the case with y, = 1.

We present LHC2760 hadronization parameters for the
nonequilibrium SHM case also in the top section of Table III.
In Fig. 9(a), we see the particle source volume dV/dy,
in Fig. 9(b) the chemical freeze-out temperature 7, and in
Fig. 9(c) the phase-space occupancies; the different variants
are distinguished by superscripts “neq” (nonequilibrium, that
is, vy # 1, vs # 1), “seq” (semiequilibrium, y, =1, y; # 1),
and “eq” (equilibrium, y, =1, y; = 1). To compare with the
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FIG. 9. (Color online) SHM parameters as a function of centrality,
i.e., number of participants Ny, presented for the three different
levels of chemical equilibrium, and compared to the chemical
nonequilibrium SHM RHIC62 results (open symbols, dashed lines).
All lines guide the eye. From top to bottom: (a) dV /dy (note that
the volume for both equilibrium and semiequilibrium SHM variants
is so close that symbols overlap); (b) T, the chemical freeze-out
temperature (semiequilibrium symbols are offset to separate them
from equilibrium); (c) phase-space occupancies y "%, "9, and for
comparison with equilibrium y,%9; we also present y,% /y,"9.

semiequilibrium SHM variant, we show the ratio y,"*? /"%,

a ratio which helps to quantify the strangeness to light

quark enhancement. This is to be directly compared with

the semiequilibrium strangeness phase-space occupancy y: ™9,

given fixed y,*°? = 1.
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TABLE III. The top section shows chemical nonequilibrium SHM fit parameters dV /dy, T, y,, y;, and X2 With ndf (number data less
number of parameters) obtained in each centrality bin. For error discussion, see text in Sec. III C. The bottom section presents fireball bulk
properties in each bin: energy density ¢, pressure P, entropy density o, strangeness per entropy content s/S, entropy at LHC2760 compared
to RHIC62, S yc/Sruic, and net baryon number per entropy ratio b/S.

Centrality 0%-20%  0%-5%  5%-10% 10%-20% 20%-30% 30%—40% 40%-50% 50%-60% 60%—70% 70%-80%
(Npart) 308 382.8 329.7 260.5 186.4 128.9 85.0 52.8 30.0 15.8
dV/dy (fm%) 2463+6 3304469 2715+£81 200347 13374173 853.9+5.9 512.2£70.1 289.4£5.5 149.84+5.0 66.9+9.7
T (MeV) 138.3+0.0 138.0£0.0 138.1£0.0 138.6 0.0 139.01.7 139.9£0.0 140.74£1.8 141.54+0.0 142.3+0.5 143.2£2.0
Ya 1.6340.00 1.63+0.00 1.63+0.08 1.63+0.00 1.624+0.08 1.62+0.05 1.6240.08 1.61£0.00 1.61 £0.00 1.600.09
Ve 2.0840.00 2.05£0.17 2.06£0.13 2.06£0.13 2.05£0.16 2.00£0.01 1.95+0.16 1.88+£0.05 1.75+0.19 1.62+0.14
X2 /ndf 9.51/9  3.87/9  352/9  3.94/9  3.35/9  4.73/9 4.55/9 5.65/9  6.13/9  4.09/9
e(GeV/fm®)  0.462 0.453 0.457 0.467 0.476 0.487 0.505 0.516 0.521 0.527

P (MeV/fm®)  78.5 77.1 77.7 79.1 80.5 82.3 85.1 86.8 87.9 89.2

o (fm™3) 3.20 3.14 3.17 3.23 3.8 3.36 3.46 3.53 3.56 3.60
s/S 0.0299  0.0295  0.0297  0.0297  0.0298  0.0294 0.0290 0.0284  0.0272  0.0257
Stnc/ Sriic 3.07 3.23 3.10 2.93 2.75 2.56 2.33 2.06 1.74 1.27
b/S x 10* 1.37 2.00 2.08 2.19 2.30 2.45 2.61 2.81 3.06 3.57

For the LHC2760 data, the SHM forcing chemical equilib-
rium of light quarks (i.e., y, = 1 witheither y; = 1 or y; # 1)
have a very similar volume dV/dy and similar chemical
freeze-out T, as shown in Figs. 9(a) and 9(b), respectively, with
nearly overlapping lines for dV /dy. In the nonequilibrium
approach, dV /dy is reduced by about 20%-25% and the
freeze-out temperature 7 by 10% compared to the equilibrium
SHM variant. Compared to the RHIC62 results [12] (open
symbols) the LHC2760 volume dV/dy is up to a factor 4
larger while the LHC hadronization temperature 7T is 2-5 MeV
lower. Thus, given equal number of participants Np, at
RHIC62 and LHC2760, the much larger particle multiplicity
dN /dy requires in consideration of the universal hadronization
condition [35] considerably increased transverse dimension
of the fireball at the time of hadronization, which we find
within our SHM interpretation of hadron production data. We
understand this growth of particle multiplicity (and therefore
volume) as being attributable to a greater transverse fireball
expansion, driven by the greater initial energy density formed
in a LHC2760 heavy-ion collision. This corresponds to a
greater initial pressure necessary for the matter expansion to
the same bulk hadronization conditions as already found at
RHIC. The small but systematic decrease of the freeze-out
temperature at LHC2760 compared to RHIC62 may be an
indication of a greater supercooling caused by the more
dynamical LHC expansion.

The freeze-out temperature 7 at LHC2760 decreases
when considering more central collisions; see Fig. 9(b). In
the hadronization scenario used in this work, this can be
interpreted as being attributable to a deeper supercooling of
the most central and most energetic collision systems. We can
extrapolate the freeze-out temperature to Ny, = Oin the figure
to set an upper limit on hadronization temperature at LHC2760,
Thaa — 145 £4 MeV, applicable to a small (transverse size)
fireball. This, then, is the expected hadronization temperature
without supercooling. Excluding, in Fig. 9(b), the most
peripheral T-fit point for RHIC62, which does not have a
good confidence level, we see that 7" at RHIC62 converges
towards the same maximum value as we found at LHC2760,

thus confirming the determination of Tj,q as the common
hadronization temperature without supercooling.

We show the phase-space occupancies y,, y; in Fig. 9(c).
We note that the LHC2760 fit produces nearly a constant
¥4 as a function of centrality. However, y; (and respectively
¥s/vq) decreases for more peripheral collisions towards unity,
suggesting that these flavors approach the same level of
chemical equilibrium for systems of small transverse size. A
similar situation for peripheral collisions was observed for
RHIC62. However, at RHIC62, we see a strong centrality
dependence of y, and, hence, y;/y,. This rapid rise of the
RHIC62 y; as a function of centrality can be attributed to the
buildup of strangeness in QGP formed at RHIC62, which is
imaged in the later produced strange hadron yield. Note that,
omitting the most peripheral RHIC62 point, the peripheral y,
is nearly the same as at LHC2760. The small difference can
be attributed to the smaller allowed value of y, for the slightly
higher value of T seen at RHIC62.

We have executed all our fits allowing for the presence
of the chemical potentials [Eq. (1)] characterizing the slight
matter-antimatter asymmetry present at LHC2760. The quality
of the fit is not sufficiently improved including effectively
one extra parameter (i g, because wg is fixed by strangeness
conservation) to assure that the unconstrained results for g
are convincing. As mentioned in Sec. I A, we smooth the
centrality dependence of pp by introducing baryon stopping
fraction at midrapidity, that is, imposing Eq. (4) as an
additional data point, a value that we saw a few times in the
data without introducing this constraint. This constraint leads
to the chemical potentials up and pg presented in Fig. 10,
with the baryochemical potential 1 < up < 2.3 MeV and
us = 0.0 £ 0.5 MeV for all centralities, values an order of
magnitude smaller than at RHIC62 and RHIC200. As we can
see, even with the constraint, there are two centralities which
do not agree with the trend set by the other seven data points.

Data shown in Fig. 10 are not defined well enough to
argue that we see a decrease of baryochemical potential
with increasing centrality, because this outcome could be the
result of the bias we introduced. However, we think that
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FIG. 10. (Color online) Scatter plot of fitted chemical potentials.
The dashed line shows net baryon number over entropy b/S scaled
with 5000.

for the most central collisions at LHC2760 there is some
indication that g >~ 1.5 MeV. The dashed line in Fig. 10
indicates the resultant baryon per entropy, b/S, scaled with
5000, these values are also seen in Table III. This is a first
estimate of this important result needed for comparison with
the conditions prevailing in the big-bang early universe, where
b/S ~3.3 x 10711 [38].

B. p/n ratio and chemical (non-)equilibrium

The key difference between the three SHM approaches
are the values of y, s, as seen in Fig. 9(c). In Sec. II A, we
argued that the baryon-to-meson ratio, e.g., p/m, is directly
proportional to y, and this can be used to distinguish between
the three SHM approaches. This ratio is a big problem for
the equilibrium SHM [6]. We wish now to quantify this result
within our approach and to show that, within the chemical
nonequilibrium SHM, the problem is solved.

For this purpose, we redo all fits but making this ratio more
explicit in the data analysis. Specifically, first we evaluate the
p/m ratio based on the yields of p and 7 seen in Table I

p_pr+7p

T m4mt

)

We estimate the error of the p/m ratio by adopting the relative
error of p/m from [6], that is, 6.5%. We include this new data
point, the p/m ratio, in the fit. Note that this increases the
relative importance of p and m compared to the other particles
included in the fit. Open symbols in Fig. 11(a) depict the data
and solid symbols show the resulting output values obtained
when we refit with enlarged data set that includes the p/m
ratio. There is a minimal change in statistical parameters and
physical properties of the fireball which we do not restate. In
Fig. 11(b), we show Xt%)lal'

Even with the increased importance of p/m, the chemical
nonequilibrium SHM works very well. However, SHM with
fixed y, = 1 have increased difficulties describing this ratio;
that is, there is systematic 1.5-2 s.d. difference of the fit result
and data and the value of Xfml is large. When compared
to the x2,, obtained without the added p/m in Fig. 2, the
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FIG. 11. (Color online) (a) Data and SHM description of p/m
ratio fitted together with all other data within the three SHM
approaches as a function of centrality. (b) Resulting x2,,, for the
three variants. See Sec. III B for details.

nonequilibrium variant shows nearly the same values of x2,,
for all centralities, the p/m ratio is a natural outcome of the
nonequilibrium approach. However, SHM approaches with
¥4 = 1 show additional systematic increase in %2 by a factor
of ~1.3—1.5 for all centralities. This means that the p/7 data
are in conflict with the hypothesis y, = 1. This demonstrates
that the hypothesis of chemical equilibrium of light quarks is
incompatible with the baryon-to-meson ratio at LHC2760 and
¥y = 1.61s needed to describe the LHC data. This finding is in
agreement with the RHIC200 data [39], where the importance
of the p/m ratio was noted.

To compare p/m ratio with our predictions, recall that the
picture of universal hadronization condition with universal
hadronization pressure P = 82 &5 MeV has been advanced
by our group [11,35,40]. For this favored hadronization
condition, the p/m ratio is predicted in Table II of Ref. [41]
to be p/m = 0.047 £ 0.002, which agrees practically exactly
with the experimental result shown in Fig. 11(a). The ALICE
collaboration [30] considers and discusses the mechanism
of chemical equilibrium hadron production followed by
posthadronization interactions [42—46], specifically proton-
antiproton annihilation, to justify the small p /7 ratio, as com-
pared to the result of equilibrium SHM alone. However, the
annihilation mechanism was proposed based on preliminary
data available in a single centrality bin 0%—20%, whereas
our work includes more recent and centrality-dependent
experimental results [30], allowing a far more conclusive study
of the annihilation model.

Aside from pp annihilation, there are pp formation events.
The significantly larger abundance (and therefore also density)
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of heavy mesons compared to nucleons (see Table II) implies
that mesons can be an effective source of nucleon pairs in
reactions such as p +p <— p + w and many other relevant
reactions; see Table Il in Ref. [47]. ALICE collaboration notes,
that p/m ratio modification after annihilation should disappear
in most peripheral collisions owing to smaller volume. We
now quantify this effect showing how this fade-out of the
annihilation effect would work as a function of centrality. We
show that, given the constant p/m ratio in a wide range of
centralities [Fig. 11(a)], the effect of posthadronization change
of p/m ratio must be negligible.

To establish the centrality dependence of posthadronization
nucleon yield changing reactions, we evaluate the total number
of pp annihilation events. This number is obtained by inte-
grating annihilation rate over history of the posthadronization
matter expansion,

Nannih = /dtNﬁ(t)pp(t)O—annihv’ (8)

where v is the relative velocity of p and p. The three-
dimensional dilution of the density can be modeled as

h
Pp
(1 + (vaow)t/{L))*’

(L) = [(dV/dy)/(4r /3],
)

where (L) is the magnitude of the fireball size, and (vgow) =~
0.6-1c 1is the velocity of the fireball expansion, in both
cases averaged over the fireball complex three-dimensional
geometry.

The initial density at time of hadronization is obtained from
our hadronization study:

ppt) =

\ dN,/dy
Pp(th) = p{) =~ p§ = deW'

In a wide range of low relative energies, which are relevant
here, the event cross section is [48]

(10)

Ocvent = Junnihv/c >~ 46 mb. (1 1)

Neglecting the depletion of nucleons [i.e., Np(t) = N1, we
find, combining Eq. (8) with Eq. (9), the ratio of anniﬁilated
(anti)protons to their total yield Napnin/ Ng and proton mean
path before it annihilates Leyen:
Nannih _ (L)
Nﬁh 2<vﬂow/c)Levent

12)

s Levent = I
Oevent 0

The upper three lines, in Fig. 12, show Leyene for the
three models of hadronization (equilibrium, semiequilibrium,
and nonequilibrium) as a function of centrality. The colored
band in Fig. 12 represents the error originating from the
freeze-out temperature 7 uncertainty (see Fig. 9). Note that
the nonequilibrium model has much smaller parameter errors,
8O Leyent 18 defined more precisely. The event reaction cross
section for annihilation is well measured and nearly constant,
thus it does not introduce any additional uncertainty to Leyen-
The bottom three lines, in Fig. 12 (semiequilibrium and
equilibrium lines overlap, because dV/dy is very similar
in these two cases), show how the size (L) of the system
changes as a function of centrality. Especially for peripheral
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FIG. 12. (Color online) Solid symbols, antiproton annihilation
event path Ley, for the three SHM models as a function of
centrality; open symbols, fireball size scale (L). The shaded error
band represents error margin originating from the uncertainty of T
(semi)equilibrium SHM. For readability, we omit much smaller error
bands for nonequilibrium SHM.

collisions, we see that (L) << Levent- The ratio of both length
scales provides a measure of the fraction of protons that can
be annihilated.

As seen in Fig. 12, from central to semiperipheral (Npay; >
85) collisions, the ratio of both lengths nearly doubles. This
means that the annihilation fraction drops in semiperipheral
collisions to about half of the most central value. However,
the measured ratio p/m is nearly constant over this range,
increasing from 0.046 £ 0.003 to 0.050 % 0.003. We interpret
this as experimental evidence that the net effect of pp
formation and annihilation is insignificant. Therefore, the
annihilation of pp pairs cannot serve as the explanation of
the disagreement between the equilibrium SHM and observed
small value of p/m ratio.

Our estimate of the annihilation effect based on Eq. (12)
and the result seen in Fig. 12 is consistent with the annihilation
effect reported in Ref. [42], where detailed balance reactions
forming pp were not considered. In this work, p/m rises
to p/m =0.058 already in the 20%-30% centrality bin
(Npare = 185), which is more than 3 s.d. above experimental
data [see Fig. 11(a)]. Another work, Ref. [44], addresses
directly our scenario of describing the experimental p/m ratio
and shows that with annihilation the required temperature
would be T = 165 & 5 MeV, while without baryon annihi-
lation a hadronization temperature of 7 = 145 £5 MeV is
required (initial yield from equilibrium SHM). Such models
of posthadronization interactions also predict depletion of &
yield and enhancement of <2 yield [44—46], which leads to even
greater discrepancy between at least one of the multistrange
baryons and equilibrium SHM predictions, because these
yields as obtained before annihilation are already, in general,
below the experimental data [see Figs. 1(a) and 1(c)].

We do not see a scenario that would allow equilibrium
SHM with hadronic afterburners to remain a viable model
which can explain (a) the reduction of the p/m ratio from the
equilibrium SHM value as a function of centrality and (b) the
yields of the multistrange baryons at the same time. However,
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FIG. 13. (Color online) Bulk properties of the fireball as a
function of centrality. From top to bottom, energy density & (purple
triangles), the entropy density o (red) circles, scaled down by factor
10, and the hadronization pressure 3P (blue) squares; LHC2760
values are shown with solid symbols, RHIC62 values are shown
with open symbols for comparison. Shaded areas show our estimate
of systematic error arising from the uncertainty of y;.

the experimental value of p/m ratio was predicted [41]. The
experimental result, the almost centrality-independent p/m
ratio seen in Fig. 11 (note that the scale is greatly enhanced) is
now successfully fitted within nonequilibrium SHM in this
work without any modifications to the model or essential
change in model parameter values.

C. Fireball bulk properties

To obtain the bulk physical properties of the source of
hadronic particles, we use exactly the same set of particles and
the same assumptions about their properties that we employed
in the fit procedure. Therefore, the physical properties we
determine are consistent with the particle yields that originated
our fit. In other words, we sum the energy, entropy, etc., carried
away by the observed particles, adding to this observed yield
the contributions owing to unobserved particles used in the
SHM fit.

The bulk physical properties of the hadronizing fireball,
that is, energy, pressure, entropy, and strangeness per entropy
content, are shown in the bottom part of Table IIT and in Fig. 13,
where shaded domains show our error estimate. Solid symbols
are results of the fit; lines guide the eye. In our SHAREV?2 fit with
MINOS minimization, the largest uncertainty seen in Table III
is the y,; and dV /dy error (see Fig. 9); other statistical bulk
properties have relatively insignificant errors. As can be seen
in Table III, multidimensional fits to data can result in nearly
all of the fit error accumulating in the uncertainty of two or
even just one parameter. In our fits, we see that the dominant
uncertainty is in the volume normalization.
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When error is found in a few if not only one parameter, we
checked for uncertainty arising within an experimental data
stability test. We test how a fit is modified when a small subset
of experimental data points is altered arbitrarily but within
error. We find that fits comprising input data with such arbitrary
modification have, in general, larger errors distributed among
all parameters. The convergence of the intensive parameters
(e.g., T) in our initial fit suggests only a very small statistical
error inherent to the data, while the extensive parameters (e.g.,
V') show a large error common to particle yield normalization.
In this situation, predicted ratios of hadron species should
be more precise than their individual errors suggest. This
is attributable to the experimental normalization of particle
yields being, as this study indicates, strongly correlated. The
presence of not vanishingly small error in y; could be a signal
of additional source of strange hadrons, for example, charm
hadron decays.

All fit errors propagate into the properties seen in Fig. 13.
Because in Fig. 9 we consider densities, the error in volume
does not affect these values. Therefore, by recomputing the
properties of the fireball shifting alone the value of y; within
1 s.d., we obtain a good error evaluation in the measurement
of the bulk physical properties shown in Fig. 13. The point that
stands out with very small erroris at Np, = 130. This anomaly
is attributable to accidental appearance of a sharp minimum in
the highly nontrivial seven-dimensional parameter space.

We are interested in studying the bulk properties of the
source of hadrons to test the hypothesis that a QGP fireball was
the source of particles observed. For this to be true, we must
find appropriate magnitude of bulk properties consistent with
lattice results, and at the same time, a variation as a function
of centrality that makes good sense. We observe in Fig. 13 a
smooth and slow decrease of energy density ¢ (top), entropy
density o (middle), and hadronization particle pressure P (bot-
tom) as a function of centrality. This slow systematic decrease
of all three quantities is noted, in particular, comparing to
RHIC62 (open symbols), where the properties seem to vary
less. This maybe interpreted as an effect of volume expansion
at LHC, leading to larger supercooling for larger systems.

The local thermal energy density of the bulk is the source
of all particles excluding the expansion flow kinetic energy.
The value we find is € >~ 0.50 £ 0.05 GeV/fm?> in the entire
centrality range. Nearly the same value is found within the
chemical nonequilibrium approach for RHIC62 [12] and
RHIC200 [10]. We note that & assumes the smallest value
for the most central collisions; see Table III and Fig. 13.
The hadronization pressure P and entropy density o are also
decreasing for more central collisions, which is consistent with
our reaction picture of expanding and supercooling fireball; the
larger system in central collisions exhibits more supercooling
reflected by a decrease of hadronization temperature and the
above-mentioned behavior of bulk properties. The error band
is (as for ¢) based on y; uncertainty.

In the last row of Table III, we show that entropy yield
at LHC2760 is more than 3 times greater than obtained at
RHIC62. The entropy yield dS/dy as a function of participant
number is shown in Fig. 14, and the notable feature is
that the power-law parametrization displays a nearly linear
dependence at RHIC62 while at LHC2760 a strong additional
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FIG. 14. (Color online) Entropy yield dS/dy at LHC2760 and at
RHICG62 as a function of centrality showing power-law fit parameters
in the legend. The colored band represents uncertainty based on y; fit
uncertainty. Error bars arise from error in the volume dV /dy.

entropy yield, associated with the faster-than-linear increase,
is seen: dS/dy o¢ N;i**. Most of the entropy is produced in an
initial-state mechanism which remains to be understood and
our finding of the nonlinear entropy growth with N, adds
to the entropy production riddle an important observational
result.

