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Net-proton fluctuations influenced by baryon stopping and quark deconfinement
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Preliminary data from the Beam-Energy Scan II measurements by the STAR Collaboration at the Relativistic
Heavy Ion Collider suggest a dip in the fourth-to-second-order cumulant ratio when plotted vs beam energy.
At the same energy range where the structure appears, a transition from hadrons to quarks is expected, the
deconfinement transition. In this paper, the role of quark deconfinement in establishing fluctuaitions in the early
stages of the collision is considered. Two models are compared: one with stopping occurring on a baryon-by-
baryon basis, and a second where stopping proceeds through quark degrees of freedom. In the latter model,
the fluctuation of baryon number is significantly reduced and this signal is found to survive recombination into
hadrons and the subsequent diffusion. The transformation from baryon to quark stopping thus produces a dip in
the fourth-to-second-order cumulant ratio when plotted vs beam energy, consistent with observations.
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I. INTRODUCTION

Fluctuations of conserved charges play a crucial role in the
experimental search for the critical point of QCD using heavy-
ion collisions [1-6]. These fluctuations can act as proxies
for phase transitions and interactions, thereby enhancing our
understanding of the equation of state. They are sensitive to
the initial stages of the collision, providing insight into charge
stopping, momentum fluctuations, jets, and other phenomena
[7.8].

Recently, the STAR Collaboration released preliminary
data on net-proton cumulants that show deviations from the
global conservation baseline [9,10]. This baseline assumes
no correlation between protons in momentum and/or coor-
dinate space. Any deviation from this baseline indicates an
interaction [11,12]. Nontrivial changes in fluctuations with
energy could potentially signal the presence of the critical
point [1,2,13].

Multiplicity fluctuations are typically characterized by cen-
tral moments, such as ((AN)?) = o2, ((AN)?), ((AN)*), etc.,
where (...) denotes event-by-event averaging and AN = N —
(N). Intensive measures like the scaled variance w, (normal-
ized) skewness So, and kurtosis ko2 are defined in terms of
central moments as follows:
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where «, are the cumulants of the N distribution. In this
context, N refers to the net-proton number, which is the total
number of protons minus antiprotons within the kinematic
acceptance of the detector for a given event class. Measuring
baryon charge is challenging due to the fact that neutrons are
not detectable by the detectors. However, the net-proton num-
ber serves as a good proxy for net-baryon fluctuations. This is
because the relation between baryons and protons is governed
by a binomial probability, considering isospin randomization
[5].

Recent predictions suggest that the critical point should
be located in dense nuclear matter at lower collision ener-
gies (/syny < 7.7 GeV) [14-17]. However, the discrepancy
between the STAR data and the baseline occurs in the re-
gion of /sy = 7.7—20 GeV. Thus, this discrepancy might
arise from phenomena not associated with the critical point
[18,19]. In this energy range, degrees of freedom are ex-
pected to transition from hadrons to quarks, known as the
onset of deconfinement. Signatures of this transition were
found in studies by the NA61 Collaboration [20-23]. Another
concurrent phenomenon in this region is string melting or
recombination, as discussed in [24-30].

Since the number of degrees of freedom differs by a factor
of 3 between quarks and baryons, I expect significant differ-
ences in the fluctuations of conserved charges. Specifically, if
one considers random stopping of quarks instead of random
stopping of baryons, the scaled variance and skewness are
reduced by a factor of 3, and the kurtosis by a factor of
9. At higher beam energies, fluctuations are dominated by
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baryon-antibaryon pair creation. In this regime, fluctuations
are understood by considering the effects of local charge con-
servation [31-35] projected onto the acceptance.

In this paper, I demonstrate that transitioning from a sce-
nario where baryons are stopped independently to one where
quarks are stopped independently and then recombine into
baryons leads to a pronounced dip in the baryon kurtosis at
the transition energy. By incorporating a model where re-
combined baryons either enter or exit the acceptance, along
with a simple parametrization of the contribution from pair
creation, I find that the dip in kurtosis persists but is reduced
in magnitude. Meanwhile, the skewness and scaled variance
become nearly featureless. The resulting scaled moments are
quantitatively consistent with STAR results.