However, at LHC2760, one expects a component in the
entropy count arising from the inclusion of the decay products
of heavy charmed hadrons in the hadron yield. This entropy
component is different from entropy produced in initial
reactions; this is the entropy arising from hard parton collision
production of charm and posthadronization decay of charmed
hadrons. It is unlikely that the nonlinearity of the entropy
yield is attributable to this phenomenon, as one can easily see
that the required charm yield would be very large. We will
return, in the near future, to this question. The uncertainty of
entropy depicted in Fig. 14 as a shaded band is based alone on
ys variation, as was obtained for other physical properties in
Fig. 13. A further error owing to variance in dV /dy is shown
as a separate error bar. Where it is invisible for the LHC2760,
it is hidden in symbol size.

We turn now to study strangeness per entropy s/S =
(ds/dy)/(dS/dy) in the source fireball. We are interested in
this quantity because both entropy and strangeness yields are
preserved in the hadronization process. Therefore, by mea-
suring s /S, we measure the ratio of strange quark abundance
to total quark and gluon abundance, which determines the
source entropy, with a well-known proportionality factor. For
the presently accepted small strange quark mass m (u =
2GeV) =95+5 MeV [49], the predicted value shown in
Fig. 5 of Ref. [50] is s/S ~ 0.0305 % 0.0005. Finding this
result in our LHC data analysis is necessary to maintain the
claim that the source of hadrons is a rapidly disintegrating
chemically equilibrated QGP fireball.

In Fig. 15(a), we show the strangeness per entropy s/S in
the source fireball. The solid squares are for the LHC2760, and
the open symbols are for RHIC62. We see that s /S saturates at
s/8 2~ 0.030 at LHC2760, a value reached already for Ny >
150, thus for a smaller number of participating nucleons than
we found at RHIC62 and which value remains constant up

PHYSICAL REVIEW C 88, 034907 (2013)

0.032 {(a) - |
0.030 | B D- .

s/S

0.026 | 4 o 1
0.024 | e ]
0.022 [ 1

0.020 f f f f f
34 0 ]
32 Y ]

28 " ]
26  m_ ]
oal B R - EI. R | ]
22 ‘ ‘ R

0 50 100 150 200 250 300 350 400

E/(s +5) [GeV]

FIG. 15. (Color online) (a) Strangeness per entropy s/S content
of the fireball at LHC2760 (solid squares) and at RHIC62 (open
squares) as a function of centrality; (b) the thermal energy cost to make
a strange-antistrange quark pair. Colored bands represent uncertainty
based on y; uncertainty.

to the maximum available Np,. This agrees with equilibrated
QGP hypothesis and suggests that the source of hadrons was
under the same conditions for a wide range of centrality.

This constant s/S value as a function of centrality can be
interpreted as an evidence of chemical equilibrium for a QGP
source: The strangeness yield normalized to all quark and
gluon yield inherent in S can be constant only if dynamical
processes find a chemical balance for the differently sized
fireballs. The value s/S = 0.03 is in excellent quantitative
agreement with microscopic model of strangeness production
and equilibration in QGP [50,51], adopting the latest strange
quark mass value. The high QGP strangeness yield oversup-
plies in hadronization the hadron phase space, resulting in
ys = 2 seen in Fig. 9. Considering the RHIC results shown in
Fig. 15(a), we see a slightly higher s /S saturation limit for most
central collisions, though the difference is within the RHIC
error band (not shown). It is possible that the s /S LHC2760
result is 5%—10% diluted owing to inadvertent inclusion in
the entropy count of the charm-decay hadrons. It is also of
interest to note that at RHIC62, s/ increases monotonically
(discounting the low confidence level most peripheral point)
with increasing Npaq, suggesting that the QGP source reaches
chemical equilibrium only for most central collisions. At
LHC2760 there is such increase for much smaller size fireball
corresponding to the smaller collision centrality Np,x < 150.

In Fig. 15(b), we show the thermal energy cost to make
a strange quark-antiquark pair. At LHC2760, the energy cost
to make a strange pair is practically constant for the wide
range of midcentral to central collisions, which confirms that
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strangeness in the QGP fireball is in chemical equilibrium at
the time of hadronization. The slight increase of the thermal
energy cost for small centralities corresponds to the lower
yield of strangeness seen in Fig. 15(a). At RHIC62, we see
monotonically improving energy efficiency converging to a
value slightly below our new LHC2760 result, but well within
the error bar at RHIC62 (not shown). The rise of energy cost
for smaller systems relates to the fact that a larger and notable
fraction of strangeness was produced in first hard-collision
processes during the initial stages of the collision which for
RHIC62 and LHC2760 results in the higher energy needed to
produce one strange-antistrange pair.

D. Connection to lattice results and related considerations

Elaborate lattice-QCD numerical computations of QGP-
hadron transition regime are available today [24,25] and
are comprehensively reviewed in Ref. [26]: the HotQCD
collaboration [25] converged for 2 4 1 flavors towards T, =
154 £ 9 MeV. The question of how low the value of T, can
be remains in current intense discussion, as the latest work
of Wuppertal-Budapest collaboration [27] suggests a low
T, >~ 145 MeV. For an expanding QGP with supercooling,
this can lead to hadronization below 7, >~ 145 MeV and near
T = 140 MeV. This is indeed the range of values of T that we
find in our chemical nonequilibrium SHM analysis.

A comparison of lattice results with freeze-out conditions
is shown in Fig. 16. The two bands near to the temperature
axis display the lattice critical temperature in the range 7, =
154 +£9 MeV [25] (red online) and 7, = 147 &+ 5 MeV [27]
(green online). The symbols show the results of hadronization
analysis in the T-u g plane. We selected here the results for the
most central collisions and the heaviest nuclei. The solid (blue)
circles are SHARE chemical nonequilibrium results obtained
by our group, with result presented in this paper included
in the LHC domain and RHIC and SPS results seen, e.g.,
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FIG. 16. (Color online) Phase diagram showing current lattice
value of critical temperature 7, calculated by two groups [25,27] and
results of this work, as well as our previous results (blue circles)
[7,40,52] and results of other groups [6,15,53-58]. Solid circles refer
to chemical nonequilibrium; all other symbols refer to fit results with
chemical equilibrium of light quarks.
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in Refs. [11,40,52]. The LHC2760 freeze-out temperature is
in our case clearly below the lattice critical temperature 7.
As just discussed, this is expected for supercooling followed
by sudden hadronization. We show also y, =1 results of
other groups: GSI [53,54], Florence [15,55,56], THERMUS
[57], STAR [58], and ALICE [6]. These results show the
chemical freeze-out temperature in numerous cases well above
the lattice critical temperature 7., which, in essence, means
that these SHM calculations are incompatible with lattice
calculations.

The two recent lattice results, shown in Fig. 16, challenge
the chemical equilibrium hadronization [14] scenario widely
used for the past decade, which produces a hadronization
temperature above the lattice phase crossover results. Two
complementary hypotheses were made in Ref. [14]: (1) there
is chemical equilibrium in (2) a long-lived hadron gas phase.
Both statements were assumptions without theoretical or
experimental evidence “confirmed” by fits to data, which
had, even with the large experimental errors, a rather large
x? and thus a negligible confidence level. Therefore, this
model needed additional support. Lattice results showing
T, =173 £8 MeV were often introduced in support of
equilibrium-SHM. Such a high T, appears, for example, in
Fig. 10 of Ref. [59], but reading the text, one sees that it
applies to the mathematical case of two light quark flavors
on discrete space-time. Allowing for strangeness flavor in
QGP, the hadronization temperature must decrease. Therefore,
already a decade ago 7, = 154 + 8 MeV was the best estimate
for 2 + 1 flavors, leading to the consensus range 7, = 163 £
15 MeV before continuum limit. Present-day continuum value
we estimate to be 7, >~ 150 =7 MeV combining the two
results seen in Fig. 16.

An important requirement for the full chemical nonequi-
librium hadronization approach is that in the hadronization
process, quark flavor abundances emerge as produced at an
earlier and independent stage of fireball evolution. Our analysis
relies on hadronization being fast, not allowing a significant
modification of the available quark abundances. These quark
abundances at LHC in a wide range of centralities and in
most central RHIC collisions are near to the QGP chemical
equilibrium abundance. For the quark yields to remain largely
unchanged during hadronization and after, it is necessary
that the transformation from QGP to hadrons (hadronization)
occurs suddenly and at a relatively low temperature, near the
expected chemical freeze-out point, where particle abundances
stop evolving. The two-pion correlation experimental results
favor sudden hadronization, which has been seen in the results
for a long time [21]. The sudden hadronization model was
required for consistency with these results [22,23]. It is
associated with chemical nonequilibrium SHM analysis of
the data [7,8]. Today, with lattice QCD transition conditions
reaching a low-T consensus, the only SHM approach that
remains valid is the chemical nonequilibrium.

IV. DISCUSSION

A. What is new at LHC

The primary difference between RHIC62 and LHC2760
data is a 4-times-larger transverse volume dV/dy at
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hadronization, as seen in Fig. 9(a). The increase of volume at
LHC compared to RHIC, rather than a change of hadronization
temperature, shows a common source of hadrons, a signature
of QGP formation. The increased volume is in qualitative
agreement with the two-pion correlation studies [60]. Given
the nearly constant entropy density at hadronization, the
growth of volume drives the total entropy yield, which is up to
3.2 times greater at LHC2760 than at RHIC62.
Other differences of LHC2760 compared to RHIC62 are

(i) an order-of-magnitude-smaller baryochemical poten-
tial ug >~ 1.5 MeV (see Fig. 10);
(ii) phase-space occupancy ), constant as a function of
centrality;
(iii) earlier saturation of y; as a function of centrality, and
thus y; /y, ratio following the behavior of y;.

For comparison, at RHIC62, we have a fast increase of
¥s over the entire range of Npuy, as is shown in Fig. 9(c).
The LHC2760 result is interpreted to mean that the QGP
fireball is rapidly chemically equilibrated already for small
Npar, while at RHIC62, we must have a large value of Ny,
that is a large volume, and thus large life span, to achieve
full strangeness chemical equilibrium in the QGP fireball. The
value s/S = 0.03 is in excellent qualitative agreement with
microscopic model of strangeness production and equilibra-
tion in QGP and the associated predictions of the final-state
yield [50,51].

As a comparison of our present work with our predictions
[41] shows, the yield of strangeness is ~20% below our prior
expectations. These were motivated by consideration of a very
rapidly diluting QGP fireball, wherein the early strangeness
QGP equilibrium is preserved and leads to overabundance,
above QGP chemical equilibrium at time of hadronization.
Such behavior was indicated given the RHIC results showing
a steady rise; see Fig. 15(a) for RHIC62. Instead, we find
a perfectly equilibrated QGP fireball: The observed value of
s/S >~ 0.03 is expected for a chemically equilibrated QGP
fireball near hadronization condition. This equilibrium QGP
saturated value s/S = 0.03 is observed for many centralities.
Because to obtain our prediction we used s/S = 0.037, both
the value of y, and yields of kaons are equally ~20%
suppressed compared to expectation [41], as are other strange
particles. How this is possible will be one of the riddles that
future data and theoretical modeling will need to address. For
us, this strangeness suppression compared to expectation is
the most remarkable difference from RHIC data that we have
found in this first LHC result analysis.

B. Centrality dependence

Considering the bulk properties of the fireball at hadroniza-
tion, the most remarkable finding is that there is so little
centrality dependence. This means that at LHC2760 the source
of hadrons is a hot drop of energy that varies mainly in volume
as we vary the collision geometry. This applies to energy
density £ ~ 0.50 & 0.05 GeV /fm?, hadronization pressure P,
and entropy density o in the entire centrality range; see
Table IIT and Fig. 13. These bulk properties decrease monoton-
ically and slowly and assume the smallest value for the most
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central collisions, supporting the reaction picture of expanding
and supercooling fireball; the larger system supercools a bit
more. Recall that the error bands in Fig. 13 are based on y;
uncertainty. The one clear centrality dependence of the fireball
we find is the rapid rise and early appearance of the strangeness
yield saturation seen in Fig. 15(a).

The chemical freeze-out temperature 7' decreases by about
3 MeV at all centralities compared to RHIC62; see middle
panel in Fig. 9 (we do not consider here the most peripheral
RHIC62 result, which has a small confidence level). We
believe that this result is related to the need to expand
and supercool further the initial energy and entropy rich
LHC2760 fireball. The large expanding QGP matter pushes
further out, supercooling more and yielding a further reduction
in the sudden hadronization temperature. The freeze-out
temperature 7 increases towards more peripheral collisions
[see Fig. 9(b)], which can be explained by the disappearance
of supercooling present for the most central and most energetic
collision systems. Considering the behavior of both LHC2760
and RHIC62 for Ny — 0, we obtain Ty — 145 24 MeV,
applicable to hadronization without supercooling. This value
is in good agreement with the latest lattice result [27] for
transformation temperature from QGP to hadrons.

The value of temperature and its behavior as a function
of centrality and heavy-ion collision energy suggest that
produced hadrons emerge directly from a sudden breakup of
quark-gluon plasma. The hadron particle density at this low
T is sufficiently low to limit the particle number changing
reactions and render these insignificant. T = 145-140 MeV is
at and below the expected QGP phase transition. The presence
of chemical nonequilibrium at this low 7" means that hadrons
did not evolve into this condition, but must have been produced
directly from the deconfined phase. This is consistent with
the two-pion correlation time parameter, which suggests that
particles are produced at a scale which is sudden compared to
the size of the system, as is expected for a supercooled QGP
state undergoing, e.g., a filamenting breakup at 7 ~ 140 MeV,
and the result of such dynamics is qualitatively consistent with
the features described here [21].

The second-to-last row in Table III shows the ratio of
entropy at LHC2760 to RHIC62, Spyc/Sruic, within the
rapidity interval —0.5 < y < 0.5. The entropy enhancement
factor increases monotonically with centrality, from ratio
of 1.27 in the most peripheral bin to ratio 3.23 in the
most central bin. This increase requires volume-dependent
additional entropy production mechanisms, which are more
effective for the more central, larger Ny, collisions. Such an
increase can arise from hard-parton-collision-generated jets,
which are better quenched in the larger volume of matter, and,
in addition, in abundant charm production, which decays into
hadrons and appears as additional hadron multiplicity, i.e.,
entropy. As long as the additional entropy is generated in early
stages of the fireball evolution, this has little impact on SHM
method of approach in study of hadronization. For example,
the quenching of QCD jets feeds thermal degrees of freedom
that can convert a part of its energy into strangeness. However,
charm decay is different because it occurs after hadronization.
Thus, it needs to be accounted for and/or proved irrelevant. It
is possible that a charm-decay entropy-generating mechanism
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may be the cause of the slight (5%) strangeness s over entropy
S dilution at LHC2760 [see Fig. 15(a)].

C. What we learn about hadronization at LHC

The full chemical nonequilibrium is introduced by the way
of the parameter y,, # 1. This allows one to describe a situation
in which a source of hadrons disintegrates faster than the time
necessary to reequilibrate the yield of light quarks present.
The two-pion correlation data provide experimental evidence
that favors a rapid breakup of QGP with a short time of
hadron production [21], and thus favors very fast, or sudden,
hadronization [22,23]. There has been for more than a decade
an animated discussion if the parameter y, is actually needed
with arguments such as simplicity used to invalidate the full
chemical nonequilibrium approach.

We have shown that only the chemical nonequilibrium SHM
describes very well all available LHC2760 hadron production
data obtained in a wide range of centralities obtained in
the rapidity interval —0.5 < 0 < 0.5, and the outcome is
consistent with lattice QCD results. We successfully fit the
data with x2/ndf < 1 for all centrality bins, and show a
smooth systematic behavior as a function of centrality of
both the statistical SHM parameters (see Fig. 9) and bulk
physical properties (see Fig. 13) that allow a simple and
consistent interpretation. SHM is validated at LHC2760 as
it describes precisely yields of different particles in a wide
range of collision centrality and which span over more than 5
orders of magnitude; see Fig. 6.

We have shown that it is impossible to fit the ratio
p/m = 0.046 £ 0.003 [5,6] together with the other data, when
choosing a SHM with y, = 1. However, p/m =~ 0.05 is a
natural outcome of our chemical nonequilibrium fit where
¥q = 1.6. This result was predicted [41]: Within the chemical
nonequilibrium SHM, p /7 |prediction = 0.047 &= 0.002 for P =
8245 MeV/fm? is in agreement with experimental result
we discuss here, for most central collisions p/m|aLicE =
0.046 £ 0.003.

We have discussed, in Sec. III B, the possibility of the p/x
ratio evolving after hadronization and found this scenario to
be highly unlikely considering that experimental ratio p/m
does not vary in a wide centrality domain. Therefore, the
fact that chemical equilibrium SHM variant overpredicts p/mw
and produces a poor xZ2,., see Fig. 11(b), demonstrates that
the chemical equilibrium SHM approach (with or without
posthadronization interactions) does not work at LHC2760.
Further evidence for the chemical nonequilibrium SHM comes
from the universality of hadronization at LHC2760 and at
RHIC; see Sec. III C and Ref. [35].

D. Predicting experimental results

Our prediction of hadron yields [41] required as input the
charge particle multiplicity d N.y/dy, which normalizes the
reaction volume dV /dy. Further, we assumed strangeness per
entropy content s/S, and the nearly universal hadronization
pressure with preferred value P = 82 +5 MeV/fm?. This
is accompanied by the strangeness conservation constraint
(s —5) = 0 and the projectile-target charge to baryon ratio
Q/B = 0.4 and, as baryochemical potential cannot yet be
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fully defined, an approximate value O(1) MeV. Using this
input with a 5% error, we obtain the most compatible values
of dV/dy, T, y,, ys and chemical potentials, and we can
evaluate the particle yields along with fireball properties.

We have redone the predictions for /syy = 2.76 TeV case
with the tested and released SHAREV2.2 code and find that
the prerelease SHARE predictions in Ref. [41] were made for
dNch/dy = 2150 and not for d N, /dy = 1800. Therefore, all
absolute hadron yields stated in Ref. [41] are normalized to
be ~20% too large, in addition to the strangeness overcount
originating in the assumption s/S = 0.037 > 0.030. The
ratios of hadrons with the same strangeness content were
correctly predicted.

Applying our prediction method using the updated
strangeness value of s/S =0.030 and a more precise
hadronization pressure estimate P ~ 77 &4 MeV/fm® re-
sults, for \/syv = 2.76 TeV, in the accurate prediction of all
hadron particle yields, statistical parameters, and fireball bulk
properties, without using as input any individual hadron yield.
This validates our approach [41], which can be applied to
the forthcoming Pb-Pb collisions at ,/syy = 5.5 TeV or in
the RHIC beam energy scan. Noting that the multiplicity of
produced hadrons is synonymous with entropy of the fireball,
this result means that all hadron yields can be predicted within
the framework of chemical nonequilibrium SHM using as
input the properties of the bulk matter in the fireball.

E. Conclusions and outlook

We have shown that the nonequilibrium SHM model in
the LHC reaction energy range is yielding a very attractive
data fit. We have argued that nonequilibrium SHM is today
favored by the lattice results, because we must have 7' < T,
and the lattice is moving lower in T;; see T, = 147 +£ 5 MeV
[27]. Only the nonequilibrium SHM range 7 < 145 MeV
remains convincingly compatible, considering the dynamics
of the fireball expansion AT = T, — T is of magnitude where
we would like it for supercooling. Moreover, the chemical
nonequilibrium SHM is favored by offering simplicity, as it
needs no afterburners. Occam’s razor argument (lex parsimo-
niae) can be used to conclude that nonequilibrium SHM is a
valid precise description of multihadron production.

The good fit within the realm of nonequilibrium SHM
of all observed particles allows us to predict with some
confidence the yields of yet-unmeasured hadrons within the
chemical nonequilibrium SHM scheme, which are seen in
Table II. The question is how stable these yields are when
data basis of the fit increases to include new measurement.
A small SHM parameter change should be expected also
when we refine the theoretical model by adding features,
such as inclusion of hadrons from perturbative QCD jets
and/or charm hadron decay contribution to hadron yields.
We believe that predictions for the primary “stable” hadrons
such as n are accurate. However, even the minor changes in
SHM parameters can have a relatively large effect, especially
for antimatter clusters shown in the bottom part of Table II:
In the anti-o, we have 12 antiquarks, and a few % error in
understanding their primordial yield is raised to 12th power.
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It is quite remarkable that despite a change by a factor of 45
in reaction energy, we find for all centralities at both LHC2760
and RHICG62, that the energy density of hadronizing matter
is 0.50 &+ 0.05 GeV/fm?, as is seen in Fig. 13. In fact, the
present-day data favor a systematic decrease of hadronization
pressure P from peripheral towards central collisions as
compared to earlier RHIC62 [12], RHIC200 [10] and our
preliminary LHC analysis with limited data set [35]. It is
possible that the more dynamical expansion of the LHC2760
fireball and deeper supercooling of the fireball are the cause.

We checked that assuming universal hadronization pres-
sure, we could obtain a very good fit to particle data for
all centrality LHC2760 data bins. This means that if and
when more hadron yield data are available, the decrease
in bulk properties with centrality seen in Fig. 13 could
easily disappear. Therefore, the presence of a constant critical
hadronization pressure [40] could extend from SPS to LHC.
We are investigating this hypothesis, as well as the possibility
that another quantity governs universality of hadronization.
We hope to return to the matter as soon as we have understood
better the final-state contributions to hadron yields from
charmed hadron decays.