II. BARYON STOPPING

Baryon charge and its fluctuations can be created in heavy-
ion collisions through two distinct processes: as the stopped
charge carried by colliding nuclei, and as particle-antiparticle
pairs created during the collision. The stopped charge can
occupy the region at midrapidity, where the measurements are
performed, and influence fluctuations. At lower energies, this
is the dominant effect in baryon charge fluctuations. In the
following, I will assume an independent and random distri-
bution of this charge in space. Let the function P(B, B) be a
normalized probability distribution for emitting B baryons and
B antibaryons in the “full” phase space. I will reconstruct this
probability as follows:

P(B, B) = (B — B, — B)P(B, By), “)

where the number of baryons B consists of baryons stopped
By in a collision and the number of baryons created in pairs
with antibaryons B. In the most central collisions, one might
assume that

P(B, By) = §(B; — 2A)P(B), 4)

i.e., the number of stopped baryons is fixed to the total number
of baryons in the colliding nuclei 24 and does not fluctuate.

To connect the fluctuations in different rapidity intervals,
I assume that the acceptance of particles is binomial. This
means that each particle of a given type is accepted by the
detector with a fixed probability o [36,37]. This probability,
0 < a=(n/(N) <1, equals the ratio of the mean number
(n) of particles accepted in a fixed region of momentum space
Ay to the mean number (N) of particles of the same type in a
“full” momentum space AY. Full momentum space does not
necessarily mean complete “4w” acceptance. The sufficient
condition for AY is to fully encompass Ay [38]. The main
assumption of binomial acceptance is that the probability « is
the same for all particles of a given type and is independent
of any properties of a specific event. This assumption allows
us to relate the cumulants within a finite acceptance to their
values in the larger, encompassing phase space.

The binomial procedure is also sensitive to the definition of
the particle. Thus, one expects different results depending on
whether I apply it to hadrons or quarks. In the case of hadron
charge carriers, the conditional probability for observing b
baryons and b antibaryons using Eqs. (4) and (5) within a finite

binomial acceptance is given by
p(b, bla) = 8(b — by — b,)P(bs|as)P(b,, ble)
=8(b—by— bp)B(Bss bs|0‘x)P(bpa Z;|Ol[,), (6)

where I have introduced o and o), as the acceptance probabili-
ties for particles that were originally stopped and those created
in pair production, respectively. B(B;, bs|os) represents the
binomial distribution for baryons that were stopped inside the
acceptance by, given that the total stopped charge is B;:

B N, — s n 1_ N—n. 7
(N, nler) n!(N_n)!a( o) (N
One can therefore see from Eq. (6) that the distribution of
stopped baryons and charge pairs can be studied separately,
Ky = iy PP 4P T alater section, I will consider the con-
tributions from pair creation. Cumulants of stopped hadrons

are:

Klstopping = BS’ (8)
B (1~ oo, ®
K::topping = Bsas(l — Ols)(l — 2as)a (10)

Ky PP = Buorg(1 — e[l — 6as(1 — ). (11)

III. QUARK STOPPING

On the other hand, it is possible that stopped charge is
carried by quarks that later recombine into hadrons [27-30].
In this case an emitted baryon might be comprised by quarks
taken from several different incoming baryons. First, one can
consider a number of stopped baryon number by, i.e., an
amount of baryon number in some designated midrapidity re-
gion of coordinate space. Because the stopped baryon number
involves three times as many independent choices compared
to the baryon stopping picture of the previous section, the
cumulants for the stopped number of baryons, «,, are smaller
by a factor of 3-*~1, However, once the quarks recombine,
some baryons from the designated midrapidity region might
be emitted outside the rapidity window, while others from out-
side the region might be emitted into the acceptance window.
This effect, which can also be enhanced by diffusion, will tend
to shift the cumulants toward those of the baryon-stopping
picture. Thus, I consider a more involved model for this sec-
tion. A simple binomial model, utilizing a single parameter
oy, is applied to the stopping describing the number of quarks
in the designated region:

P(by) = B(3By, 3bslaty), 12)

and a transfer matrix with two independent parameters is then
applied to describe the subsequent movement of baryons.

Recombination

My approach is statistical: if the assumptions I propose are
satisfied by a particular physical model, that model should
conform to my statistical framework. I assume that a distri-
bution of charge forms after stopping and that this stopped
charge is redistributed such that its final configuration corre-
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sponds to particles occupying regions of space independently
of the positions of other particles. A more detailed initial
distribution of the stopped charge could be obtained using a
more complex model than those mentioned above.