We have shown that the precise hadron yields measured
by the ALICE collaboration at LHC2760 have offered a vast
new opportunity to explore the properties of the QGP fireball
and to understand the dynamics of its evolution and matter
production. We are able to quantify the key physical properties
at this early stage. With more data becoming available, we
expect a significant refinement and improved understanding
of both the QGP fireball and mechanisms of matter creation
out of the deconfined QGP phase.

F. Update

We have verified that the new results [61,62] on strange
hadron multiplicities which became available at the beginning
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of the SQM2013 meeting at the end of July 2013 are fully
compatible: The Kg, €2, and E are in remarkable agreement
with our here-presented evaluations and A yield is as much
off as the preliminary A/m ratio we fitted (see Fig. 7); that
is, the theoretical A yield is in general about 1.2 s.d. smaller
compared to the final experimental A yield. Here we note that
the presented fits are carried out without taking into account
charmed particle decay products, which, beyond the generally
enhanced overall hadron multiplicity, produce a non-negligible
number of additional strange baryons.
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APPENDIX: DATA REBINNING

1. Rebinning multistrange hadron yields

Because there is no literature stating explicitly the yields of
E and 2 in Pb-Pb collisions, we proceed to obtain these results
by unfolding the preliminary enhancement data. We combine
the yield of E and €2 produced in p-p collisions at 7 TeV [34]
stated in Table IV and labeled “pp” in the third column
therein, with the “preliminary” enhancement E relative to
p-p and normalized to a pair of participating nucleons shown
in Ref. [31] and which we also show in the fifth column of
Table IV. We generate the first data point for the centrality

TABLE IV. Enhancement of multistrange baryon yields per participant pair relative to p-p collisions, p-p yields, and calculated yields in

Pb-Pb, which we use as input to our interpolation as a function of Np,y.

Particle Ref. Centrality (Npart) p-p data (dN /dy),, and enhancement E (dN/dy)ppp, = E0.8(dN/dy),p ((Npar)/2)
E- [34] p-p 2 (8.04+0.7) x 1073
[32] 60%—-90% 17.6 E=1.584+0.18 0.090 £ 0.010
40%-60% 68.8 E =248+0.26 0.55 +0.06
20%—40% 157 E=295+0.32 1.51 +£0.17
0%—-20% 308 E =3.084+0.33 3.08 +0.33
B [34] p-p 2 (7.84+0.7) x 1073
[32] 60%—90% 17.6 E=1.57+0.19 0.087 £0.011
40%-60% 68.8 E =256+0.26 0.56 + 0.06
20%—40% 157 E =320+%0.35 1.59 £0.17
0%-20% 308 E =3.00+0.32 2.91 +0.32
Q- [34] p-p 2 (0.67 £0.08) x 1073
o p-p 2 (0.68 £ 0.08) x 1073 Q- o
[32] 60%—-90% 17.6 E =2.56+0.53 0.012 £ 0.003 0.012 +0.003
(Q+ §+) 40%-60% 68.8 E =4.574+0.79 0.08 +0.02 0.08 +0.02
) 20%—40% 157 E =5234+0095 0.22 +£0.05 0.21 +£0.04
0%—-20% 308 E=697+127 0.57 +£0.12 0.56 £0.12
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bin 0%-20% by averaging the number of participants in the
centrality bins from 0% to 20% shown in Table 1 of Ref.
[29]. We reduce the yields of both E and €2 by a constant
factor of 0.8 to compensate for the difference in collision
energy /s =7 TeV in p-p collisions and /syy = 2.76 TeV
in Pb-Pb. We obtained the magnitude of this energy correction
factor by comparing with the actual yield for the 0%-20%
centrality bin given in Ref. [28]. To disentangle the combined
yield of Q + 2, we use the separated £ and Q yields from
p-p collisions [34]; see Table IV.

We use the relative errors of the enhancements to estimate
the errors of the multistrange baryon yields, that is ~11%
for E and ~20% for Q2. Our adopted 2 error is larger by
~3% than the error of its yield in the 0%—20% centrality
bin [28]. We adopted this slightly increased error to account
for a procedure which leads us to estimate the yield of Q, Q
based in part on Q +  yield. The mathematical operations
leading to the yields, the yields, and widths we use are stated
in self-explanatory fashion in Table IV.

To account for the different centrality bins for multistrange
baryons as compared to 7, K, p, and ¢/K, we express the
centrality bins in terms of average number of participants
according to [29] and then interpolate every particle yield
dN /dy available as a function of Np, with a power law,

AN (Npur))

i Niw +c, (A1)

where a, b, and c are free parameters. The form of the function
has no immediate physical motivation; it serves well the
purpose of unifying the data across incompatible centrality
bins. This method enables us to evaluate the invariant yields
for any given Ny, i.€., arbitrary centrality, and thus enables
us to include the multistrange baryon yields in this analysis.
Interpolation parameters together with x2 of each particle
interpolation are summarized in Table V. For completeness
and potential future use, we present also the parametrization
of 7%, K*, and p* which do not require rebinning. Small
values of x?/ndf show that our description is accurate in the
given interval of Np,. Interpolation curves are depicted with
dashed lines in Fig. 6 for particle yields.

TABLE V. Interpolation parameters of particle yields as defined
in Eq. (A1).

Particle a b c x2/ndf
7t 0.725 1.160 —0.890 0.30/7
b 0.724 1.160 —0.864 0.22/7
K™ 0.0935 1.187 —0.174 0.07/7
K~ 0.0927 1.188 —0.158 0.06/7
p 0.0432 1.116 —0.047 0.32/7
P 0.0502 1.089 —0.088 0.26/7
B~ 0.005 52 1.108 —0.043 0.12/1
B 0.007 62 1.049 —0.067 0.70/1
Q- 0.000286 1.324 —0.0006 0.40/1
a 0.000309 1.308 —0.0011 0.21/1
KK See text for details 0.032/1
A/m See text for details 0.0054/1

PHYSICAL REVIEW C 88, 034907 (2013)

TABLE VI. Experimentally measured ratios used as input to our
interpolation as a function of Npyy.

Ratio Ref. Centrality (Npart) Experimental ratio
60%—-80% 22.6 0.333 £0.084

KK~ [311  40%-60% 68.8 0.285 £ 0.061
20%—-40% 157 0.245 £ 0.066
0%—-20% 308 0.194 £0.051

60%—-80% 22.6

A 40%-60%  68.8
(311 20%-40% 157
10%-20% 261

0%—-10% 357

0.0355 £ 0.0041

0.0371 £ 0.0042
0.0365 £ 0.0042
0.0355 £ 0.0041

0.0336 £ 0.0040

(r+77%)

2. Rebinning K% /K~, A/x hadron ratios

We include particle ratios K*/K~, ¢/K~, and A/m =
2A/(r~ + ) [31]. This adds A, K*0, and ¢ into our data
set. Because in some ratios certain systematic uncertainties of
individual yields cancel out, introduction of ratios is reducing
the overall error of the global fit. The ratio ¢/K has an
experimental data point in each centrality bin we analyze,
removing the need for interpolation or rebinning. Thus, the
following addresses only K% /K~ and A /7.

There are four (five) data points for K*/K (A/m), which
we present in Table VI. We describe K*/K dependence on
Npare With a power law,

*

K
? = f(Nparl) = 1623(Np_a?100%4 - 1) 4+ 0.512,

(A2)
with total x2/ndf = 0.032/1. Systematic behavior of A/ as
a function of centrality is qualitatively different from K*/K
(see Fig. 7); a power law is not sufficient to properly describe
the data. We use a sum of two power laws in the form

A
— = f(Npar) = —6.79 x 107> N2 _ 5 y-000135 4 2 03,
T

part part
(A3)

with x2/ndf = 0.0054/1. In these two cases, the form of
the ratio functions has no immediate physical meaning; it is
invented to provide an accurate empirical description; note
that the bottom of the Table V presents the fit quality of these
two ratios.

Interpolation curves are depicted with dashed lines, in
Fig. 7, for K*/K and A/m ratios. To assign an error to
the interpolated data points, we take the average nearby
experimental error for the given particle yield or ratio.
However, by extrapolating the K*/K ratio to Npa = 382, we
introduce systematic error owing to our choice of the functional
form of Eq. (A2). To account for this effect, we multiply the
error of K*/K by 2 (1.5) in the most (second-most) central
bin we analyze as indicated by the shaded area in Fig. 7. As
seen in Fig. 6, we also extrapolate 2, &, but we do not believe
that this adds to the already significant error, considering that
our power law interpolation functions describe other hadron
yields up to Npa = 382.
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INTERPRETATION OF STRANGE HADRON PRODUCTION AT
LHC
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of Strangeness in Quark Matter (SQM), 22-27 July 2013, Birmingham, UK, in IOP
Conference series

E-print available as: arXiv:1309.6382 [hep-ph]

Summary

This publication studies the physical stability of the fit presented in Appendix D in
a representative centrality bin 10-20%, for which no data interpolation is necessary.
We reproduce the fit from Appendix D with the updated data set. We then run a
fit with finite resonance widths, which converges to the same minimum in terms of
model parameters and physical bulk properties. This gives us confidence, that we
can omit this computationally very intensive feature in our calculations.

The yield of A is identified as the main contributor to the total fit x?; its model
yield is about 1.1 standard deviation below experimental value. However, the model
parameters are constrained enough by the rest of the experimental data set, so that
the A data point does not affect the parameter values, but only increases the total

x? of the fit. The hadron spectrum in our SHM program includes only 3-star (***)

and 4-star (*¥**%)

states from the Review of Particle Physics (publication reference
[5]). We explore the influence of an omitted 2-star (**) hadron resonance, ¥(1560),
as an additional source of A. When we add 3(1560) — A to the particle list and

decay tree, the fit converges to the same minimum, and the A yield is now fitted
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within '/, standard deviation of its experimental value. This finding has prompted
an experimental search for this resonance.

We study how well is strangeness conserved at hadronization. From the measured
strange hadron yields we know that over 600 strange and antistrange quarks are
produced per unit rapidity at hadronization in the most central Pb—Pb collisions.
We calculate the total strangeness (i.e. the number of strange and antistrange quarks
s+ §) in the QGP phase using the Fermi gas strangeness density and match it to
the measured strangeness in hadrons. Assuming the sudden hadronization implying
strangeness conservation at hadronization, we report two scenarios: 1) strangeness
in the QGP fireball is in equilibrium and the strange quark acquires an effective
mass of m, = 299 MeV/c? at hadronization; or 2) the strange quark has its PDG
mass of m, = 140 MeV /c? (at the relevant scale 27T ~ 0.9 GeV) implying the QGP
fireball strangeness to be undersaturated with strangeness phase space occupancy
in the plasma y@%F = 0.77.

After presenting these results in a plenary lecture Strangeness in Quark Matter
conference, I prepared a draft for the written report. 1 was responsible for all
calculations, result analysis and figure preparation. My co-authors and I revised the

text before submission and it contains about 70% of my original text.
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Interpretation of strange hadron production at LHC
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Abstract. We extend the SHM analysis of hadron production results showing here consistency
with the increased experimental data set, stability of the fit with regard to inclusion of finite
resonance widths and 2-star hyperon resonances. We present new results on strangeness yield
as a function of centrality and present their interpretation in terms of QGP inspired model of
strangeness abundance in the hadronizing fireball.

1. Inclusion of new data
We interpret strange soft hadron multiplicity results obtained in Pb—Pb collisions at \/syy =
2.76 TeV at CERN Large Hadron Collider (LHC). This contribution extends the more detailed
presentation of Ref. [1], whereas Ref. [2] provided the related analysis without data inter- or
extrapolation. In the results presented here we can use final data for KOS7 A, ZF and QF [3, 4].
Our fit with these results converges to the same set of thermal parameters as in [1].

Considering limited space and in order to rely solely on directly measured and final
experimental results we show here as an example the centrality 10%-20% data bin. In the
top two result rows of Table 1, we compare the prior with the present results for statistical
parameters. As before A-abundance is the dominant contributor to the error as is seen also in
direct comparison of input and output results shown in Figure 1. Thus in Table 1 the xZ., is
found to be greater, yet relatively small given the 9 degrees of freedom.

As seen in the top two rows of results, the differences between these two fits are well within
the error. Looking at pp, recall that we did constrain the value in Ref. [1] by its centrality
dependence. Our present result is the outcome of an unconstrained fit for this centrality. This is

Table 1. Comparison of non-equilibrium SHM model parameter obtained in fit to 10-20%
centrality results for Pb—Pb collisions at /syy = 2.76 TeV. See text for discussion.

»(1560) widths dV/dy[fm®] T [MeV] pup[MeV] Yq Ys oo
reported in [1] 2003+ 47 1386  1.234£0.06 1.63+£0.01 2.06+0.13 3.943
NO NO  2033+105 138.6 1.36+7.94 1.63+0.01 2.02+0.08 6.599

NO YES 1978 + 488 139.3 1.15£0.97 1.62+0.19 2.00+£0.31 5.169
YES NO 2042 £ 409 138.5 049£035 1.63+£0.15 2.03£0.25 4.766
YES YES 1976 £ 398 139.2 0.74£0.09 1.62+0.01 2.01+0.14 3472
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Figure 1. (color online) Comparison of non-equilibrium SHM fit with most recent data from
Pb-Pb collisions at \/syy = 2.76 TeV for the 10%-20% centrality bin measured by the ALICE
collaboration (darkgreen squares), with the 2-star resonance ¥(1560) feeding the yield of A (solid
blue bars), and without the ¥(1560) feed (red dashed bars).

possible since the added experimental data for Z* and QF contain a small particle-antiparticle
asymmetry even if this is well within the particle yield error bar. The value of pp we find is
near to our earlier expectations; however, the error in pp is large. There is no error shown for
T since the statistical fit error is much smaller than the precision of the result shown. The error
that relates directly to the error of fitted particle yields is found to mainly impact dV/dy and
~s. This shows that there are two types of error in the data: a common normalization error for
all data points, and a further strange particle normalization error.

The bulk properties of the fireball at hadronization are shown in Table 2. These are presented
without an error estimate: the impact of the error in dV/dy impacts directly the total strangeness
yield Nsys and entropy S. The other three properties that we show, pressure P, energy density
e, trace anomaly (¢ — 3P)/T*, are impacted by other statistical parameters but the error of -,
is the most important. The two top rows are practically equal showing that the additional data,
and changes in final data do not impact any of the results and discussion presented in Ref. [1].

2. Improving the fit

2.1. Influence of hadron resonance width

The SHARE package [6, 7] was developed with the option of allowing the resonance widths
presented by the Particle Data Group [5] (PDG) values. The computing time required to allow
the resonance widths is significant with fits needing often more than 24h CPU time. The reason
for this is that many numerical foldings need to be performed in order to evaluate the total
particle yields; see [6] for details. In the past the small change in outcome did not justify the
numerical effort. Thus this test has not been performed often.

The third result row in Table 1 shows the statistical parameters obtained allowing for hadron
resonance widths. While 2, of the fit slightly decreases and central points of statistical
parameters aside of 1" agree within error, we note that the error is now more distributed among
parameters and the progression is larger indicating slightly less consistency between fit and data.

The fact that there is an increase in T by 67" = 0.7 MeV, which is well above statistical error,
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is not surprising considering the systematic effect that the resonance widths have on particle
yields. Note that to compensate the increase in value of T' the central value of dV/dy decreased.
Another consequence of the slight increase of T is a slight (1%) increase of the intensive bulk
properties P, ¢, (¢ — 3P)/T*, see the third result row in Table 2. The extensive bulk properties
directly related to the measured particle yields i.e. Ngyz and S remain unchanged.

2.2. ¥£(1560) as a source of A

The only data point that is not fitted within the 1 s.d. experimental error margin is the yield
of A. This situation was also discussed in Ref. [1], where the preliminary A/m ratio was fitted
and was systematically under—predicted for all centralities as the only data point standing out
with model value just outside the one standard deviation error margin. The newly reported
experimental value for 10-20% centrality, A = 17 4+ 2, is to be compared to the fitted value,
A = 14. Inclusion of hadron resonances with their widths discussed above does not improve the
fit to the A data point.

The question arises if perhaps a contribution to the A yield was inadvertently omitted. The
SHARE implementation of SHM [6, 7] includes 3-star (***) and 4-star (****) hadron resonances
from among all resonances reported by PDG [5]. There are many omitted 2-star (**) resonances.
Generally these are so massive that their contribution to particle yields is insignificant. However,
we found one exception to this rule, a ¥(1560) which decays into A and which would thus
systematically increase the A yield within the error across all centrality.

The charged states ¥(1560)* have been clearly observed (60 signal) by two independent
experiments [8]. On the other hand, no evidence of %(1560)° — A7 has been found in a
recent crystal ball experiment [9] and hence the resonance remains unconfirmed at (**) level.
¥(1560) quantum numbers have not been measured. Inspired by the close in mass resonance
$(1580)3 " [10], we assign spin 3 also to £(1560).

Once we include X(1560) in the list of hadron states, the new resonance decay feeds the A
yield by 3(1560) — Ax (100%) decay. When we repeat the fit, the resulting statistical model
parameters are all almost identical to those without ¥(1560) as is seen in Table 1. This means
that the other 13 data points alone constrain enough the fit parameters so that the effect of an
omitted resonance simply reduces the x? without changing other results. This result confirms
‘missing’ resonance hypothesis as the probable origin of the A yield underprediction.

In the final result row in Table 1, we consider the finite width of all resonances and the
influence of the 2-star $(1560) resonance. The overall 2, is decreased by a factor of two, the
fitted value of pup is showing a relatively small error. The main fit error is in overall normalization
dV/dy. The physical bulk properties remain as already obtained and discussed without 3(1560).

Table 2. Comparison of models (see table 1 for all other details) in terms of physical bulk
properties. From left to right, we show pressure P, energy density €, trace anomaly € — 3P in
units of T4, total strangeness N5 and entropy S.

$(1560) widths P [MeV/fm®] ¢[GeV/fm®] (¢ —3P)/T* Nys S

reported in [1] 79.1 0.467 4.77 384 6466
NO NO 79.2 0.468 4.79 388 6589
NO YES 82.0 0.483 4.85 385 6593

YES NO 78.7 0.465 4.78 387 6574

YES YES 81.7 0.481 4.84 384 6570
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Figure 2. (color online) Total strangeness Figure 3. (color online) s + § strangeness

dNs13/dy produced in Pb—Pb collisions at  density per unit rapidity in the hadron phase

VSNN = 2.76 TeV as a function of centrality. (red squares), fitted with strangeness in the
QGP phase (blue dashed line). See text.

3. Strangeness conservation and strange quark mass at hadronization

In the central Pb—Pb collisions at the LHC, an unprecedented amount of strangeness is produced,
a total of dNys/dy ~ 600 strange and anti-strange quarks per unit of rapidity for the most
head-on 5% central collisions, see Figure 2. For the peripheral collisions the rise of the total
strangeness yield is very rapid, as both the size of the volume and saturation of strangeness
production combine. For the more head-on collisions we see a power (~ 1.17) law rise similar to
particle interpolation in [1]. Normalization error bar contained in dV/dy is typically 10% is not
shown, only the error from ~, is shown in Figure 2 (often hidden in the symbol size).

The corresponding total observed strangeness density in the hadron phase is depicted in
Figure 3. The uncertainty is evaluated using the relative uncertainty of the model parameter ~;
reported in [1]. Note that the variation in density shown is only about +3.5%. Such constancy
of the strangeness yield, assuming a recombinant hadronization, should result in strange hadron
yield ratios independent of centrality. In Figure 4 the flat line at the bottom is a ratio of
two doubly strange particle yields, Z/¢. Its constancy provides a reference of precision of the
argument as this result should be constant [12] even if the strangeness density varies.

The other ratios compare the yield of doubly strange particles with the yield of single strange
particles and in one case doubly strange with pions. When strangeness is not saturated as a
function of centrality in QGP, one expects an increase in these ratios which we clearly see at
lower SPS and RHIC energies. However at LHC a different pattern emerges: there is a bit of
increase looking at some of the most peripheral bins which is followed by a slow decrease. The
strangeness density shown in Figure 3 mirrors this behavior.

It is of considerable interest to understand if the ‘measured’ strangeness density seen in
Figure 3 can be interpreted in terms of sudden hadronization of a QGP fireball. Sudden
hadronization implies the conservation of strangeness yield. In sudden hadronization model the
volume does not change thus the density in the hadron phase equals that in QGP as well. The
chemical freeze-out temperature T is also the hadronization temperature, i.e. the temperature of
QGP breakup. We evaluate the QGP phase strangeness density for a given T given by integral
of Fermi gas strangeness density in the QGP using [11]:

QGP g T\ & aapyn 1 mmg\2 M
s(ms, T;757") = 5.2\ 7e > (=42 3 (T) K2( T )7 (1)
n=1

QGP
S

where my is the strange quark mass, ~ is the phase space occupancy: here superscript QGP

92



Zlg —e— @Kx108 @ ——
25 [[22/K x 10t @nx10? = —A—
2z/m x102  —6—
2 ° A/H_A‘H\g\éi
15 /F i A 1
— b — L
+ © jeeeoo6sf
1r ?A\i D/@/M@ 1
0.5 F O’é/o 4
periph.——centr. periph. centr.
SPS RHIC 62 |200 LHC 2760
Figure 4. Measured particle ratios from

relativistic heavy ion collisions across different
collisional energies at SPS, RHIC and LHC,
and centralities.

1.20
1.10 r
1.00
0.90
0.80
0.70

<

n

fi

QGP
S

Y

100 150 200 250 300 350 400
mg [MeV/cz]

Figure 5. (color online) The strangeness
phase space occupancy in the QGP phase as
defined by Eq. (2) and correlated in the fit
to strangeness density with the strange quark

mass. See text.

helps to distinguish from that in the hadron phase where we used s without a superscript. The
degeneracy g = 12 = 2gpin3color2p Where the last factor accounts for the presence of both quarks
and antiquarks. We will discuss below the reduction in s due to color-interactions.

In central LHC collisions, the large volume (longer lifespan) suggests that strangeness
approaches saturated yield in the QGP. This hypothesis is confirmed by almost constant particle
ratios we discussed above, see Figure 4. However, in peripheral collisions, the short lifespan of the
fireball may not be sufficient to reach chemical equilibrium. Therefore we introduce a centrality
dependent strangeness phase space occupancy y£%" (Npqr¢) which is to be used in Eq.(1).

To model the centrality dependence of y3%"(Nper¢), we recall that the lifespan 7 of the
fireball depends on the transverse surface of the fireball and hence the time is proportional
to the transverse radius 7 o< r|. The transverse radius is related to number of participants

1/3
asrlocN/

part- Lhus, at mid-rapidity, the strangeness production will be assumed to be

proportional to ri o NZL{S} and modeled by the usual saturating functional form:

2
Qep (7 _ QGP h Npart & 2
,‘YS ( paTt) - f}/s final tan NO . ( )

35T | is the asymptotic saturation of strangeness phase space in the QGP for large systems and

Ny controls the scale of the fireball transverse size.

We now match the strangeness density measured in the hadron phase shown in Figure 3 with
the centrality dependent strangeness density in the QGP, using Eq.(2) in Eq.(1). Our fit to
the observed strangeness density is shown in Figure 3. We observe a very strong correlation
between mg and v |, which we show as a function in Figure 5, while choosing the best Ny
which converges within a narrow interval of Ny € (11,14). This shows a quick saturation of
RSP (Npart), which reaches 0.95y2¢" | already for Npgr ~ 2No = 30.

To choose a set of values of (m,, 72 ) we consider two cases shown in Figure 5:

(i) The strangeness in QGP is chemically equilibrated in central collisions, v, ~ 1. This

requires the strange quark to have an effective mass of my = 299 MeV /c? at hadronization;

(ii) We assume the PDG value of strange quark mass [5] ms ~ 140MeV/c? at a scale of
=~ 21T ~ 0.9 GeV. This requires v 6 ~ 0.77.
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We believe that both approaches can coincide in an improved theoretical description:

(i) We omitted in Eq. (1) the thermal QCD prefactor which reduces the expected QGP
strangeness density due to thermal QCD many body interactions. The typical reduction of
s is by a factor (1 — cas/m). With as ~ 0.65 and ¢ ~ 1 this effect reduces the QGP density
by =~ 20%. The resultant yJ5" | can be 20% larger. This effect is present; we do not know
its exact magnitude.

(ii) The measured value of s could be reduced from hadronization value by longitudinal dilution
of strangeness during matter expansion after hadronization. This effect vanishes in the limit
of Bjorken scaling as for every particle that moves out, another particle moves back into
the central rapidity acceptance domain. The rapidity plateau has not been demonstrated
experimentally for strange hadrons at LHC.

We note that longitudinal dilution by 15% restores strangeness abundance to prior
expectations [14]. Both effects would allow m ~ 140 MeV /c? to be consistent with y&"  ~

sfinal —

4. Conclusions

The most important result of this analysis is complete stability at 1%-level of results presented
in Ref. [1]. This earlier analysis is fully compatible with the latest results [3, 4]. The 1-1.5
s.d. discrepancy of A yield systematically below the experimental result inspired us to explore
potential A sources. We investigated the finite width of all resonances. We found that our fit
is very stable and confidence level is slightly improved, however to explain A yield we needed
the 2-star (**) resonance ©(1560), increasing the model yield of A to within /5 s.d. of the
experimental yield. X(1560) causes no other change in the outcome of our analysis.

We than considered in detail how to interpret the strangeness yield present at hadronization
in terms of a QGP inspired model. We considered strangeness conservation during hadronization
and concluded that for a fully consistent description we must account for possible reduction of
s by interactions. We than argued that the relatively low hadronization strangeness density
could be a consequence of particle dilution in central rapidity region should Bjorken scaling not
apply fully. Hadrons from jet quenching and charm decay are produced predominantly in central
rapidity domain.
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APPENDIX F

SHARE WITH CHARM

M. Petran, J. Letessier, J. Rafelski, G. Torrieri, Pending publication in Computer
Physics Communications

E-print available as: arXiv:1310.5108 [hep-ph]

Summary

The predicted charm production at the top LHC heavy-ion collisions called for
an upgrade of the SHM implementation, SHAREv2. I upgraded SHARE with a
CHARM module, hence SHARE with CHARM, included all charmed 3-star (***)
and 4-star (****) hadron states from the current PDG review (publication reference
[4]) together with their numerous decay channels. Frequently, the experimentally
measured charm decays today have considerable uncertainty, which presents an in-
trinsic uncertainty in all our results with charm. We also included all decay channels
that are suggested by, e.g., the isospin symmetry. assuming that all branching ratios
add up to 1.

The new version of the SHARE program adds several new functionalities and
provides a common SHM framework for all contemporary heavy-ion experiments.
The default settings of the program are tuned for the LHC environment; for example,
the omission of all weak decay feed-down, which is possible given enhanced tracking
capabilities of the ALICE experiment. We implement the number of charm and
anticharm quarks N, = c+¢ as a new model parameter as well as the ratio of charm
to light hadron freeze-out temperature T,pqm /7, which allows more flexibility in

study of charm hadronization. When an invariant yield of a charm hadron becomes


http://arxiv.org/abs/1310.5108
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available, SHARE with CHARM provides the total amount of charm, predicts other
charm hadron yields, evaluates any change in bulk physical properties due to charm,
and ultimately demonstrates the hypothesis that the statistical hadronization model
describes the production of charm hadrons in QGP hadronization.

The publication is a complete detailed user’s manual to the SHARE with
CHARM that includes description of features introduced in SHAREv1 and
SHAREvV2 as well as the new capabilities introduced in this release, combined into
one concise user’s guide.

For the program upgrade, it was necessary to collect charm hadron properties and
decay channels, which I compiled into program input files, solving inconsistencies
with J. Letessier and J. Rafelski. I was responsible for the CHARM module coding
and necessary code modifications of the original SHAREvV2 program. J. Letessier
helped me test and debug the program. G. Torrieri, the lead author of both previous
versions of SHARE, was responsible for testing correct evaluation of fluctuations in
the program and revisions of fluctuations related parts of the manual. I prepared the
first draft of the program manual, which was revised together with all co-authors.

The article submitted for publication contains about 90% of my original draft.
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SHARE with CHARM-
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Abstract

SHARE with CHARM program implements the statistical hadzation model description of par-
ticle production in relativistic heavy-ion collisions. ¥&in the statistical parameters, it describes
yields and thus also yield ratios, and statistical fluctuadiof hadrons produced. The program
determines the physical bulk properties of the particles@uThe program is also allowing these
bulk properties to be prescribed as a complement or repkaceai some, or all of the statistical
hadronization parameters. The program incorporatesrissaseen previously in SHAREv1.x and
v2.x and adds the complete treatment of charm hadrons amdiéoays feeding the hadron yields.
The program includes tables of all confirmed hadronic pagicncluding resonances as derived
from the latest Particle Data Group tabulation [1], comploskup, down, strange, d, s quarks,
and extended in the present SHARE release to include haavibhsharmc quark. The pro-
gram further contains tables of hadron decays with partidthg, some of charm hadron decays
are result of theoretical consideration in absence of tagperimental information. This article
provides a complete self-contained manual to the exten#&RE with CHARM program with
examples oriented towards recent and forthcoming LHC hagroduction results.

Keywords: statistical hadronization model, SHM, quark-gluon plas@®&P, strangeness
production, charm production, hadron fluctuations, reistiic heavy-ion collisions, RHIC, LHC

NEW VERSION PROGRAM SUMMARY
Program Title: SHARE with CHARM
Journal Reference:
Catalogue identifier:
Licensing provisionsnone
Programming languageFORTRAN77, G-+
Computer:PC, Intel 64-bit, 3 GB RAM (not hardware dependent)
Operating systemGNU Linux: Ubuntu, Debian, Fedora (not OS dependent)
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RAM: 615 MB

Number of processors useti:(single thread)

Keywords:SHARE, statistical hadronization model, SHM, quark-glypasma, QGP, strangeness produc-
tion, charm production, hadron fluctuations, relativistgavy-ion collisions, RHIC, LHC
Classification:11.2, 11.3

External routinedibraries: Standard &+ library, CERNLIB library

Catalogue identifier of previous versioADVD_v2_0

Journal reference of previous versioB@omput.Phys.Commuri.75(2006) 635-649

Does the new version supersede the previous versive®:

Nature of problem:The Understanding of hadron production incorporating the @, d, s, c quark flavors

is essential for the understanding of the properties oflgtginon plasma created in relativistic heavy-ion
collisions in the large-hadron collider (LHC) energy domaiVe describe hadron production by a hot fire-
ball within the statistical hadronization model (SHM) aliag for the chemical nonequilibrium of all quark
flavors individually. By fitting particle abundances subjex bulk property constraints in the source, we
find the best SHM model parameters. This approach allowsstopteysical hypotheses regarding hadron
production mechanisms in relativistic heavy-ion colligp physical properties of the source at hadroniza-
tion and the validity of the statistical hadronization midtgelf. The abundance of light hadrons madeiof

d ands constituent quarks [2] and their fluctuations [3] were theequhysics contents of the prior releases
SHAREvV1.x and v2.x respectively. We now consider the hadedion of the heavier charm quarks, a phe-
nomenon of relevance in the analysis of recent and forthegrabHC results. We introduce bulk matter
constraints such as a prescribed charge to baryon ratimatiigg in the initial state valanagandd quark
content of colliding nuclei. More generally, all the bulkysiical properties of the particle source such as en-
ergy, entropy, pressure, strangeness content and baryaenwf the fireball at hadronization are evaluated
and all of these can be used as fit constraints. The charm gegree of freedom is handled as follows:
given an input number of charm quark pairs at the time of cheltemical freeze-out, we populate charm
hadron yield according to rules of statistical hadron@afior a prescribed set of parameters associated with
the particle source, such as bulk matter fugacities. A séeeharm hadronization temperature can be cho-
sen and fitted, and as an option it is possible to make thisdemture the same as the fitted hadronization
temperature ofl, d, s-quarks. Charm hadron resonances decay feeding ‘staldeingfd hadrons. These
stable charmed hadrons are so short-lived that within nutezhnological detector capabilities practically
all their decay products are feeding light hadron yieldseSehcharm decay feeds are changing the abun-
dances of produced hadrons in a pattern thidédi from particle to particle.

Solution methodSHARE with CHARM builds in its approach upon the numericaltinoel developed for

its predecessor, SHARE [2, 3] for the evaluation of the ifigtion of light (u, d, s) hadrons. SHARE with
CHARM distributes a prescribed numbigz of charmc + ¢ quarks into individual charmed hadrons ap-
plying statistical hadronization rules in a newly added patation module ‘CHARM’ obtaining the yields
evaluating appropriate series of Bessel functions. Siiyit@ light hadrons, the charm hadrons decays
are evaluated using pre-existent tables derived from PBXhdi [1], proceeding from the heaviest to the
lightest particle. The yields of each hadron are obtainédgudecay branching ratio tables of the mother
particle yield — where data was not available, appropria¢eietical model was implemented to assure that
all particles decayed with 100% probability. Each of theuleesit daughter hadron contributions is added
to thisu, d, s hadron yield computed independently for the related setHi¥$arameters in the SHARE
module. The total yield is subsequently subject to the wesdags (WD) of strange hadrons. A user gen-
erated or default WD control file defines what portion of the, s particle yield decays weekly feeding
other particles in turn, and which fraction given the detectapability is observed. Once final observable

2
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hadron yields are so obtained, we compare these with theimgm@al data aiming in an iteration to find
the best set of prescribed SHM parameters for the yield difs hadrons observed.. The CHARM module
is associated with two new SHM parameters, the charm hagation temperatur@ harm (Which can be
defaulted taT obtained for the othau, d, s hadrons) and the total yield & = ¢ + ¢ quarks, called\Ncbc.
These and all other SHM parameters are discussed in text.

Reasons for the new versién:

Since the release of SHAREvV1 in 2004 [2] and SHAREV2 in 2006 ljdavy-ion collision experiments
underwent major development in both detector technologlycatiision energy. The forthcoming tracker
upgrade of STAR at BNL Relativistic Heavy lon Collider (RHl@nd the current tracking precision of
ALICE at CERN Large Hadron Collider (LHC) require upgradéshe SHARE program described below.
In the anticipation of significant charm abundance at LHCARH with CHARM allows the study of all
charm hadron production. Charm hadron decays are parlicuaportant because they are a significant
source of multistrange hadrons. The introduction of chaommonent of the hadron spectrum into SHM
is crucial for correct interpretation of particle productiand QGP fireball properties at hadronization in
heavy-ion collisions at TeV energy scale. SHARE with CHARMah easy-to-use program, whichiers a
common framework for SHM analysis of all contemporary hemvrycollision experiments for the coming
years.

Summary of revisions:

The charm hadron mass spectrum and decays have been fulgnmmied in the provided program pack-
age. We provide a current up-to-date detailed list of chaagiréns and resonances together with their
numerous decay channels within the set of fully updatedtififas that correspond to the present PDG sta-
tus [1]. Considering the enhanced tracking capabilitiecd€ experiments and similar RHIC capability,
the default behavior of weak decay feed-down has been uptiateot accept any weak feed-down unless
specified otherwise by the user. The common framework focaitemporary heavy-ion experiments re-
quired an update of the format of the particle list and of thatent to correspond to present day PDG.
SHARE with CHARM is backward compatible with the previouteese, SHAREV2, in terms of calcula-
tion capabilities and use of control files. However, SHARErunay need to update and or add individual
input file command lines in order to assure that same taskpeafermed, considering that defaults, e.g.,
characterizing weak decays, have been modified. Furtheropate a few interface improvements have
been implemented and are described in detail further imtlaisual. They allow considerable simplification
of control files.

Running time:From a few seconds in case of calculating hadron yields atiddvoperties given a pre-
scribed set of model parameters,~a30 hours in case of fitting all parameters to experimentad datd
calculation with finite widths. Sample calculation prowuide the program package, which demonstrates
the program capabilities other than calculation with fimidths, took just under 2 hours on both 2.1 GHz
CPU (2MB L2 cache) laptop and 2.5 GHz CPU (6MB L2 cache) clustanputing node. Simple fit of
model parameters to a data set (provided as default in theigaytakes about 5 minutes.
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Quick Start reference

Installation

This section provides a quick reference how to install SHARE CHARM on most common
PC with GNU Linux system, namely we assugieor t r an andg++ compilers anccer nl i b
installed. If you encounter any problems following this@uguide, please refer to Section 5 for
detailed installation guide.

1. In a terminal, navigate into a folder where you want toalssHARE with CHARM and
download the package with the command
wget http://ww. physics. ari zona. edu/ ~gt shar e/ SHARE/ shar ev3. zi p

2. Unzip the package contents with the command (this wikigr& new subfoldeshar ev3)
unzi p sharev3.zip

3. Enter the unpacked folder using
cd sharev3
and compile SHARE with CHARM using
make

Running SHARE with CHARM

Once SHARE with CHARM is compiled, it can be run in a termin@hahe command
./l share
If you have not already, it is a good idea to run the prograneavith the default setup. Individual
operations SHARE performs during a run are specified in thsfiar er un. dat a. Without any
changes to the input files after installation, the prograpréset to read the provided input files
and to perform a chemical non-equilibrium fit to 10-20% calitty data from Pb—Pb collisions at
LHC employing only 2 free parameters V — this calculation takes typically less than 10 seconds.

Let us show how to modify the input files in order to perform msequilibrium fit to the same
data set instead of the simplified full non-equilibrium. Blthat for the purpose of this quick start
we do not explain in full detail all inputs that will appearts.

Changing the nature of the fit requires a few steps. We begihagging the fit output filename
(so the old fit is not overwritten), than changing a parameddue, and learning how to include
the parameter among those being fitted.

Changing fit output file name Looking at the contents afhar er un. dat a in a text editor, the
fitting command is the following line
CALC FITRATICS fitTESTne. out
It tells SHARE to perform a fitkl TRATI OS) all free parameters to experimental data, and
that the output file name isi t 1020ne. out . The file is overwritten every run. So let us
redirect the new output to another file by changing this lome t
CALC FITRATIOS fitTESTse. out
so we have both outputs for comparison. The output filenaraédbe 13 characters long.
Remember to keep two spaces between each word.



101

Setting parameter value Parameter values are settiner no. dat a file. Open it in a text editor
of your choice. Chemical semi-equilibrium is definedygy= 1 and thus we need to change
the line starting with the parameter nargejrg, to read
gang 1.

The format is such that you must remember to keep four spdtestlae parameter name
and always enter a decimal point even for integer values.vahees specified in this input
are either fixed parameter values, or the initial fitted pat@mvalues. Final cross check of
fits with several dierent initial parameter values is advisable to fully untird errors and
fit stability, i.e., that the fit converges to the same minimuom different starting point(s)
in the parameter space and that error is not underestimated.

Fixing/Fitting a parameter Parameter ranges for this test run defined &t i oset . t est file
(equivalentta at i oset . dat a, Section 3.1.2). Upon opening the file in a text editor, you
will notice that each parameter has a separate line suctedsltbwing one forgans (ys):
gans 0.1 9. 0.1 0
In the previous non-equilibrium figans was fixed. Parameter with in the last column
will be kept constant at the value specifiedtiner no. dat a file during a fit, whereas
parameters with in the last column are to be changed within the allowed rafigg {wo
numbers on the line). Theftierent value ofy; we set in the previous step will result in a
new value ofys, so let us releasgans by changing th® to 1 on the above quoted line, so
the line now reads:
gans 0.1 9. 0.1 1
demanding that the program finds the best valug,¢d describe the data.

With the above modifications, running shar e again will produce a new output file with semi-
equilibrium fit (with 3 free parameterg;, V andys) obtained for the same experimental data
defined in the fill.HC1020M . dat a. Note that the resulting fit should have lower CL as other
SHM parameters for purpose of this example remain fixed tio timized full non-equilibrium
values.

Changing experimental data point Every line inLHC1020M . dat a contains one data point
name, experimental value, statistical and systematic armd whether or not this data point
is fitted or only evaluated during a fit. For example, the expenta yield ofA = 17+ 2 is
defined on the following line:

LmL115zer prt_yield 17. 2.0 0. 1
One can change the value from 42 to a diferent one by changing the numbers. The data
point can be excluded from the fit by changing théo a0 in the last column. Similarly

to fixing a parameter above, this implies that the experialerglue will not be fitted, its
theoretical value will be calculated based on the modelmpaters irrespective of its exper-
imental value.

SHARE with CHARM program is far more capable than the basierafion shown in this
Quick Start guide, we refer the reader to the following 30g%aipr details about program opera-
tion, input file structure, and full description of prograapeabilities.

5
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1. Physics motivation

Strong interaction reactions usually lead to high multipyi of produced particles. A non-
perturbative description of particle production has beeyppsed originally by Fermi [5] based
on statistical ideas and later the model was developeddult considering the reaction volume
expansion and realizing that at some point during the expanthe particle density decreases
below the point, where they can interact with each other.s Bage is referred to as chemical
freeze-out. Next important feature included the hadroamrasce mass spectrum significantly in-
creasing the number of states to be populated in the stalisgpproach. The hadron resonance
spectrum implied that the hadronic matter could undergoas@lransition at Hagedorn temper-
atureTy ~ 160 MeV into a gas of quarks. For the statistical model milees and more detailed
history, see [5] and other references in [2].

Relativistic heavy-ion collisions allow us to create a faklof matter at very high temperature
and density in a laboratory. The objective of the heavy-iollision program is to study the
formation of a deconfined state of matter, the quark—gluasmh (QGP) and its transition to
hadronic matter. The Early Universe has been composed of @&khtil a few microseconds
after the Big Bang, when quarks and gluons merged into hadnerticles that we see around
us today. Creation of a small fireball of matter, where quamd gluons are not bound, would
confirm that deconfinement is a property of strong interacti@cuum state. An overview of the
matter can be found for example in [6].

The short lifetime and the extreme conditions leave us wittirect observations of the fire-
ball. 1t is challenging to identify unique probes that allag/to distinguish between a deconfined
QGP and a sequence of hadron interactions leading to thehf@mlbn state we observe experi-
mentally. High multiplicity of produced hadrons is a chdeaistic feature of heavy-ion collisions
irrespective of whether or not deconfined state of matterleas achieved during the collision.
Specific properties of the final hadron state can distingbettveen the two scenarios of hadron
production. For details about thefidirences in the final hadron state see, e.g., [7].