While particles are strongly correlated immediately after
stopping, this information is expected to dissipate as the
system expands and undergoes numerous rescatterings. By
the time freezeout occurs, the system should approximate a
near-ideal gas, with particles behaving independently. The
key question therefore is how strongly the recombination and
re-equilibration of initial fluctuations modifies global conser-
vation baselines [9,10].

The rapidity space can be split into rapidity intervals Ay;
large enough so that recombination happens in each of these
intervals in a way that charge is conserved, i.e., there is no
need to involve quarks from neighboring cells. Supposedly,
after recombination, each hadron stochastically moves inde-
pendently of all others, leading to the binomial probability of
moving from the rapidity interval i to j: «;; over some time.
Then the distribution of particles at the point i becomes

PBE) = 8| Dbl =0 | B B ) PO(BY), (13)
J

where bf;j stands for the number of hadrons that moved to j

from i, «;; represents probabilities of such transitions, and
O O : . . . g .

P (bf ’.) is the joint probability of stopped charges right at the

transition from quarks to hadrons. The generating function of

the final distribution then becomes

F; = (exp (kb)) = F°lp(klerji)]. (14)
where F? is the cumulant generating function of P°(%) and
olkla] = In(1 — o + aeh).

Cumulants of the joint distribution can be defined as fol-
lows:

1 9"F(k)

—_——, 15
n!8,~,~-8,~n ( )

Kiyoiy =

where the indices i correspond to any of the parameters in k.
Using this definition, one arrives at:

Ki = K;')O[jiv (16)
Kij = K?aji(l —aj)+ K?kajiaki, )
Kiji = K_?Olji(l —aj)(1 —2a;) + 3K;~)k05ji(1 — )0ty

+ K?klajiakialiv (18)
wciii = ket ji(1 — ajp)[1 — 6aji(1 — aji)]

+ i [Aagiarji(1 — aji)(1 — 2aj:)

+ 3aioi(1 — a;i)(1 — ay)]

+ 205 jicianl(1 — i) + (1 — o) + (1 = ary)]
+K;-)klmaji0lkiali05mi’ 19)

where «° and « are cumulants of quarks and hadrons, respec-
tively.

For simplicity, I will consider two subsystems that cor-
respond to rapidity windows inside “1” and outside “2” of
acceptance. This requires us to define ajj, ax» as ajp =1 —
ayj; and ap; = 1 — ayp. The number of parameters can be
decreased to 1 if I also assume that the mean charge remains
the same:

K1 K1
oy = — (1 —an) = —an,

K2 K2
which reminds us of the detailed balance condition. This
should be satisfied if rapidity spectra remain constant. The
initial K? and Kg can be different; however, they will quickly
reach equilibrated values. For simplicity, I will assume Kf) =
k;. This allows us to study the dependence of cumulants on
aj; alone. In equilibrium, this a;; should be proportional to
the subvolume-to-volume ratio, which can be estimated as
follows:

eq K1
an =
K1+ K2
If the particle lacks time to diffuse, a;; = 1. Thus, one ex-
pects that over time a;; will decrease in the interval Kl% <

a;p < 1.

In what follows, I will assume that the number of stopped
quarks is binomially distributed between 1 and 2 with o
that corresponds to the one extracted from the STAR data,
building P67y from Eq. (12). After that, Egs. (16)—(19)
are applied in order to obtain the cumulant dependence on
ai;. In order to simulate the proton observable, o;; can ad-
ditionally be multiplied by the probability of a baryon being a
proton.

Figure 1 shows the dependence of scaled variance, skew-
ness, and kurtosis ratio of hadrons and quarks as a function
of aj; using o =~ 0.1, By = 337 in Eq. (12) for initial quark
redistributions Po(b?j ), and Eqgs. (16)—(19). The acceptance
effects of quarks and baryons cancel in the ratio and the lim-
iting values correspond to grand canonical ensemble values,
oy =1 or aey. One can see that when o) = 1, simultane-
ously ay; = 1, and fluctuations of quarks remain unchanged
after recombination into hadrons. However, when «;; = af‘]’,
hadronic values are recovered and the signal of the quark
phase is lost. This recovery happens faster for scaled variance
and slower for skewness. Kurtosis at small values of a;; shows
the slowest approach to hadronic values. However, a certain
nonmonotonic structure is present at o;; ~ 0.8. It is interest-
ing to consider the implications of this peculiar behavior of
kurtosis.