Statistical hadronization model has been used in the pasitdds to describe hadron produc-
tion in heavy-ion collisions at CERN Super Proton Syncluot(SPS) (/Suv = 8 — 17 GeV),
RHIC (4/Syn = 64 — 200 GeV) and recently at LHC\(Syn = 2.76 TeV) with oftentimes great
accuracy. Despite the variety of SHM approaches (chemapailibria of different flavors, post-
hadronization interactions,...) has a common evolutidtepa at some point during the evolu-
tion, the phase space of stable hadrons and resonancesilageolas described by their respective
statistical distributions. Then, the resonances decaytlamlsignificantly increase the yields of
the daughter particles.

Proper model description of the final hadron state yieldsrimation about the source of
hadrons in relativistic heavy-ion collisions and its pra@s at the time of hadronization, the
transition from the deconfined QGP phase into hadrons. We tawpiled an upgraded program
‘SHARE with CHARM'’, which produces the final hadron yieldsdaratios based on intensive
parameters of the particle source. We have prepared a pacteg takes advantage of already
implemented and thoroughly tested program SHAREv2 writteRortran 77 and we comple-
ment it with an external module written ir+G which adds proper description of charm hadron
production according to the current status of the field idiclg updated input data tables.

6
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(a)

(b)

Figure 1: Diagrams showing the 16-plets for the pseudosealdvector mesons on the left, where one can see non-
charm mesons on the center planes, and diagrams showin@yent?0-plets (right) made af d, s andc quarks,
where the mass and charm content increases from the basedspWwayure derived from [1].

For accurate description of the final hadron spectrum, iersessary to implement a detailed
list of hadron states and their decay branching ratios. 8egynnegligible assumptions about
both can lead to significantfiierences in the results of such analysis. Frequent testohgrass-
checks with the Particle Data Book [1] and other availabgprms (see, e.g., [9] and references
therein) give us confidence, that the hadron spectrum araydeattern of hadrons consisting of
u,d ands quarks are well described in our program. Our hadron masgrsipe involves all ****
and *** resonances. This program update introduces charsongedepicted in Figure 1 and
charm baryons schematically depicted in Figure 1 togettikr thveir higher mass *** and ****
resonances.

Particles, that evaporate from a hot boiling quark—gluaufs statistically according to the
accessible phase space can be described by the SHM. In¢hargr, one expects the final hadron
state near, but not generally in chemical equilibrium. k¢hse of more dynamical evolution and
sudden hadronization, the final hadron state can be out afichéequilibrium irrespective of the
fireball being or not being chemically equilibrated. Vergwlhadronization process, in which all
quark flavors have time to (re-)equilibrate in the hadronsghaan also be described statistically,
the diferent scenarios will be reflected by the values of model parars.

7
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SHARE with CHARM introduces charm hadron production. Moftlearm is produced in
hard parton scattering very early in the collision. The ¢ief charm may evolve from the its
creation in the initial collision until freeze-out. At higkensities, it may be depleted by annihi-
lation, particularly at LHC where high yield and long firelbabolution is expected. We describe
statistical hadronization of given number of charm quatkb@time of chemical freeze-out, i.e.,
hadronization.

Charm quarks are quite massive, about an order of magnitualeedhe expected freeze-out
temperature. Therefore, charm quarks may have on averagiéeswelocity of expansion than
the light (U, d, s) quarks and ‘fall behind’. As the size of charm particlesrizafler, it is natural
to assume a higher decoupling temperaflyig a feature we also introduce in this program
upgrade and which called for an external CHARM computatiomadule.

SHAREV2 introduced event-by-event fluctuations of pagtiglelds, which further enhanced
the model capabilities. They can be used to, e.g., falsifyupport the SHM description in case
the fluctuations and yields cannot be or are described byahmee set of thermal parameters.
They may also help decide which statistical ensemble isoggate, and decouple the correlation
of certain thermal model parameters. In the following, weaduce grand-canonical ensemble
yields and fluctuations, see Section 2.1 and 2.4.

2. Statistical hadronization model in a nutshell
For correct evaluation of the final hadron state, one hasltolede the:

e primary particle yields at chemical freeze-out,
e charm hadron decays followed by
e decays of resonances.

2.1. Particle yields and fluctuations
Using the standard textbook approach for grand-canonnsarable, every hadron of species

with energyg; = /m2 + p? populates the energy states according to Fermi-Dirac oeBsstein

distribution function: 1

T lexp(E/T)+1 @)

where the upper sign corresponds to fermions and the loweetmbosons. The fugacity; of the
i-th hadron species is described in detail below in Sectidnthen the hadron speciiegield will
correspond to the integral of the distribution function (Bopver the phase space multiplied by
the hadron spin degeneragy= (2J; + 1) and volume/

n=n (E,) =

_ _ &°p
(N) = (N (Mg T 1) =gV [ i, 2)
The fluctuation of the yield (Eq.2) can be calculated as:
2y o KDL fﬂ 1en
<(AN|) > =T o, v =gV (27_‘_)3 maFm). (3)
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It is more practical for numerical computation to expressdbove equations (Eqg.2,3) as an ex-
pansion in modified Bessel function&/(x) = x°K,(x)) as

(N = gizxgs i (il)rr]‘;lTinW(g)’ @)
n=1
VTS o (D)7 2+n-1
(o) - 3 5 SR ()

These expansions can be calculated to any desired accuw#mygpas the integrals (Eqg.2,3) con-
verge; for bosons one has to make sure thaxp(-m/T) < 1, otherwise the yield integraN;)
diverges. For heavynf > T) particles, such as charm hadrons, Boltzmann distribus@good
approximation, i.e., it is gficient to evaluate the first term of the expansion in Eq. 4, tvisc
indeed implemented in the CHARM module to reduce computdtine at no observable loss of
precision.

To evaluate the yield of hadron resonance with finite widtlone has to weigh the yield (Eq.2)
by the resonance mass using the Breit-Wigner distribution:

1 &
2 (M —m)2+T%/4

<l<lir> = fdM (N(M, gi, T, V, 1})) — (N;) forT; — O. (6)
Using energy independent width implies a finite probabitifythe resonance being formed with
unrealistically small mass. To mitigate this unphysica&rsrio, one has to use the energy depen-
dent resonance width. The resonance decay energy thrasteliniting factor in the accessible
energy phase space. The partial width of a decay chanrnej can be well approximated by

N2 |ij+l/2
ﬂ) for M > my, (7)

[ij(M) = bi, I [1—( M

whereb;_,; is the decay channel branching ratig; is the decay threshold (i.e., sum of the decay
product masses) artglis the angular momentum released in the decay. The totajydependent
width is then calculated using the partial widths (Eq. 7)dlbdecay channels of the resonance in
guestion as

Ti(M) = ) Tisj(M). 8)
i
For a resonance with a finite width, we can then replace Eq. 6 by

[ioj(M)
(M —m)? +T(M)2/4’

1 (S
Ny= 5 Y [ Mg T T ©

Imj

whereA is a normalization constant equal to

3 I I j(M)
A=), f MM —m)e + T (My2/a (10)

ij

9
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Eqg. 9 is the form used in the program to evaluate hadron resengeld whenever calculation
with finite width is required. Note, that yield evaluationtivinite width is implemented only for
hadrons with no charm constituent quark, zero width= 0) is used for all charm hadrons.

2.2. Quark chemistry of the hadron state

The fugacity of hadron statesfects yields of dferent hadrons based on their quark content.
It can be calculated from the individual constituent quargdcities. In the most general case,
for a hadron consisting ¥}, N}, N. andNZ up, down, strange and charm quarks respectively and
NG Ni: NsandNg anti-quarks, the fugacity can be expressed as

U1 = (o) (aya) e (Asy9) ™ (Aere)“(day) “(Aava) "o sys) (Aey)™, (11)
wherey; is the phase space occupancy of flaf@ndA; is the fugacity factor of flavof. Note,
that we allow for non-integer quark content to account fatest liken meson, which is imple-
mented ag = 0.55(uu + dd) + 0.45ssin agreement with [10]. It can be shown that for quarks and
anti-quarks of the same flavor

yr=yf and ;=7 12)

which reduces the number of variables necessary to evahmafagacity to a half.

It is a common practice to take advantage of the isospin syimpraed treat the two lightest
quarks ¢ = u, d) using light quark and isospin phase space occupancy amgifydactors which
are obtained via a transformation of parameters:

Ya= Ve vs= % (13)
with straight forward backwards transformation
Yu=7Ya¥s  Yd=7YalYs (14)
and similarly for the fugacity factors
do= Ve da= %, (15)
A= Agls, g = A/ . (16)

Chemical potentials are closely related to fugacity, one egpress an associated chemical
potentialy; for each hadron speciesia

Ti = eui m . (17)

It is more common to express chemical potentials relatesdbtzerved quantum numbers of the
system, such as baryon numiigrstrangeness, third component of isospilz and charnt :

ug = 3T log g, (18)
ps = T1ogaq/1s, (19)
i, = Tlog s, (20)
pc = TlogAcdg, . (21)

(Notice the inverse definition @is, which has historical origin and is a source of frequent akisj.
10
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2.2.1. Charm chemistry

While charm hadrons are well described by the above franieaimng with the other three
quark flavors, we follow slightly dierent approach in determining the charm chemical parameter
First, we consider only symmetric charanti-charm pair production (afm annihilation). At
LHC, for which SHARE with CHARM is optimizedysg is very small and therefore the charm
chemical potential is vanishing, and charm fugacity fatg@fectively unity,A. = 1. This implies
that the number of charm quarks and anti-quarks is the shime, N = N.,/2. We determine
the charm phase space occupamgyollowing the approach of [11], where the number of charm
guarksN, is given (as a model parameter) ands found by solving

(Nev) = ¥e (Ya(NED + ys(NED) + Y2(NEL) + YsyaNED) + Y2(NED)

+ 72 ((NE + yq(NES + y(NED)

+ 'yg(Nggc ’ (22)
where(NE!) resp. (NG is the sum of equilibrium yields of baryons with quark cortgk and
|Tk resp. mesons with quark conteditandkl. For instance{Ng,) includesD°, 50 D*(20079,
5*(2007)’, etc. (Note that only in the Eq. 22Ny denotes the sum of charmonium yields,
wheread\; everywhere else in the text denotes the number of chanti-charm quarks.) Even
though Eq. 22 is cubic iy, and has generally three solutions g« for physical values of all
guantities involved, only one of the solutions is positinel aeal and is accepted as the valugof

The hadronization of charm itself is a new phenomenon in thysigs of heavy-ion collisions
and very little is known about this process. Predictiongli@ramount of charm created in heavy-
ion collisions at LHC expect 128 77 charm-anti-charm quark pairs created in a central Pb—Pb
collision [8]. We expect this amount to be slightly modifiegddnnihilation and not very abundant
thermal production of charm quarks during the expansiomeffireball. Massive charm quarks
may expand slower outwards from the primary vertex of th@ssoh. During hadronization, they
may find themselves at a point within the fireball at slighilyrter temperature. In this case, charm
would populate the charm hadron phase space at a tempeahtwre that of the light flavors. We
introduce the charm hadronization temperaflggmand use it in Eq. 4 to calculate charm hadron
yields and in Eq. 22 when determining the valueygf The ratio of charm to light hadronization
temperature is a newly introduced model parameter, se@8e1.

2.3. Resonance decays

During the evaluation of hadron yields, the program firstaktes the event-by-event average
yields and fluctuations at hadronization treating resoesras particles with well defined mass.
These quantities are in generatfdrent from experimentally observed yields and fluctuations
The resonances decay rapidly after the freeze-out and iiglet@d resonances and stable particle
yields. The final stable particle yields are obtained byveilhg all resonances to decay sequentially
from the heaviest to the lightest and thus correctly acdogrior resonance cascades. Final yield
of each hadromis then a combination of primary production and feed frononesice decays

<Ni> = <Ni>primary+ Z Bj—>i<Nj>’ (23)
j#

11
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whereBj_,; is the probability (branching ratio) that particjewill decay into particlei. Applied
recursively, Eq. 23 reproduces the experimentally obskyiadds.

For non-charm hadrons, all decay channels with branchiigal02 were accepted, but the
higher number of charm hadron decays (a few hundred(!) irescames) with smaller branching
ratios required to accept all decay channels with branchatig > 10. Since charm hadrons
in a lot of cases decay into more than three particlesffardnt approach in implementing them
has to be used, see further in Section 3.3.3. There is stilt afluncertainty in charm decay
channels. Some of them are experimentalBiclilt to confirm, but required by, e.g., the isospin
symmetry and had to be added by hand for several charm hadfongxample, a measured
decay channel

A - pKr®  (33:1.0)% (24)

is complemented by the unobserved isospin symmetric cthanne
AP Kt (33+10)% (25)

with the same branching ratio.
The influence of resonance feed-down on fluctuations is tiheAfimg:

((ANjS)?) = Bini(Njsi — Bimi)(N)) + B2 ((AN))?). (26)
The first term corresponds to the fluctuations of the motheigba j, which decays into particle
with branching ratidBj_,i. Nj.; is the number of particleisproduced in the decay of(inclusive
production) so thap}; Bji = Nj_i. For nearly all decays of almost all resonangé¢s,; = 1,
however, there are significant exceptions to this inclugiraguction of multipler®, such as; —
37°. The second term in Eq. 26 corresponds to the fluctuationdryigd of the mother particle
(resonance).

2.4. Fluctuations — volume fluctuations, fluctuations oibstind finite acceptance

In most recent heavy-ion experiments, particle yields araddlations are measured in a limited
kinematic domain, usually a well defined rapidity range amby = 0 (central rapidity). Results
are then reported per unit of rapidity, e.g., particle yseddledN /dy. The acceptance domain is
in the boost invariant limit equivalent to a configuratiomsp sub-volume [12] and it follows that
both particle ratios and fluctuations satisfy:

(Ni) — dN/dy
A LA Ll 27
(N)) ~ dNj/dy 27)
and the scaled varianeg, of quantityX defined as
2 {(AX)P) (X% =(X)?
= = , 28
XTI X) (28)
will be given by
2 do-ﬁli
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The evaluation of grand canonical ensemble (GCE) fluctnat{&q. 5) neglects the fluctua-
tions of volume. These are accounted for by dividing the oleskfluctuation into an extensive
and intensive part as follows:

((AX)?) = ((AXPHV)? + OOX(AV)), (30)

where(x) and(x?) can be calculated using the above equations in this sestame fluctuations
((AV)?) are dificult to describe in a model independent way and thus the stegj@rocedure to
avoid this problem is to choose observables independerdglome fluctuations. Observables for
which (x)? < ((AX)?) are good candidates. Event-by-event fluctuations of pantatios are even
better choice as they are volume fluctuation independenbbgtouction. With a complete decay
tree, the fluctuations of particle ratios can be evaluat@agusie numerator’s and denominator’s
fluctuations. However, one has to keep in mind that resondacays produce both fluctuations
and correlations, as the decays can feed both the numenatdh@denominator. For the variance
of a ratio of two particledN;/N,, one should use

2 _((AND®)  ((AN2)» o {ANIAN,)

T = TNz TN T TN (N (1
The last correlation term depends on the resonance dedaysath particles as
(AN1ANG) = (NsNp) = (N XNp) = > B o(Nj). (32)
j

Even thoughr?, is independent of the average system volyig the variance of a ratio acquires
dependence on it since ratio fluctuations scale wWiNhX. An analysis incorporating particle
fluctuations should therefore include some particle yieldta and system volume is strongly
suggested as a free fit parameter (see Section 3.1 for tetkei@ils on how to accomplish this).

Most common way to separate detector acceptafieete from physics is to evaluate the fluc-
tuations in ‘mixed’ events, where particles from distineeets are combined. By construction,
such fluctuations contain only detector acceptariarts as the particles themselves are not cor-
related in any other way. Hence, the normalized ‘static’tflationo2,, is determined only by a
trivial Poisson contribution and the detectdiieets. In the SHM, the static fluctuation is

(Uﬁli )stat =1 (33)

The correlation terntAN; AN,) of the particle ratidN; /N, in mixed events vanishes in Eq. 31 and
hence the fluctuation of the ratio simplifies to

1 1
2 -
(omeha= R * (34)
The dynamical fluctuation?  defined by
Oﬁyn = o2 - Ugtav (35)
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corresponds to the fierence of the directly measured fluctuatiohand the static fluctuation from
mixed eventsr2,, and can be shown to be independent of detector acceptariceTHi8 makes
theo,,, more robust to compare with fluctuation estimates from SHM.

Mixed event particles are uncorrelated and hence mixedt@égehniques cannot account for
detector acceptancdéfects while evaluating particle correlations. The Eqs. 2B2hneed to use
a corrected branching rati®_,; — «;_iBj_i, and consequently, Eq. 31 needs to be updated as

well to read: ) )

o2 = (AN ((ANp)9) a12<AN1AN2>

M TUND2 T (N2 (No(Np)

The first correction factor we introduced;_,;, correspond to the probability that particlevill
end up in the detector acceptance provided that parjiddealso inside the region. The second
correction,ay,, corresponds to the probability that both decay produatswathin the detector
acceptance. For boost invariant system with full azimutioakrageg;_,; = 1, since the particles
leaving the detector acceptance will be balanced by thaseieg it. Unlikea,, which in general
is a12 < 1, since for resonances outside the detector acceptanicemét of the decay products
entering the detector acceptance, the other cannot endeeito momentum conservation. In
practice, this is necessary only at RHIC (much less at LHC€)stone weak decays, which are
experimentally distinguishable from primary particles the program, we féer the option to
enter the correction factar; , for any resonance decay as an input parameter, see Se@&iarid.
details how to accomplish this.

(36)

3. SHARE with CHARM program structure

The basic structure of the program is depicted in Figure 3eduires a total of six input
files containing list of particles, decay tree, and modehpaaters. The program can perform
a multitude of commands, which are read at run time from tlee(§har er un. dat a). The
computational and fitting block will perform commands in the file as entered one after another
generally independently of each other. Each command pesdan output into a separate file
named by the user. The mandatory input files the user hasvaprare (default filenames listed):

e particl es. dat a (14-letter filename) — list of particle properties,

decays. dat a (11-letter filename) — list of non-charm hadron decays,

HFf eed. dat a (constant filename) — list of inclusive branching ratios lsaom hadrons,

t her no. dat a (11-letter filename) — list of model parameters,

rati oset. dat a (13-letter filename) — list of model parameter ranges,

totrati os. dat a (14-letter filename) — experimental data and physical ptasere-
quested in the output

shar er un. dat a (constant flename) — the driving file with a list of commandger-
form,

and an optional input file with weak feed-down corrections

14
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Figure 2: (color online) Schematics of the SHARE with CHARNbgram structure. Default input file names are
written in blue, program commands in red and output files irpjeu

e weak. f eed (9-letter filename) — list of weak decay feed-down correwio;,, as de-
scribed in Section 2.4.

If the user does not specify any of the mandatory input filgdiely, the program will look for

the input file with the default name and will not run corredflany of the mandatory input files
is missing. In all of these files, the user can enter a commgstdrting a line with the pound
character#. All subsequent characters aftéron the line will be ignored. We will address the
structure of each input files below in a separate sectionhdtilsl be pointed out that all input
files are read by the program as fixed format input and it is é@ngcial to keep their structure
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Table 1: Structure of theher no. dat a file containing thermal parameters and their respectitainalues.

Parameter Initial Value  Parameter decsription

norm 2200. absolute normalization in ffn

tenp 0.139 chemical freeze-out temperaturen GeV

| ang 1. 0055 light quark fugacity factor

| ans 1.0 strangeness fugacity factor

ganq 1.0 light quark phase space occupancy

gans 1.0 strangeness phase space occupancy

[ m 3 1. 00 I3 fugacity factor (Eq. 15)

accu 0. 001 calculations accuracy

dvol 0. statistical pressure ensemble fluctuations (Eq. 30)
ganB 1. I3 phase space occupancy (Eq. 13)

| anc 1. charm fugacity factorqurrently fixed tol. = 1)

Ncbc 0. number ofc + ¢ quarks

tc2t 1. ratio of charm to the light quark hadronization tempera-

tU re Tcharm/T

including the number of characters allocated for each ce@ocluding blank spaces between the
records). The only exception is the charm hadron decayfifeeed. dat a, which can include
any positive number of blank characters (spaces or tab®timden the records.

3.1. Thermal parameters

3.1.1. List of thermal parameters (11-letter filename, ditfa her no. dat a)

The thermal parameter file contains a list of parameterseofitbdel together with their initial
value. All parameter names are 4-letter tags. Ther no. dat a file has to contain the 12
parameters as in the provided program package. We show ie Taltne typical contents of a
sample file together with the description of each paramdtke units are GeV and finwhere
applicable.

The fugacity factorst; (i = @, s, 13) may be replaced by their respective chemical potentials
according to Eqs. 18-20. The respective tagsareb, mu_s, andnui 3.

The parameter tags in this file are used throughout the pmgsa it is highly advisablaot
to change the parameter names, as it may result in unpreididiéany) results. On the other
hand, we encourage the user to change the initial paranate¥siin this file. The format of every
line comprises a 4—letter parameter tag and 4 spaces falbwéhe initial value of the respective
parameter. The relevant Fortran format statemepfi, 4X, F31. 19) .

3.1.2. Fit parameter ranges (13-letter filename, defaudit i oset . dat a)
Ther ati oset . dat a file defines the ranges of parameters that will be varied duairit
and which parameters will be kept constant. For each pagantbis file contains the lower and
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Table 2: Structure of theat i oset . dat a file.

Tag Lower limit  Upper limit Initial step Fit20/1

I
norm 9. 9999. 1.0 1
temp 0.1 0.3 0.1 1
lang 0.1 90. 0.1 1
lanms 0.9 90. 0.1 1
gang 0.2 2.5 0.1 1
gans 0.1 9. 0.1 1
mui 3 0.01 92.5 0.1 1
Ncbc O. 400. 1.0 0
dvol 0. 10. 0.1 0
gan8 0.5 1.5 0.1 0
tc2t 0.5 4. 0.1 0
lant 0.9 900. 0.1 0

upper limits of its range and the initial step size during imization with MINUIT. Typical for-
mat of this file is shown in Table 2. The last column is each rtates if the parameter is to be
fitted within the specified rangd ), or kept constantQ). All parameters defined in the thermal
parameters file her no. dat a have to be defined intheat i oset . dat afile as well, however,
the parameters do not have to be in the same order in both Elsy line in this file must be
compatible with the following format( A4, 3X, 2F7. 1, F7.5, 1 4)

If the upper and lower limits for a parameter are equal ang#rameter is to be fitted, MINUIT
will consider this parameter unconstrained during a fit. daecthe user chooses to fit only exper
imental particle ratios and densities, the volume is autmaldy kept constant. We have found
that the order of parameters, which is maintained during MINcalls, afect the quality (speed,
reliability) of the resulting fit. The user is advised to itploe most important fit parameters first,
usuallyt enp andnor m Second, highly correlated parameters should be placedigmeafter
the other. Note, that some fit parameters (e.g., strangémgssity factoris) can be a result of a
conservation law (e.g., of strangeness). For details gbasgible conservation law implementa-
tions, see Section 3.4.5.

3.2. Particle properties data file (14—letter filename, ddfaparti cl es. dat a)

This input file contains the list of particles and its propest specifically the particle name,
mass, width, spin, isospin, quark content and Monte CarlG)bbde where available. The struc-
ture of every line in the file is the following:

name mass width spin I I3 u d s au ad as ¢ ac b ab M
where
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nane a nine character string identifying the particle,

nmass particle mass in Ge?,

wi dt h particle width in GeV,

spin spin of the patrticle,

I particle isospin,

I3 the third component of the particle isospin,

u,d,s,c,b number of particle constituent quarksd, s, c andb respectively,

au, ad, as, ac, ab number of particle constituent anti-quarksd, s, ¢ andb respectively,
MC particle MC identifier, where available. Note that not aldhan reso-

nances have a MC code assigned in the standard scheme [1].

The particlenane defined in the particle list is used as a unique particle illenthroughout
the program and we strongly advice not to change the namearti€lps already provided in the
input file that comes as a part of the program package. Thewlh naming convention was
chosen and is used for most patrticles; first two charactetheof9—letter) particle name is an
abbreviation of the particle letter followed by 4 numbensresenting particle approximate mass
(in MeV/c?) and the last three letters reflect the particle electricgdiae.g. A can be found in the
program ad.ml115zer . The following 3—letter endings are being used:

zer ‘zero’ neutral particle, charge 0,

zrb ‘zero bar neutral anti-particle, charge 0 (neutral argiyons,

plu ‘plus’ positive particle, charge,

pl b ‘plus bar positive anti-particle, charge (anti-baryons, e.g., the antiprot@n),
mn ‘minus’ negative particle, charge,

mb  ‘minus bar’ negative anti-particle, charge(e.g.,§+),

pl p ‘plus plus’ doubly positive particle, charget+ (e.g.,A*"),

ppb ‘plus plus bar doubly positive anti-particle, charge,

nuc ‘nucleus’ (hyper-)nucleus with charge above the range e¥ipus endings

anc ‘anti-nucleus’ (hyper-)anti-nucleus with charge abowve thnge of previous endings

When editing the list of particles, the user is strongly emeged to create a copy of a line
in the particle properties file and edit the copied line rejplg characters one-to-one to prevent
formatting changes. The general expected format of a limeigmed by the Fortran 77 format
statement:

(A9, 2(4X, F10.7), 2X,3(F5.1,4X), 10(F6. 3, 2X),19)

where ‘A’ is a letter, ‘X’ is a space, ‘F’ is a real number andid an integer number. For more
details about format specification as defined by the Fortvastandard, see, e.g., Ref. [14, section
13].

For example, motivated by our recent analysis of LHC datd, (@& include a ** resonance
¥(1560) in the particle list and decay tree 331560777, but, as a 2-star resonance, we leave
it commented out in both. In other words, this resonance tsnaduded in the calculations by
default. If the user chooses to include this resonance iatladysis, it is enough to remove the
character in front of the following lines in the particletlis
#Sg1560m n 1. 5530000 ... — Sg1560m n 1.5530000 ...

#S91560mb 1. 5530000 . .. — Sg1560mb 1. 5530000 . ..
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... etc.
and same in the decay tree file to enable3(E560) —» Anr decay, see Section 3.3.1 below for
details on the decay tree structure.

TheA(12329, for instance, will appear in the list as:

Dl 1232zer 1.232 0.121.51.5-0.51. 2. 0. 0. 0. 0. 0. 0. 0. 0. 2114

We allow non-integer quark numbers to accommodate straeggction flavor mixing, such as the
n meson mentioned in Section 2.2. Since SHAREV2 [3], we eaththe particle list to include
all at least *** charm hadrons and resonances and updates fhiesent and increased the total
number of particles a user can specify to 1000. No bottomdmadr at the moment present in
the particle list provided with this SHARE program relea3ée particle input file has been re-
designed with future upgrade in mind, that would includegktion of bottom hadrons. Up to
this day, no significant amount of bottom hadrons is expeictbeavy-ion experiments and hence
the list provided with the program does not contain any both@drons.
SHARE with CHARM calculations are relevant for stronglydracting system, whei€® and

—0 . —0 .

K" are the relevant states. Electroweak mixKfy— K~ occurs on a longer timescale and hence
should be performed at the end of the calculation. For theaence of the user, we implemented
the following hame ending shortcuts representing basietaltic combinations of particles from
the list.

sht ‘short’ sht =1/,( zer +zr b) , used to calculate mixed states,
e.g., the often measurég = %(K0 ~K)),

I ng ‘long’ | ng=1/,(zer +zr b) , used to calculate mixed states,
e.g., the less often measuréd = %(K0 + RO),

tot ‘total t ot =(zer +zrb),e.g.,Lml115t ot for A + A,

plt ‘plus total pl t =(pl u+pl b),e.qg.,pr 0938pl t for p+ P,

pbn ‘plus bar net’ pbn=(pl u-pl b),e.g.,pr 0938pbn for p- P,

mt  ‘minus total’ mt =(mi n+mb) , e.g.,UML672mt for Q + Q,

mn  ‘minus net’ mn=( m n- mb), e.g.,UML672mmn for Q — Q,

pl m ‘plus minus’ pl m=( pl u+m n), e.g.,pi 0139pl mfor =* + =~

pl n ‘plus minus net’ pl n=(pl u-nin),e.qg.,pi 0139pl nfora* —n~,
pnb  ‘plus minus bar prb=( pl b+mb), e.g.,Sg1189pnmb forT +% .
Note, that these combinations awet in the particle list as separate entries, they are evaluated

during the program run from the particle yields as one of #s¢ $teps of the calculation and they
are printed in the output if so requested by the user (se@Bekd).

3.3. Particle decays

Light hadron decays can be divided into two categoriest ligidron (1, d, s) 2-body and 3-
body decays, and charm hadron decays.

3.3.1. Light hadron decay tree (11-letter filename, defaidicays. dat a)
The treatment of light hadron decays did not change sinceFHHA [2]. Only 2 and 3-body
decays are considered. Every lingdi@acays. dat a contains one decay channel in the following
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format:

Parent daughter1l daughter2 BR C G?

for 2-body decays, and

Parent daughterl daughter2 daughter3 BR C G?

for 3-body decays, wherBar ent refers to the decaying particle producing daughter pasicl
daught er Nwith branching ratidBR. The C- G? flag signalizes if the branching ratio should be
corrected by a Clebsch-Gordan @ieient (0= no, 1= yes). For example, the dec#f* — Kn
reported to have a branching ratio-efL.00 in [1] appears in the decay tree file as two entries:

Ka0892zer pi 0139ni n Ka0492pl u 1.0 1
Ka0892zer pi 0135zer Ka0492zer 1.0 1

whereas other decays, such as degays K*K~ and¢ — n*7~7°, do not need the Clebsh-Gordan
codficients correction, as each combination of daughter pastisl reported separately;

ph1020zer Ka0492pl u Ka0492mi n 0. 49 0
ph1020zer pi 0139pl u pi 0139 n pi 0135zer 0. 08 0

The general format of 2 and 3-body decays is

(A9, 3X, A9, 3X, A9, F9. 4, 14)

and

(A9, 3X, A9, 3X, A9, 3X, A9, F9. 4,14)

respectively. As a general rule, we again suggest that amficetions to this input file are made
on one-to-one character replacement basis to prevent tongaliscrepancies. Currently, the
number of decay channels for each parent particle has beéadito 50.

3.3.2. Weak decay corrections (9—letter filename, empk. f eed)

As discussed in Section 2.4, feed-down is an important feaifithe experimental data to be
accounted for within the statistical hadronization modléhited acceptance of detectors requires
experimental correction of the feed-down floments reflecting the probability of a resonance
being produced within the detector acceptance and the dacaluct also being in within the
detector acceptance region.

Weak decays, in particular, are susceptible to detect@paance andficiency corrections,
as they happen at a macroscopic distance from the primaigxvéf/eak decay corrections hence
comprise a geometrical as well as momentum component. Aisigm portion of the final particle
yield is oftentimes mostly feed-down, e.g., protons aretijgsoducts of hyperon decay, such as
A — prr. At RHIC, careful evaluation of the correction factors feich weak decay product was
a crucial element to fit the experimental data, whereas at,lthi@hks to a more precise tracking,
virtually all weak decays are subtracted from the final hadsields.

Decays defined idecays. dat a file, which violate conservation of strangeness/antospin
are identified by the program as weak. The weak feed-dowrcion file can contain any num-
ber of weak decays defined in the decay tree (from O up to alvdek decays). Consequently,
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no strong (or electromagnetic) decay corrections are akbin this file, they are caught as in-
put errors by the program, which exits after reporting theipalar decay on screen. Each line
in the weak decay file has the following structure for 2-bodg 8-body weak decays respectively:
Par ent daughterl daughter2 all/1st/2nd/cor coefficient

Par ent daught erl daughter2 daughter3 all/1st/2nd/3rd/ cor coeffi-

ci ent

formatted respectively:
(A9, 3X, A9, 3X, A9, 3X, A3, F9. 4)
(A9, 3X, A9, 3X, A9, 3X, A9, 3X, A3, 3X, F9. 4)

wherePar ent anddaught er N are the names of particles involved in the decay, similayly t
the decay tree filelecays. dat a structure. The decay products do not have to be in the same
order as in the decay tree, the program handles any perowtaitihe decay products (daughter
particles). The following 3—letter tag specifies which cf thtecay products is being corrected. For
example, the weak decay — pn~ can appear in the weak decay file multiple times specifying a
different correction for each of the daughter particles:

Lmill5zer pr0938pl u pi 0139mi n 1st 1. 0000
Lmlll5zer pr0938pl u pi 0139 n 2nd 0. 0000

The STAR experiment at RHIC filters out the pion, but accepts groton, as is seen in the
above example. The user can specify, whethlek daughters will have the same correction
coef fi ci ent, or only one of them, referring to thist / 2nd/ 3r d daughter on each line.
The last 3—letter tagor refers to the fractional contribution of the acceptancehwtivo par-
ticle correlation(daught er 1 daught er 2) induced by a common parent resonance decay
denoted by, in Eqg. 36 in Section 2.4. SHARE will then renormalize the lofaing ratio of
Par ent —al | / 1st/ 2nd/ 3rd/ cor by acoef fi ci ent when calculating all data points af-
ter a givenneakdecay statement (see below).

The program may be run without any weak decay feed-downilehich case the user has to
choose from two cases:

1. All weak decays are accepted in the program, that is dilg@yields contain contributions
from weak decays. This scenario means, that the weak deeagsniot been corrected for
in the experiment, hence the option is labelCORRECT.

2. No weak decays are accepted, all weak decays are sulbtfemte the final experimental
yields. This option is labeletiOANK_FEED. This is the default option, unless specified
otherwise by the user.

This upgrade of SHARE is tailored to fit data from LHC measuogdhe ALICE experiment,
which publishes results fully corrected for weak decayse d&fault treatment of weak decays is
thus changed from SHAREV2 tootto accept’ weak decay feed-down to any particle, the option
NOWK _FEED described above.

All weak decay file options and user file names should be ehiete the experimental data
file (t ot rati os. dat a) with the keywordweakdecay asnanel (see Section 3.4) followed
by one of the options above or user created weak decay fegd-ctwrrection file name as follows:
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weakdecay weak.feed
weakdecay NOWK _FEED

weakdecay UNCORRECT

Experimental data files are read in sequence and hence eealkydecay feed-down pattern ap-
plies to experimental data points below until anotheakdecay statement is encountered. This
allows the user to fit data points from multiple experimenithwifferent weak decay feed-down
corrections. For detailed information on the general stmgcof the experimental data file, see
Section 3.4.

3.3.3. Charm decay tree (fixed filenahief eed. dat a)

Although charm hadrons decay weakly, life times of charmestbins are very short due to the
charm quark large mass. Therefore, all charm decays areajgicyand are treated separately from
the weak decay methods described in the previous sectiami@¢8e3.3.2). The weakly decaying
charmed hadrons can have up to several hundred decay chartiesimilar branching ratios and
up to six decay products. Without any dominant decay chapresent, we have to include all
these concurrent decays. The treatment of light hadronydet@scribed above was thus found
unsuitable for the charm region.

In order to save computing time, inclusive branching ratibsharm hadron decays are speci-
fied in the charm decay tree. The yields of charm decay preditittfollows the logic of Eq. 23,
however, the sum has significantly less terms because eaeghter particle appears only once.
Each line of the charm decay file specifies ftagr ent particle followed by onelaught er par-
ticle and the respective inclusive branching r&Rin the following format:

Par ent daughter BR

This file is the only exception among input files that can conéay amount of spaces between
the columns.

On an example oD*°(2007), we show the organization of charm decays. DH¢2007) has
two decay channels with branching ratios as follows [1]:

D** - D", I'; = 0.619+ 0.029
D — D%, I, = 0.381+ 0.029

which corresponds to the following in théf eed. dat a file:

Dc2007zer Dc1800zer 1
Dc2007zer pi 0135zer 0.619
Dc2007zer ganD00zer 0. 381

Every daughter particle type is on a separate line with gpeetive inclusive branching ratio. One
can look at each line in the charm decay file from an equivalergpective; how many daughter
particles of a given type are produced on average after ttaydsf one parent particle.
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3.4. (Experimental) Values to be calculated (14-lettenéilme, defaultt ot r at i 0os. dat a)

Experimental data values and other values of interest taalmilated are defined in the file
totrati os. data. We provide an example of a typical experimental values filecture in
Figure 3. The general format of every line(i89, 2X, A9, 3F12. 7,1 17) . We would like to
point out a common source of error which arises when the dd@uint is omitted while entering
experimental values in this file. Unfortunately, this is afrinsic feature of Fortran 77 and cannot
be easily mitigated.

3.4.1. Particle ratios
Every line in the experimental data file should have the Wity format:

nanel nane2 data statistical systematic fit?(-1/0/1/2)
where
nanmel The first particle (numerator of a ratio), 9—letter name dmdd in the par-
ticle list (Section 3.2).
nane2 The second particle (denominator of a ratio), or a tag irtaigahat the yield
or density ofnanel is entered, 9—letter name.
dat a The experimental value of this data point.

statistical The statistical error of the data point.

systemati c  The systematic error of the data point.

fit? This flag specifies if this data point contributes to the eataun of y?/ndf
of the fit, when set to a positive value (1 or 2). When set to 6, rtio
is not fitted, but calculated and output to the graph file (seti@n 4 for
details). Values of fit2-1 or 2 mean that the data point wiibt be output
to the graph file. Note, that under typical circumstancesgiptions 1 and O
will be suficient for typical program use.

3.4.2. Particle yields and bulk source properties
Apart from particle ratios, the user have also the followapgions of quantities to be fitted,
calculated, and printed out in the output.

nane2 can contain the following 9—letter tags:
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prt_yield
prdensity
sol veXXXX

fl uct XXXX

120

The yield of the first particle, or collective extensive gtign

The density of the first particle or quantity.

Evaluation of the parameteXXX based on first particle or quantity, see Sec-
tion 3.4.5 for detalils.

Grand-canonical fluctuatiolXXXX can contain one of the following: dyn,
dynv,dnch,sgsm

f 1 uct _dyn to calculatarqgyn = o2, — 0% (S€€ EQ. 35).

f 1 uct dynv to calculatergy, = (N2) oony v, (S€€ Eg. 36).

fl uctdnch to calculateogyn = (Ncn) ong)n,, the fluctuation scaled by the
average number of charged partic{ég).

f 1 uct sgsmto calculatergy, = (N1 + No) 0wy,

(Other fluctuation options have been discontinued due tw Hemsitivity to
acceptanceftects.)

nanel can contain the following 9—letter tags:

negati ves
positives
char gnul t
neut rul t
tot _rulti
tot_prine
t ot st rong
t ot strang
net strang
tot |ight
t ot char ge
net char ge
t ot baryon
net bar yon

tot _charm

t ot ener gy

negative particles (weak decay corrections taken intowato

positive particles (weak decay corrections taken into astjo

charged particles (weak decay corrections taken into axdgou

neutral particles (weak decay corrections taken into aagou

total hadron multiplicity (weak decay corrections taketwiaccount)
total primary particles multiplicity (no decays considdre

total multiplicity including contributions from strong days

total strangeness + S)

net strangeness — s)

total number of light quarks (weak decay corrections takém account)

total chargeQ + Q)

net chargeQ — Q)

total baryon number, i.e., sum of all baryons and anti-basy@® + B)
net baryon number, i.e., baryons minus anti-baryd@hs B)

total charnmc + c) (corresponding td\cbc, see Section 3.1)

total energy (in GeV)

The above quantities are calculateeforethe weak decays have occurred. They do not take
weak decay acceptances into account, which may producepaneay violation of strangeness,
charge or baryon number. To get values of the above quardiier weak decays, one should
move thenet andt ot prefixes to the end of the respective quantity name tags. Ghwva

lents of the above quantitiedter weak decays have occurred acdtar get ot ,
bar yont ot ,

bar yonnet ,

char genet,

stragetot, strangnet, |ight _tot. These are com-

plemented by the following name tags:

ent ropy_t
pressur et

total entropyS
total pressure (in units of energy density, GieV)

and the auxiliary
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Figure 3: A typical structure of ot r at i os. dat afile.
#-—mm Experimental data file
weakdecay weak.test
#

#netstrang solvelams 0. 0. 0. 0
netcharge prt_yield 0. 0. 0. 0
negatives prt_yield 900. 50. 0 0
positives prt_yield 900. 50. 0 0
02+03 prt_yield 1800. 100. 0 0
netcharge mnetbaryon 0.384 0.02 0 1
netstrang totstrang 0. 0.01 0 1
totenergy tot_prime 0.75 0.002 0 0
# -- BULK PROPERTIES MAYBE FITTED --

entropy_t prdensity 3.3 0.2 0. 0
totenergy prdensity 0.4 0.04 0. 0
totstrang entropy_t 0.072 0.004 0. 0
tot_charm entropy_t 0.0037 0.001 0. 0
totenergy T_entropy 1.015 0.015 0. 0
pressuret prdensity 0.0820 0.00050 0. 0
totstrang tot_charm 1.0 0.05 0. 0
Ho—mm Particle Yields SOME MUST BE FITTED-------
pi0139plu prt_yield 733. 54. 0. 1
mu0000plu prt_yield 0. 0. 0. 0
pi0139min prt_yield 732. 52. 0. 1
mu0000min prt_yield 0. 0. 0. 0
pi0135zer prt_yield 0. 0. 0. 0
Ka0492plu prt_yield 109. 9. 0. 1

T_entropy TS, temperature times entropy
T 4 T4/(hc)® (useful to evaluate, for example, the trace anomaly 8P)/T4)

Weak decay feed-down correction file or option is indicatedhie experimental file by the
keywordweakdecay. When this keyword is encountered during the program runaasel,
thennanme2 must be either oNOAK _FEED, UNCORRECT, otherwisenane?2 is treated as the
weak decay feed-down filename. The weak decay scheme thtifieph@pplies to all subsequent
data points until neweakdecay statement or end of experimental data file.

3.4.3. Referring to data points and their combinations

We dofer even more flexible handling of data points, we have imptegetesimple algebraic
combinations of data points within a file. The user can refex data point defined in the same file
by its two-digit line number (not counting comment linesrstay with #). The following snippet
of an input file shows how to refer to another data point; linenber 8 refers to the™ defined on
line 7, however, calculates its density. We also show a mdvareced example of how to define
and fit the ratio of p + p)/(=~ + n*). Note that line numbers are not part of the experimenta dat
file, they are provided below for easier orientation in tharaple.
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line# inputfile

7 pi 0139min prt_yield data stat syst fit?
8 07 prdensity data stat syst fit?
9 pi 0139plu prt_yield data stat syst fit?
10 pr0938plu prt_yield data stat syst fit?
11 pr0938plb prt_yield data stat syst fit?
# this is a coment, |ine nunber does not increase.
12 10+11 07+09 data stat syst fit?