This behavior of cumulants suggests that it is possible to
obtain values of cumulants that correspond to a noninteracting
baseline in lower orders but preserve effects of interactions in
higher ones. It has also been observed in transport studies that
scaled variance and skewness depend weakly on the potential
interaction between baryons, while kurtosis shows notable
differences [39]. Recent results of the Beam Energy Scan II
at STAR, where scaled variance and skewness are well de-
scribed by a noninteracting baseline (which here corresponds
to baryon stopping with pair creation) but not kurtosis, can
be understood with this simple model of independent charge
movement. It is also interesting to apply this approach as
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FIG. 1. Scaled variance, skewness, and kurtosis of stopped
hadrons divided by values for stopped quarks. The values of fluctua-
tion measures move from quarks to hadronic baseline as equilibration
parameter decreases. Certain scaling on the order of cumulant is
being observed.

an aproximation of the hadronic stage following “freezeout”
fluctuations [40,41].

IV. PAIRS

Both stopping scenarios should have identical pair produc-
tion mechanics. The pair contribution is mostly featureless
[32], and in the energy range where the structure of interest
appears, it is much weaker compared to the stopped charge
contribution. It can also be affected by local conservation
effects [35] seen in the balance function calculations [31-34].
In what follows, it is assumed that pairs are produced in-
dependently from one another and from the stopped charge.
Pair multiplicity in the whole event can be correlated with the
amount of stopped charge. Due to baryons and antibaryons
being created at the same rapidity y, their final probability of
being accepted by the detector will depend on the point where
the pair is created, denoted as a,(y). Therefore, it is beneficial
to introduce P(B, y), the probability of creating a baryon and
antibaryon pair at point y, with the total number of pairs being
B. The relationship between fluctuations in y and the “full”
phase space is given by P(B) = [ dy P(B, y). The acceptance
parameter for pairs created later in the collision depends on
y, denoted as o = «(y). Pairs initially created within accep-
tance tend to remain there, reducing the production of charge
fluctuations:

P(b[,, 1_7|ap) = Z/dyP(B, y)B[B, b1,|a,,(y)]B[B, B|ap(y)]-
B=0

(20)

Assuming «,(y) = o, cumulants from pairs can be written as
follows:

KP =0, Q@D
KB = 2(B)(1 — &)ty (22)
K =0, (23)

K}fair _ Z(B)Olp(l _ ap)[l + 60[[9(1 — ap)(a)[B] — 1)] (24)

In the case of equal acceptance parameters, o; = o, = o,
cumulants of stopped baryons and pairs reduce to the known
result [5,42,43]:

(B + B)
= (B—B)(l —a), (25)
o= M(l —2a), (26)
(B + B)
ko2 =1+3a(l —a)w[B+B]—2). (27)

In the case of quark stopping one has to add cumulants after
recombinations Egs. (16)-(19) to cumulants of pairs Egs.
21)-(24).

V. STAR RESULTS

To describe the proton number fluctuations in Au + Au
central collisions at ,/sny = 7.7—200 GeV as measured by
the STAR Collaboration [44], I use the baryon or quark stop-
ping and pair production outlined in Secs. II-IV. The STAR
data for w, So, and ko?> were measured at 5% central col-
lisions and are presented for a symmetric rapidity interval
Ay = 1 in the center of mass system. A transverse momentum
cut 0.4 < pr < 2.0 GeV/c was applied.

The first step of the comparison is determination of bi-
nomial probability o for quark or baryon to appear inside
acceptance for different collision energies. Since the number
of antibaryons equals the number of pairs, one expects that
net charge would be a measure of stopped charge. Thus, the
acceptance o, for stopped protons, assuming binomial proba-
bility of the baryon being proton, should be equal to

o = (p— D) <05 28)
(B—B)
where (B — B) in the full space is equal to the number of
participating nucleons. The values of these parameters were
reported by the STAR Collaboration alongside net-proton
multiplicity [45,46]. The energy dependence of « is shown
in Fig. 2.