The possible operations are addition, subtraction, midépon and division accomplished
by using+, -, X, / symbols respectively in between two two-digit line numbassseen in the
above example. Note the necessary trailing O for single tilgi numbers. These operations are
limited to two-digit line numbers, although the input filenda general have up to 200 entries (not
counting commented lines). Note that this feature usesiditlglrecursive code, which may be
compiler dependent. It has been found to work as intendeéweral platforms and compilers we
tested SHARE with CHARM on. We provide a sample data file witprogram package.

3.4.4. Statistical and systematic errors

The systematic and statistical errors can be entered aseparae quantities in SHARE as
seen in the above example. This option is created sincemsgtiteerror is not a random variable
that the statistical error is. Systematic error origindtes the experimental setup glod data
analysis methods and it can be common to several experimestats, e.g., theficiency to
track strange antibaryons and baryons has same systemegitainty, or there could be a strong
(anti)correlation, e.g., if an observed patrticle track ipraton orK* is not always possible to
decide, but if it is one, it cannot be the other. By allowingd$gstematic and statistical error entry
as matter of principle, we prepare for a more complete futrgatment of the systematic error
including an error correlation analysis.

Once the systematic error correlation matrix function iswn, one must discover combina-
tions of the data which dier least from the systematic error. The fit than involves a dat in
which some of the fitted quantities have a much reduced sysieerror. At present, the system-
atic error correlation matrix is not made available by thpezknental groups. Therefore, such
more detailed error treatment in the fitting procedure ismdtided in this release of the SHARE
with CHARM program suite as a procedure could neither be gnlgset-up nor tested.

In the current release of the program, if both errors are naad#able and have been entered
separately, they will be added to obtain the total eenor or of the data pointer r or = st at
+ syst.

We note, that as outcome of this procedure, we often see isttity of the RHIC and LHC
data that the overall normalization factd¥/dy shows a large and apparently common error of
all data, suggesting that all results we interpreted hachpstia common systematic tracking
efficiency error.
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3.4.5. Conservation Laws

SHARE with CHARM allows the user to solve for a thermal paréanéased on a fixed (or
experimental) value rather than fit it. The most common a&pjibn of this feature would be exact
conservation of strangenesgs) = (S), which means numerically solving fak. In this casefsis
not a fit parameter anymore, but rather an analytical funaticthe other parameters constrained
by the experimental data point.

In order to solve for a parameter, thanme?2 in the experimental data filé ¢t r at i os. dat a)
should be in the forms ol veXXXX, whereXXXXis one of the fit parameters. The parameter limits
setinr ati oset . dat a still apply, every parameter solution outside of thesethns rejected.
This helps rejecting unphysical solutions, suchias 0.

In principle, it is possible to solve for any parameter using data point. However, many such
combinations do not have a minimum, especially if the daiatpioes not (or only marginally)
depend on said parameter. If MINUIT takes a long time (e.@nynterations) without converging
to a minimum, there is a good chance that the minimizatiorgutare will not work. It is thus
advised to use this feature mainly to solve for the valueshehtcal potentials based on conser-
vation laws. For instance, strangeness conservation cassged in the system by solving for
As by using the following line in thé ot r at i 0s. dat a file requiring net strangenegs— s) to
vanish:

netstrang solvelans 0. 0. 0. O

The baryochemical potential in a perfectly central Pb—PE8Z A=207) collision can be solved
for using the baryon number and solving fit

net baryon sol velamg 414. 0. 0. O

and the corresponding charge conservation may be impostu i with:

net charge solvelnm 3 164. 0. 0. O

Thesol ve statements have to come at the beginning of the experimaetialfile, otherwise the
program will return an error.

An alternative to the exact solving for a parameter requingd conservation law is to require
approximate conservation of a quantity. Treating a coraEmw law as a data point allows for
detector acceptance corrections. A line such as:

netstrang totstrang 0. 0.01 0. 1

imposes strangeness conservation to within 1%. We oftelmssgharge over baryon number
conservation with the line

net charge netbaryon 0.39 0.02 0. 1
The choice of implementing the conservation laws analitica approximately (if at all) is
left to the user. It is worth noting that exact solution is arenceliable procedure, however, it

cannot be used very often considering the limited acceptaata from contemporary collider
experiments.
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4. Running the program —shar er un. dat a

This file contains the instructions which are executed oner®/during a program run. Ev-
ery line contains a separate operation, such as readingfifgay assigning values to parameters,
calculation of particle ratios, fitting model parameterexperimental data (i.e., minimizingf),
plotting contours ang? profiles. The program will read one line at a time and exedutecom-
mand until it reaches the end of thar er un. dat afile. It is imperative that the user maintains
the appropriate spacing of commands and values in this éause this file is read as a formatted
input, same as most of the input files described in previoosmses. Any deviation from the ex-
pected number of characters may result in an unexpectedibelofthe program ranging from a
misinterpretation of a value to not recognizing the commetradl and exiting prematurely with an
error. Generally, there are two spaces between keywordsamtbers. We specify the expected
command format wherever necessary. Each command can benusigole times with diferent
input and output files. We shall now describe all the commawvddable to the user with a brief
description.

4.1. Reading input files

READ THERM I NI (11-letter fil enane)
Reads the specified file corresponding totther no. dat a file described in Section 3.1.

READ FI T_PARAM (13-l etter fil ename)
Reads a file containing parameter ranges equivalent toghe oset . dat a file described
in seciton 3.1.2.

READ PARTI CLES (14-letter filenanme) (11-letter fil enane)
Reads the file containing list of particle properties andcasd file of corresponding decay
tree. The files are considered being equivalempigot i cl es. dat a anddecays. dat a
files described in Section 3.2 and 3.3.1.

READ TOTALDATA (14-letter fil enane)
Reads experimental data file equivalent to ttwe r at i 0os. dat a file described in Sec-
tion 3.4.

4.2. Parameter manipulation at run time

PSET (4-letter tag) VALUE
The PSET command sets the thermodynamic parameter specified by taget-tag to a
VALUE. A real number is expected MALUE, hence decimal point is necessary even with
integer values. When thieher no. dat a file is read, a series dSET-like commands is
performed using all parameters and values read from the file.

PFI X (4-letter tag)
Fixes the given model parameter to its current value. Inwdisequent commands, this
parameter will be kept fixed until released, or its value rfiediby another command.

There are 5 additionalags that are used to control the program options in connectitin w
PFI X. The user can choose to use Boltzmann approximation andwquafrermi—Dirac
and Bose—-Einstein, as appropriate) statistics via thelthgg andf dbe respectively. The
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Figure 4: A typicalshar er un. dat a file.
#### reading particle list and decay tree ####

#READ PARTICLES particles.data decays.data

READ PARTICLES partnowdt.data decays.data

#

#### reading model parameters values and ranges ####
READ THERM_INI thermo.data

READ FIT_PARAM ratioset.data

#

#### fitting LHC data in 10-20% centrality - no charm ###i##
READ TOTALDATA LHC1020MI.data

CALC FITRATIOS £it1020ne.out

#

#### fix gamma_q, fit semi-equilibrium

#PSET gamq 1.0

#PFIX gamq

#CALC FITRATIOS £it1020se.out

#

#### release gamma_q, calculate sensitivity profile for Lambda yield
#PREL gamq 0.5 2.0 0.1

#CALC SNSPROFIL prof_SNSLamb gams 1.0 2.5 15 36

#

#### fit without the Lambda yield (datapoint #36)

#DFIT 36 O

#CALC FITRATIOS £it1020ne.noL

#

#### restore fitting Lambda yield

#DFIT 36 1

#

#

#### set DO (Dc1800zer..datapoint #84) yieldto a value 5. +/- 2. and fit it
#DSET 84 5.0 2.0

#DFIT 84 1

#### release the number of charm+anticharm quarks (Ncbc)

#PREL Ncbc 0.01  100. 1.0

#### ... and fit with the DO

#CALC FITRATIOS £it1020ch.out

#### calculate the chi2 profile in Ncbc

#CALC CHIPROFIL prof1020Ncbc Ncbc 5. 100. 19

#

#### plotting the the dependence of Dc1800zer

#### on number of charm+anticharm quarks (Ncbc) and charm temperature (tc2t)
#CALC RATIOCONT 84 ratioplt.out Ncbc 10. 200. 19 tc2t 1.0 3.0 10
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default is quantum statistics. Furthermore, one can s&begte the canonical ensemble
treatment of the baryon number \d& b tag, and of strangeness \G&_s tag. Selecting
the program default grand canonical ensemble for both guanumbers is done using the
gcal tag.

(4-letter tag) (Jower limt) (upper limt) (step size)

Releases the given parameter and sets its range betweenvéreaind upper limits and sets
its initial step size. This command is equivalentto reading line inthe at i oset . dat a
file. All three numbers in theREL command are mandatory. Otherwise, zeros are assumed
and any following calculation will produce unwanted resulThe required format of this
command ig A4, 2X, A4, 3X, 2F7. 2, F9. 5) , i.e., after the parameter tag, the program
expects in sequence; 3 spaces, 7 characters for paramesgedilmit (counting the decimal
point), 7 characters for the upper limit and 9 charactersHerinitial step size. Notice, that
no spaces are required between the numbers, so the folldwenig valid:

PREL tenp 0. 123450. 23232000. 00100

| | | I |
tag Low Upper Step

This example releases the hadronization temperature péeanenp setting its limits to
Tiower = 0.12345 GeV andlypper = 0.23232 GeV and the initial step size in minimization
to 0.001. Similarly as in the above example, the user can takendéaye of the precision
allowed by the format specification of any command. It is, Beer, not needed very often.

4.3. Datapoint run-time manipulation
In some analysis, it may be beneficial to manipulate an exygarial data point during the program
run. The following two commands are used to accomplish this.

DFI T datapoint fit?

Switches if a data point on tlteat apoi nt -th line in the experimental data file wifl { t =1)
or will not (f i t =0) be fitted during the evaluation of subsequent commandsforheat of
this command expects the keyword DFIT followed by 2 spacestacharacters allocated
for eachdat apoi nt andf i t ?. The format ig A4, 2X, 21 5).

DSET dat apoi nt val ue error

Set the value of @at apoi nt -th ratio or quantity in the experimental data fileval ue
and its uncertainty ter r or . The program expects the following format of the command,;
(A4, 2X, 15, 2F10. 5), i.e., 2 spaces after the keyword DSET, 5 characters a##ddat
thedat apoi nt number, and 10 characters for eacl ue anderr or .

4.4. Calculation and fitting
CALC RATI ODATA (13-l etter fil enane)

Calculates the value of ratios and quantities read by the RE®TALDATA command
given the current values of thermal parameters (eitherbgdde READ THERMO _INI, or
resulting from the last command). The output is written tdewiith a 13—letter filename
specified by the user. The output in the file has the generaldbofRATI O nanel/ nane2
(VALUE). In case either ohanel or nane2 is zero, zero is printed as a result of the ratio.
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RATI OPLOT (12-letter filenane) (4-letter tag) L U P datapoi nt

This command calculates a ratio, yield or quantity specifiedhedat apoi nt -th line in
the experimental data file as a function of the thermal paranspecified by the 4-letter
tag. The program will vary the parameter franto Hin P equidistant steps and record in
the output file the varying parameter values in the first aegtioperty values in the second
column. The output file can then be used as input to an extplotiing program, such as
GNUPIot, PAW, Xmgrace or Mongo. The format of this command is

(A4, 2X, A9, 2X, Al2, 2X, A4, 2X, 2F5. 1, 21 5), i.e., two spaces between each word
until the parameter tag, two spaces after the parametebtalgaracters reserved for each
of the lower and upper limits followed by 5 characters for tiwenber of points and last, 5
characters for the data point number.

RATI OCONT dat apoi nt (12-letter filenane) (tagl) L1 Ul P1...
...(tag2) L2 U2 P2

Calculates a ratio, yield or a thermodynamic quantity ashation of two parameters spec-
ified byt agl andt ag2 for parameter values ranging froii to Ul in P1 steps for the
first parameter and frorh2 to U2 in P2 steps for the second one. Similar to the above
RATI OPLOT command, the data point is referred to by its line numblet @poi nt ) in
the experimental data file. (Note, that 20000 results in 20000 grid points to be calculated
which may take a long time.) The general format of this comtrexpected by the program
is: (A4,2X,A9,15,A12,2X,A4,2X,F5.1,2X,F5.1,2X,13,2K84,2X,F5.1,2X,F5.1,2X,13)

The output is written to a file with 13—letter filename spedifizy the user in a 3—column
table and can be plotted by an external program capable oi@&bng.

FI TRATI OS (13-l etter fil enane)

This command minimizeg?/ndf of the set of experimental data input by the last

READ TOTALDATA command varying parameters within ranges specified in

READ FI T_PARAMstarting with parameter initial values from

READ THERM I NI .

In our fitting procedure, we minimize the value function as function of SHM parameters.
The y? function is the sum of squares of the relativéfelience between computed yields
and experimental data.

X2 _ ZN: (fi,theory— fi,experimen)2 (37)
=1 (A fi,systematic+ A fi,statisticabz ’

wheref; is thei—th investigated quantity with experimental erfo andN is the number of
data points. We seek the best fit to experimental particldyiend ratios usinlyl NUI T [4],

an optimization package part of the CERNLIB computatioiablries. We evaluate the sta-
tistical significance (also called eithprvalue, or confidence level — CL) of our fits. CL is
defined as the probability that given a correct hypothessg(the SHM model) and Gaus-
sian ‘noise’ experimental errors (caution: we are dealiril wignificant systematic data
errors),x? would in repeated measurements assume a value that is abwe Hie consid-
ered value — clearly, the smallgt is, the higher CL is, asymptotically approaching 100%.
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Values of statistical significance far below 50% suggedtttimmodel is not appropriate for
the task of describing the experimental data. Regargfrig the limit of many degrees of
freedomMNyata— Nparameter= Ngor — 00, it is well known thaty?/Ngor = 1 corresponds to CL of
50%, see figure 36.2 in PDG [1]. Fbkes < 10, this figure shows that a considerably lower
x?/Ngot is Nnecessary to reach CL of 50%. For more complete discus$isignificance, see
PDG [1] section 36.2.2.

In case the minimization package MINUIT [4] used by SHARE sloet find a good reli-
able minimum via common strategies, or the parameter ecasot be reliably evaluated,
MINOS subroutine is called to evaluate the parameter eandspotentially find a better
minimum. This, unfortunately, significantly increases toenputation time.

The output in the 13—letter file provided by the user has timegd format:
Header with time and date of minimization.

Final thermal parameter values+/-’ error, when fitted),
followed by chemical potentialgs, us, 1,
and phase space occupancies for each flayory, vs, ve.

Then, the detailed fit results are printed in a table format:
TOP BOTTOM THEORY EXP ERROR CHI TERM FEED- DOMN

where TOP refers to the denominator and BOTTOM to the numeddtthe quantities de-
fined in the input filef{ot r at i os. dat a), THEORY states the model value, EXP states
the experimental value as given in the input file, ERROR istiabined statistical and sys-
tematic error, CHITERM is thg contribution of the data point to the totgd/ndf defined

as.
1Etheory - fexperiment

A fstatistical + Afsystemati(; ( 0 notfitted ) (38)
They is reported before squaring to keep the sign, i.e., infolonatbout the resulting model
theoretical value being above or below the experimental plaint. FEED-DOWN states the
weak decay feed-down scheme or filename used for this plartidata point. The end of
the output file reports the number of degrees of freedom| §8tay?/ndf and statistical
significance of the fit.

At the end of each fit, two additional output files are crea@r nFFeedPr i mary. dat a
andChar nfeed. dat a. The first one contains the primary yields of charm particlas
culated by the CHARM module and the second one containscieastields after charm
decays, i.e., particle yields produced solely by charm.eNtitat these two filenames are
constant and the files get rewritten every time a fit is peréam

FI TNM NCS (13-l etter filenane)

This command is equivalent to the abdwieTRATI CS regarding both format of the com-
mand line and function. The onlyftierence is that parameter error evaluation MINOS [4]
is never called. Omitting the use of MINOS usually saves warable amount of comput-
ing time, however, errors of the resulting thermal paransetdll not be reliable and the
minimum found has a higher chance of not being the globalnmim.
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PLOT _DATA (3 13-letter fil enanes)

Generates three files which are optimized to be graphed wigixirnal 2D plotting package
(GNUPIot, Xmgrace, PAW,...). The first file contains numaticst of ratios and quantities
that were fitted, the second one contains a numerical lishtods and quantities that were
calculated and the last one will contain experimental \&luieh errors. See the discussion
in Section 3.4.1 on how to choose which file a quantity shoelthbluded in. The filenames
on the command line should be separated by 2 spaces.

CH PROFIL (12-letter filenane) tag L U P

This commands calculatesyd/ndf profile of a parameter specified by thag. The pro-
gram divides the parameter range betwéeawer limit andUpper limit in P equidistant
intervals, fixes the given parameter at the boundary of egemval (i.e.P+1 values includ-
ing L andU) and fits other free parameters to the data as specified metheoset . dat a
file or PSET/PFI X/PREL commands preceding this one. This procedure is equivaiemt t
sequence oPSET andCALC FI TRATI OS commands.

The main output of this command is thel enane with . pr of extension, which contains
a 2—column table with the given parameter values in the firdtthe resulting?/ndf in the
second column. The full output of all performed fits is stoired log file with__| og ex-
tension. For each fitted parameter, a separate file is creategdining 5 columns and has the
parameter tag appended to its name. For instance, perfpmartemperaturg?/ndf profile
with output file stored in ‘profTempLHC1’, the values ¢f will be stored in ‘profTem-
pLHC1_gamq’ file (provided that, is a free parameter of the fit). The first column of each
parameter file contains values of thag parameter (temperature in the above example),
the second column the fitted parameter valugsvalues in the above example), the third
contains values of an associated bulk property (see Talde&details), the fourth column
states the?/ndf and the last column contains statistical significance.

The general format of thiscommandi84, 2X, A9, 2X, Al2, 2X, A4, 2X, 2F8.1,15),

in other words there has to be 2 spaces between the textstintp thet ag, after which
there are 8 digits allocated for tlheower limit, 8 digits for theUpper limit and 5 digits for
the number oP oints.

CALC SIGPROFIL (12-letter filenane) tag L UP

This command is very similar to the abo@ell PROFI L in terms of both the command for-
mat and functionality. The only fference is that in the main output f(iei | enane). pr of ,
the statistical significance is printed in the second coluatiner than ?/ndf.

CALC FITPROFIL (12-letter filenane) tag L U P datapoi nt

This and the next two commands allow to study the fit paranssesitivity to a particular
data point in detail. The format of the command is the sambesne above, except for the
extra integedat apoi nt identifier at the end (line number of the data point in the expe
imental data file). General format (4, 2X, A9, 2X, Al12, 2X, A4, 2X, 2F8. 1, 21 5) .
The command produces a paramdtag profile for a fitteddat apoi nt model predic-
tion rather than the overall fit quality, as the previous twonenands do. For example, if
dat apoi nt corresponds ta/p ratio within the given data set, the program performs a
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Table 3: Table of associated bulk properties with paramgteénted in the profile output files.

Parameter tag Associated bulk property

tenp totenergy prdensity
nor m pressuret prdensity
ganq entropy_t prt_yield
| ang net baryon prt_yield
mu_b net baryon prt_yield
gans totstrang prt_yield
| ans netstrang prt_yield
nmu_s netstrang prt_yield
[m3 net charge prt_yield
nmui 3 net charge prt_yield

profile calculation with respect to the paramdtaqg fixing it at P values ranging fronh. to
u.

The command creates several output files, nagfely enane). pr of , which contains the
values of parameterag in the first column and the term of the giverdat apoi nt defined

by Eq. 38 in the second column. The output file withhi 2 extension contains the overall
x2/ndf of the fits, and the extensiorst sg represents statistical significance of the fits. For
every fitted parameter other thamg, there is a correlation file with extensiot ag2)
(e.g.,_gant) created, which has the same format and contents as foCHh®ROFI L
command above. Full output for all the fits is stored in a logiith extension | og.

CALC DATPROFIL (12-letter filenane) tag L U P datapoi nt
This command has the same command line structure, funétipaad output files as the
FI TPROFI L command above, except the values ofdla¢ apoi nt (rather than itg term
contribution to the overa}}? of the fits) is printed in the output filé i | enane). pr of .
CALC SNSPRCFI L (12-letter filenane) tag L U P datapoi nt
Same as the above two commands, except the output fileenane). pr of now contains
the sensitivityof the givendat apoi nt to the particular parametérmg. The sensitivity is
defined as a ratio of the data point’'s SHM prediction for a giparametet ag value to the
SHM prediction of thedat apoi nt for the best fit value of that parameter.

CALC CHI 2_CONT (9-letter filenane) deviation tagl tag2
This command calculates the&/ndf contour for the parametetsagl andt ag2. The
program will output to the filéf i | enane) pairs of parametdragl andt ag2 values that
correspond tq?/ndf = deviation x (y?/ndf)yesic The general format of the command is
(A4, 2X, A9, 2X, A9, 1X, F4. 1, 2X, Ad, 2X, Ad)

4.5. Runlogghar erun. out)
The complete ‘log’ for each run is saved in a lear er un. out . This includes:
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e The contents of each input file as read in by the program (usafunput file format
check)

e Alist of performed operations.

e MINUIT output. Parameter correlation matrix can be foundehéor example.

e The content of each output file (in the same format as in thputdile)

If the program does not encounter any problems during thearomessage:

RUN TERM NATED SUCCESSFULLY,

is printed on screen and at the end of #fear er un. out file. In case an error occurs during a
run, the program reports it to the user on screen. More irdtion about the error is reported in
theshar er un. out file.

4.6. Fitting pitfalls, parameter sensitivity to data

Convergence to the very same set of best parameters caneapbeted when one or more
of the parameters is insensitive to any of the fitted expertaledata points. In this case, the
minimum of y? function is a domain in the respective parameter space, aothain this domain
is chosen in a quasi-random manner. As an example of thatigity consider the data from LHC.
When fitting particle yields and ratios, one can constraghlues of chemical non-equilibrium
parametergy andys along withT, V, as these are constrained by the precisely measured nusnerou
baryon and meson yields [19]. However, in the LHC environtniers challenging to constrain the
value of baryochemical potentiak. This is especially the case when fitting with charm. While
a measurement of any charm hadron yield, for instddftmeson, with 10% precision constrains
the charm yield to a narrow range My, the charm feed-down introduces additional uncertainty
in the value ofug due to charm baryon production and decays. Moreover, feadidmpacts
hadron yields and hence the other fitted parameters adjostdiagly. In order to measure the
baryochemical potentials, one would need, for example, a relative baryon—antibadyffarence
measurementR — B;)/(Bi + B;) for a baryonB; obtained with a precision comparable to the other
input data.

We thus advise fixing insensitive parameters to most likelles, especially when fitting
charm at LHC. Therefore, until additional data fixing becomes available, one should proceed
with zero baryochemical potential, that is fix = 14 = 1, in the exploration of charmfiect on
hadronization.

5. Installation

5.1. Pre-requisites

Before you start installing SHARE with CHARM, make sure yavé the following installed
on your system:

e Fortran 77 compiler, we have tested GUor t r an and Inteli f ort compilers.
e C++ compiler (including G-+ standard libraries), we have tested GgW+ and Intel
i cpc compilers.
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e CERNLIB libraries. They are available in standard repog@for most GNU Linux
distributions, alternatively, the source code is avaédbl download at [18]. Debian based
linux distribution (Ubuntu,. ..) users should locate anstatfl the packageer nl i b from
their system repository. Red Hat base (Fedora Project, .SLCg¢an install cernlib from a
rpm package available, for example, at [16].

5.2. Organization of the program package

The SHARE with CHARM program comes in a single .zip archiveeladshar ev3. zi p.
The package is available attp;Avww.physics.arizona.egigtsharéiSHAREshare.html
After obtaining the program package, unpack it using thieo¥ahg command (it will create a
folder calledshar ev3 with all the files in it):

unzi p sharev3.zip

The following files will be created in this directory from tlaechive contents. The files are
enough for a ‘representative’ run of SHARE with CHARM.

src/ sharev3. 0. 0. F SHARE source code in Fortran 77.

src/ CharnDi stribution_vl.9.cpp CHARM module source code in4G-.

decays. dat a The complete Particle Data Group decay tree of light had{Bastion 3.3.1).

HFf eed. dat a The complete Particle Data Group decay tree of charm haq8edion 3.3.3).

LHC1020M . dat a A representative input data files (Section 3.4) containkgeemental yields
data for centrality bin 10-20% based on data from the ALICasgdnent as of August 2013,
see [19] and references therein.

makefi | e A makefile of the project, useful for program compilationg &ection 5.3 below.

parti cl es. dat a Particle properties with full widths (Section 3.2).

par t nowdt . dat a Particle properties with no widths (Section 3.2). Caldolag with this input
file require significantly less computational time, and tke af full widths has not yet been
justified, see for example recent comparison in [15].

rati oset.data The parameter ranges input file (Section 3.1.2).

rati oset.test The parameter ranges input file for Quick Start test run.

sanpl eout put Directory containing sample output files resulting from epresentative’ sam-
ple run with input files we provide as part of the package.

shar erun. dat a A ‘representative’ run input file (Section 4) including anaarsis of hadron
yields at LHC presented by members of our collaboration @).[1

t her no. dat a The list of model parameters (Section 3.1).

weak. f eed A sample weak decay file (Section 3.3.2).

5.3. Recommended compilation — usinek e

The recommended way to compile SHARE with CHARM is to make afsthe GNUnmake
utility [17], available on most GNU Linux systems (if thisnst your case, proceed to Section 5.4).
The most common combination of available compilegfisr t r an andg++. If thisis your case,
after unzipping the contents of the program package intédefouse the command

make
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in this directory to compile the program. If you are usin@felient compilers, edit the header of
the includedrakef i | e to specify compilers available on your system. When done jrak e
(as above) to compile SHARE with CHARM.

Usingnake with the included makefile processes the two source filesas it folder, com-
piles each of them into an object file, which is stored inalhg¢ folder and then links the object
files together with CERN libraries into an executablear e, which is ready to be run from the
command line. We provide the two most common targets in theefile,al | to compile the pro-
gram anct| ean to remove objects and executable file. You may also need tifgplee location
of the CERN libraries on your system in thekef i | e, for instance,

LIBS = -L/usr/local/cernlib/2006/1ib -Istdc++ ...

5.4. Manual compilation
SHARE with CHARM consists of two source code files, both ledan thesr ¢ subdirectory.
Manual compilation consists of three steps.

1. Compiling SHARE Fortran code into an object. For examyééng the GNU Fortran compiler
gf or t r an, this is done via the following command (in tee c folder):
gfortran sharev3.0.0.F -c -0 sharev3.0.0.0
Note the- ¢ option to prevent linking. You may need to consult your Famtcompiler docu-
mentation for equivalent command line options.

2. Compiling the CHARM module written in €+ is accomplished similarly to the above step,
using an example command line with GNU-€ compilerg++:
g++ CharnDi stribution_vl1.9.cpp -c -0 CharnDistribution vl1.9.0

3. Linking all object files with the necessary libraries iaioexecutable binary filghar e is ac-
complished using the Fortran compiler used in step 1 on tlh@Afimg command line :
gfortran sharev3.0.0.0 CharnDi stribution_v1.9.0 \

-l stdc++ -l kernlib -lmathlib -l packlib -0 share
In case you compiled CERN libraries manually, you may neespexify the location of the li-
braries on the last command line usingthg <cernl i b | ocati on>/1i b optionin order
to link them properly. If necessary, consult your compiled £ERN libraries documentation
for details.

When all three steps are completed without errors, moveyjctie executable binary of
SHARE with CHARM (shar e in the above example) to the parent directory (i.e., onectbrg
up) where all SHARE input files are located. The program isked with. / shar e command
(unless a dierent name was chosen by the user during compilation). Tbgrgm opens the
shar er un. dat a file located in the current directory and performs tasks ifipetherein. See
Section 4 for details on how to run the program. The providga/®fshar er un. dat a should
produce detailed output showing the program capabilitigsch can used to check correct pro-
gram operation by comparing with the provided sample outptitesanpl eout put directory.
Tests were run on both 32 and 64 bit processors with tfierdint versions of CERN libraries.
Differences between platforms appear when fitted parametersoaeonstrained by data, see
Section 4.6.
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6. Summary of current SHM status

SHARE with CHARM is an analysis tool developed specificadlgtudy particle production in
relativistic heavy-ion collisions spanning an energy efrgm compact baryonic matter through
the entire RHIC range up to top LHC energy. SHARE with CHARM&ticularly suitable to
address the following questions (italic font show new fezgLof this release):

e What is chemical freeze-out temperature, chemical patsngénd volume?

Which quark flavors are in chemical equilibrium at hadroimaand those that are not, how
abundant are they?

What are the physical bulk properties of the hadronizindp&ie

Are particle yield fluctuations compatible with hadron gieland ratios?

Is charm subject to statistical hadronization?

How large is the contribution of charm hadron decays to thalfiight hadron yields?

How does accounting for charm decay feed change the hadtmizconditions?

Does charm hadronize at the same temperature as the lighbhdceeze-out?

The need for the new version of SHARE with CHARM arises from tlecessity of including
charm hadrons into statistical hadronization model as be&pme significant in heavy-ion colli-
sion experiments at LHC energy range. In the upgraded pmygaelexible treatment of charm
hadrons has been introduced, and we provide full charm hdhtoand, more importantly, a full
decay tree compiled to the best of current knowledge of cltloays in a procedure that assures
cross-particle symmetries and consistence.

At the time of preparing this publication, there is no charadion yield measured at LHC.
With partial measurement of the°—pr-spectrum, we estimate its invariant yieddN/dy to be
in the range of B < dNpo/dy < 9.0, corresponding tdN; € (6,45). However, in primary
parton collisions a more generous result comes from sc#tiegotal charm cross-section pp
collisions o¢;, which impliesNg = 246 + 154 [8], where most of the uncertainty is inherent
from the o uncertainty. SHARE with CHARM is capable of exploring bothtleese regions.
As soon as a single charm hadron yield data becomes avaifititeg this hadron using SHARE
with CHARM will help to constrain the total amount of charnepent at hadronization allowing to
cross check with the production models. With a second chandm yield, the dference between
light and charm hadronization temperature can be constlaifind finally, with additional charm
particle yields, we will be able to answer if charm hadrosiaecording to statistical hadronization
principles.

We believe that at the time of writing, SHARE with CHARM is thely SHM implementation
capable of:

accounting for full chemical non-equilibrium of all four gk flavors,u, d, sandc,
characterizing andr fitting bulk properties of the particle source,

evaluating the produced hardon fluctuations,

guantifying the charm hadron contribution to hadron abucda,

aside from providing the other features necessary to dessdft hadron production in relativistic
heavy-ion collisions in the entire energy range.
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APPENDIX G

CHARM DECAY AS A SOURCE OF MULTISTRANGE PARTICLES
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of Strangeness in Quark Matter (SQM), 22-27 July 2013, Birmingham, UK, in IOP
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E-print available as: arXiv:1310.2551 [hep-ph]

Summary

We evaluate the effect of including charm flavor hadrons produced in heavy-ion col-
lisions at RHIC and LHC. Based on charm cross section measurement (publication
reference [1]), we estimate the amount of charm produced in central Au—Au colli-
sions at the top RHIC energy 200 GeV to be N, = 8.6 at mid-rapidity. Our study
shows that charm effect at RHIC is negligible in terms of the resulting influence
on SHM parameters and bulk physical properties of the source. However, at LHC
the expected amount of charm is much greater. Theoretical charm cross section
prediction leads to N, = 246 4+ 154 at mid-rapidity in central Pb—Pb collisions
(publication reference [2]). We complement this estimate with the incomplete p, -
spectrum of D® meson measured by the ALICE collaboration (publication reference
7]), which leads to dNpo/dy € (1.3,9.0). The D° yield estimate translates to a
range of Nz € (6,45) in 0-20% centrality Pb-Pb collisions at /syny = 2.76 TeV,
much lower than the theoretical expectation. We evaluate the charm effect in a
range of N,z covering both scenarios. We confirm a previous result (publication ref-
erence [6]), that charm decays are a significant source of multistrange particles and

we show that for N, > 50, the charm effect on the yield of =, for example, is larger


http://arxiv.org/abs/1310.2551
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than experimental error and hence charm is relevant to achieve precise description
of particle production at LHC. We show that fitted charm hadron decays replace
strange hadron production from QGP and effectively reduce the strangeness phase
space occupancy v, as a function of charm abundance. Physical properties of the
fireball are only marginally different.

During preparation of this proceedings, I was responsible for all calculations, re-
sult analysis and preparation of graphic presentation. My original draft was revised
before submission with my co-authors, and the final version below contains about

70% of my original text.
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Charm decay as a source of multistrange hadrons
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Abstract. We describe a newly formulated approach to account for charm production and
decay in Statistical Hadronization approach. Considering Pb-Pb collisions at /syn = 2.76 TeV
at LHC we show that charm hadron decays can be a significant contributor to the multistrange
hadron abundance. We discuss the magnitude of expected effects as a function of charm yield.

1. Charm Production and Decay in Heavy Ion Collisions

We demonstrate that in a precise analysis of hadron abundances within, e.g., the statistical
hadronization model (SHM), it is necessary at LHC to allow for contribution to hadron yields
from charm decays. In order to accomplish this we need to know: 1) total charm quark yield
in QGP at hadronization; 2) charm hadronization pattern into hadrons; and 3) charm hadron
decay distribution.

Initial state charm production can be estimated by folding the pp cross section with the
number of initial nucleon-nucleon collisions. To be specific, we recall that in central Au-Au
collisions at RHIC, the total charm cross-section has been measured to be do:/dyly=0 =
175+124+23ub, and shown to scale with the number of binary collisions [1]. Thus, in most central
0%5% centrality bin RHIC reactions, one finds NXIC = dN,, o/dy ~ 4.3 for y € (—0.5,0.5)
measured in the CM frame.

For the LHC energy in Pb-Pb collisions at /syny = 2.76 TeV at LHC, theoretical
considerations lead to N.. = 246 + 154 (123 £ 77 pairs), where the error is due to uncertainty
in charm production cross section [2]. It is believed that most of these charm pairs survive the
parton thermalization and the sequel QGP evolution to the hadronization stage. However, if the
prediction of such high abundance is true, one must expect some significant charm reannihilation.
This can be checked in near the future within our kinetic flavor evolution model [3].

At QGP hadronization, all surviving charm hadronizes, producing heavy particles with
hidden, open single charm, and multiple charm content. After traveling at most a few hundred
um, all these particles have decayed. For nearly all decay channels, it is practically impossible
to tell which final state hadrons originate in a charm decay. This means that the hadron yields
one measures contain input from post-hadronization charm decay. If all particles were fed by
charm decay with a strength that is similar to the SHM model production, the contribution of
charm would simply be a shift in overall normalization. The principal objective we pursue here
is to show that this is not the case. We show that charm and strangeness are strongly correlated,
and thus charm replaces some of strangeness production in QGP. Given N, we predict yields
of all charmed hadrons using the statistical hadronization method.
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present at hadronization.

2. SHARE with CHARM

We have developed a new program predicting the contribution of charm hadron decays and
allowing a fit with charm feed accounted into all hadron abundance. This program comprises
a CHARM module which adds charm decay hadron multiplicity into SHARE, the statistical
hadronization model implementation we use [4, 5]. The new SHARE with CHARM utility
uses N, as an additional fit parameter when analyzing hadron production in heavy—-ion
collisions. SHARE with CHARM further allows the differentiation of the temperature of charm
hadronization T, from the temperature T' of other hadron production. However, for reason of
space we refrain here from showing results with this refinement.

SHARE with CHARM functions as follows: for a given N in the first step we compute
the distribution of charm among all charm hadrons following the principles of statistical
hadronization at a prescribed temperature T,.. To describe the normalization of charm yield, the
phase space occupancy 7. has been introduced. Given N, 7. is solved for using methods
described in [6]. Charm production is not thermal, but is due to the initial hard parton
scattering. Therefore it is expected to be strongly out of chemical equilibrium. In Figure 1
we see the magnitude of 7, as a function of N,. for hadronization temperature T, = T. We note
that for N.. > 50, the magnitude of 7. > 500 implies that some of the charm produced will
reannihilate. This effect may explain how the large initial predicted yield can be consistent with
the more realistic yield obtained in direct experimental effort, as we now describe.

Figure 2 shows the expected dNpo/dy yield (number above each column) for a prescribed
value of N... Charmed hadrons in general show dependence on N, proportional to the number of
constituent (anti-)charm quarks with small variations due to changes in statistical parameters
such as T and ~; arising when a fit is performed. The ALICE experiment at LHC has the
capability of recognizing the charm decay in specific channels and thus can measure the charmed
hadron yields. The D° meson p; —spectrum has been presented [7] for the 0-20% centrality bin.
Due to the uncertain low p; bin, the yield dN/dy cannot be reliably integrated. However, the
other points allow us to estimate by extrapolation to p; = 0 a yield dN/dy|po € (1.3,9.0).

Considering the results presented in Figure 2, this implies a 5 times larger total yield
Ng =~ 6 — 45 charm and anti-charm quarks. Scaling from 0-20% to the 0-5% centrality by
a factor 1.35 we find N&HC € (10,60) as the best direct experiment-based estimate, much less
than the central point of the initial production evaluation N.. = 246 + 154 [2]. Still, we choose
to show expected yields for up to a value N.. = 400, and the yield of D® mesons clearly is not
compatible even with N.. = 100.
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In the next SHARE with CHARM step, each of the produced charm hadrons is allowed to
decay. Based on experimental decay data [8], symmetry principles, and plausibility arguments,
we prepared a complete charmed hadron decay table. This task took much effort, required
to study of many additional theoretical references, and further improvements will certainly be
necessary. One must see our present effort as a first step to be as complete as the current
understanding of charm hadron decays.

In the final SHARE with CHARM step, the produced hadrons and their resonances are
added to the SHARE initial SHM yields obtained for a set of chosen SHM parameters. Hadron
resonances are decayed; the total hadron yields are compared to the experimental data input
field, and x? computed. An improved set of statistical parameters is proposed by MINUIT
routine embedded in SHARE. The cycle of computations is carried out until SHARE concludes
that the best local minimum of x? is achieved.

3. Charm decay feed

We quantify the charm hadron decay contributions in the final hadron yields using previous
analysis of central Au-Au collisions at RHIC [9] and for LHC, we perform our study using
the same input data as in our recent analysis of Pb-Pb collisions at LHC [10, 11]. In order
to quantify the expected effect in the absence of a measured charm hadron yield at LHC we
perform a parametric study prescribing a value of N, € (0,400) while fitting the yields of
observed hadrons. Charm feed-down of light hadrons generally has a different pattern than the
light hadron production in QGP hadronization. Therefore, although the charm contribution may
be hidden within the experimental errors of light hadrons, a very large abundance introduces a
tension in the SHM fit of multiple hadron species with different strangeness content.

In Figure 3, we show the change of the statistical parameter v;/v,, characterizing the
strangeness present at time of hadronization, resulting from the fit. For the value N, = 0,
the results of our prior fit apply [10, 11]. There is a nominal change up to N, < 50. For
N, > 50 the charm decay feed replaces in a significant way the strangeness abundance, and for
N¢e = 400 strangeness in QGP at hadronization would be practically erased. Naturally, this is
impossible, and it is clear that N.. > 150 is an unpalatable result also inconsistent with the D°
spectral results as we discussed.

During our study, we confirm a previous result [6], that charm decays contribute substantially
to multistrange hadrons, ¢, = and 2. In Figure 4, we show as an example the relative
contribution to =7 yield as a function of total charm abundance N, normalized to the
experimental value indicated at the bottom for RHIC and LHC. The red dotted lines represent
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the experimental error, the blue part shows the contribution to Z~ yield from charm decays.
One can see that at RHIC-200, the charm contribution presents an insignificant part of the total
yield. However, at LHC-2760, the contribution to =~ yield (and similarly other multistrange
particles) exceeds the experimental error for N, > 25 (that is 13 or more pairs).

We further study the effect of charm on the thermal parameters of the SHM fit. Volume
dV/dy, chemical freeze-out (hadronization) temperature T and light hadron phase space
occupancy vy, show a very slow, but steady decrease within their respective errors. As discussed,
charm decays are a significant source of strangeness and hence the strange phase space occupancy
~s decreases significantly upon the introduction of a relatively large charm yield. This is the
cause why multistrange particles are affected the most by charm decays.

We investigated the effect of including the charm degree of freedom on the bulk properties of
the particle source. We found that the physical bulk properties, such as energy density ¢, entropy
density o, and pressure P remain unchanged. Therefore, the charm contribution to particle
yields does not affect our previous findings about universality of hadronization condition [10].

4. Outlook

Using the new SHM program, SHARE with CHARM, we found that in RHIC Au—Au collisions
at 200 GeV, the amount of charm has very little direct effect on hadron yields, whereas in LHC
Pb—Pb collisions at 2.76 TeV, charm has an observable effect on hadron yields. We have shown
that the present best estimate of the total ¢+ ¢ yield N, ~ 250+ 150 seems too large compared
to the reported D° spectrum. We have shown that N, ~ 100 (50 pairs) will contribute nearly
3sd to the yield of = and thus analysis of the hadron yields should include charm decays once
such a yield is confirmed.

A precise yield of at least one of the charmed hadrons is necessary for an analysis of hadron
yields with SHARE with CHARM to be possible. Without charmed hadrons we find that a fit
of N.. does not lead to a clear x> minimum: we find a nearly totally flat x? as a function of N,..
This is of course good news in the sense that any acceptable in size measured charmed hadron
yield will “work”. If and when we have more than one charmed hadron yield measured directly,
we can determine the difference in hadronization temperature 67 = T, —T. With more than two
charmed hadron yields available we begin to test the hypothesis that statistical hadronization
applies to charmed hadron production. We noted that based on future experiment further
refinements in our charm hadron decay tables are needed. To conclude, there is still much to do
in preparation for the charm hadron era of relativistic heavy ion collisions.
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