On the other hand, «), is much harder to estimate. Knowl-
edge of the number of antibaryons in the full “47” acceptance
is required. Usually, this can be done using antiproton spectra
from hydrodynamics or fits of the data. In principle, facto-
rial cumulants of protons and antiprotons can be used for a
robust determination of «, and «,. Generally, this leads to
a, = (1-5)a, depending on the collision energy. It is also
possible that the pair creation mechanism is influenced by
local conservation, resulting in the volume of the system
where charge is conserved being smaller than the system
itself. This would translate into «, being larger compared to
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FIG. 2. The acceptance parameter is plotted vs collision energy.
The acceptance correction here includes both kinematic acceptance
and species selection. Kinematic acceptance is caused by pr and y
binning of the data. The probability of baryon being a proton is set
to 40%.

the one obtained from spectra, with «,(y) being sensitive to
the rapidity y from which the pair originated. In my analysis,
both scenarios include identical pair contributions; thus, the
effect of hadronic vs quark stopping should be independent of
the pair contribution. The simplest estimation used seems to
be robust when used to estimate charge fluctuations.

Once a = oy = o, is determined, the mean numbers of
baryons and antibaryons can be calculated as

(B) = (1’>|y\<0.5, (29)
o

(B) = M (30)
o

This information is sufficient to calculate the scaled variance
and skewness of the data. To calculate kurtosis, w[B + B] is
also required. I used the ideal gas model that reproduces (B)
and (B) from Egs. (29) and (30) in the canonical ensemble
to determine w[B + B]. However, the values of w[B + B] ob-
tained from the ideal hadron gas model lead to around a 5%
variation in the observable compared to w[B + B] = 1. Thus,
this effect can be safely ignored.

The resulting values of fluctuation measures as functions of
collision energies are shown in Fig. 3. Two models were used
to describe the data. The first model assumes that the stopped
charge is described as baryons with a binomial probability to
occupy midrapidity, as described in Sec. II, Egs. (8)—(11). The
second model describes the stopped charge as being carried
by quarks with a binomial probability to occupy midrapidity.
However, in this case, a recombination model is applied that
accounts for the random movements of quarks recombined

0 'ga:)' + + f——————+ +—
155 0 — 5% Au+Au Collisions 1
net-proton, |y| < 0.5

0.4 <pr<2.0GeV/c

1.0

Solp —pl

150 : -
------ Baryon stopping
—— Quark stopping with recombination

| — Transition

ko?[p — p]

Vs (GeV)

FIG. 3. Scaled variance (a), skewness (b), and kurtosis (c) of
the proton number distribution are plotted as functions of collision
energy from preliminary STAR data. The dotted blue line corre-
sponds to my simplified calculation of the canonical baseline. The
solid black line shows the effect of quark stopping on fluctuation
measures. Each line includes contributions from pair creation. The
green region shows a possible change in kurtosis as degrees of free-
dom transform from hadrons to quarks and deconfinement occurs.
Expected quark fluctuations are smaller than baryon ones. However,
due to recombination, they do not survive in scaled variance (a) and
skewness (b).

into baryons, as described in Sec. III. To calculate hadronic
cumulants after recombination, «;; = 0.75 is used, as in
Egs. (16)—(19), independent of collision energy. A precise
determination of «;; may be achieved through a comprehen-
sive study of baryon charge transport, such as hydrodynamic
modeling that incorporates initial stopping profiles with fluc-
tuations at the quark level. In every case, an additional
contribution is included that corresponds to pair creation,
Sec. IV, Egs. (21)—(24). Baryons/quarks and antibaryons then
enter acceptance with « extracted from Eq. (28).
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The pair production contribution increases with collision
energy, leading to both models providing similar expectations
at /sy = 200 GeV. Some investigation was done into the
a,(y) and deviations from ;. Since acceptance parameters are
already small, especially at the energies when pair production
dominates, the variation of «, does not lead to substantial
modification of kurtosis. However, this might become impor-
tant once rapidity window Ay dependencies are considered,
especially for factorial cumulants of protons and antiprotons.
This is outside the scope of the current paper.

As expected, quarks have smaller values of fluctuations
compared to hadrons. When ratios are taken, conservation
laws factor out, and the scaled variance and skewness de-
crease by a factor of 3, while kurtosis decreases by a factor
of 9. Recombination leads to low-order cumulants approach-
ing hadron values, as seen in scaled variance and skewness,
mitigating this suppression. The situation is much better for
kurtosis, which still retains most of the quark fluctuations.

The scaled variance shows a monotonic increase with col-
lision energy. This is well described by the models. Baryon
stopping slightly overestimates the data. On the other hand,
quark stopping with recombination preserves some of the
suppression of fluctuations expected from quarks and lies
closer to the data points. Both models fail to describe the
A/Snnv = 200 GeV point, which might indicate the oversimpli-
fied model for pair correlation, such as annihilation [47-49].

Since odd cumulants of the pair production part of the
distribution vanish in Eq. (23), skewness appears to be the
most sensitive observable with regard to the stopped charge
over all energy ranges. The hadronic stopping scenario over-
estimates the data, while quark values with recombination
provide smaller skewness values. Both scenarios provide a
description of similar quality except for the lowest energies
J/Snn < 14 GeV, where the hadronic scenario performs bet-
ter.

So far, both models provided similar behavior in com-
parison to the measured fluctuations. Thus, kurtosis should
be used to distinguish between them. An interesting trend is
observed in kurtosis, which shows a dip when compared to
the global conservation baseline, corresponding to the baryon
stopping scenario. As pointed out in [44], the data deviate
from the baseline by more than three standard deviations
at /syv = 19.6 GeV. Starting from the dip, quark stopping
starts to describe the data. Notably, baryon stopping performs
better at collision energies ,/syy < 14 GeV, and quark stop-
ping at /syny > 14 GeV. This trend is observed across all
fluctuation measures. This could possibly indicate a transition
from baryon to hadron degrees of freedom or deconfinement,
previously seen in other observables, now manifesting in fluc-
tuation measures.

To address the hypothetical transformation from baryon to
quark stopping, I introduce the quark fraction in the initial
state, 8, defined as

Nquarks = 3BB;, Nbaryons = (1 - B)B;.

Assuming a dependence of 8 on the collision energy, I use
F_Flr

1 + tanh (YN

2 )

/3(\/ SNN) =

where I take /syy" = 12GeV and w = 2 GeV. In this case,

the cumulants of the stopped charge, kPP, before recom-

bination are given as a mixture of quark and baryon values,
weighted by B and 1 — B, respectively. The resulting curve
smoothly interpolates between the two approaches and suc-
cessfully captures the behavior of kurtosis observed in the
data.

VI. RESULTS

The scaled variance, skewness, and kurtosis measured by
the Beam Energy Scan II at RHIC are compared to two models
that distinguish baryon charge fluctuations from two sources:
stopping and pair creation. The stopped charge may be carried
by either baryons or quarks. The nature of the charge carrier
significantly affects fluctuations, especially at lower energies
where stopped charge dominates particle production at midra-
pidity. At higher energies, pair creation becomes the primary
source of fluctuations, rendering the nature of charge stopping
less significant.

The dynamics of stopping and recombination are highly
complex processes, and a phenomenological approach is the
only viable method. Thus, my simplified study serves as a
foundation and motivation for more detailed investigations.
Since only hadrons, not quarks, are observed in the final
state, my analysis employs a recombination model where
hadrons are formed from quarks. This model conserves charge
fluctuations and allows hadrons to move independently in
rapidity space. Each hadron’s mobility results in fluctuations
that equilibrate to values expected for a hadron gas. Due
to the finite collision time, this equilibration is partial, and
some quark-phase signals can still be observed. Notably,
these signals are more pronounced in higher-order cuamulants.
It appears that the effects of stopping can dominate in the
observables.

It could be interesting to explore the relative amount of
charge transferred to midrapidity in the form of quarks or
baryons as a function of collision energy. Some studies sug-
gest that already at \/syy = 7.7 GeV the quark contribution
to the initial state should be 100% [50]. Comparing the model
to data indicates that baryon stopping can describe lower col-
lision energies, with quark stopping becoming more evident
around ,/syy ~ 20 GeV. This shift explains the deviation in
kurtosis from the global conservation baseline and coincides
with the onset of deconfinement observed in other measure-
ments. New baselines that incorporate effects of quark or
baryon stopping can be used in comparing Beam Energy Scan
data and extracting information about the location of a critical
point. It appears to be possible to describe the current data
without invoking any critical phenomena.
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