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In this contribution, we will discuss various issues related with the in-
terpretation of fluctuation observables. In particular, we will focus on the
effect of fluctuations induced by the initial stopping of baryons at low beam
energies.
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1. Introduction

Understanding the structure of the QCD phase diagram is one of the
fundamental problems of the theory of strong interactions. From the theory
side, the thermodynamics of QCD is explored by a number of approaches in-
cluding first principle numerical lattice QCD (LQCD) and functional meth-
ods (see e.g. [1, 2]). Experimentally, the phase diagram is explored via
heavy-ion collisions at various energies and at several facilities such as the
CERN SPS and RHIC. In addition new facilities are being planned to ex-
plore the high density region in even more detail, such as FAIR and NICA
(see e.g. [3, 4]).
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At vanishing net-baryon density, LQCD calculations find the transition
between hadrons and quark/gluon degrees of freedom to be a crossover [5].
At finite baryon densities, where the predictive power of LQCD calculations
is limited to small densities due to the fermion sign problem, many model
calculations predict a first order phase transition at large densities and mod-
erate temperatures (see e.g. [6]). If correct, this would imply the existence
of a critical point at the end of a first order phase coexistence region.

Fluctuations of conserved charges are believed to be a promising probe
to experimentally observe a possible critical point [7]. In particular, higher
order cumulants of the baryon number have received considerable attention
theoretically [9] as well as experimentally [10–12]. However, the increased
sensitivity of the higher order cumulants to the critical dynamics does not
come for free: they probe the tails of the probability distribution which
are also susceptible to various non-critical effects including baryon number
conservation [13], volume or number of wounded nucleon fluctuations [14],
detector efficiency and acceptance [15–17], hadronic rescattering [18], non-
equilibrium effects [19, 20], correlations between centrality trigger and the
observable, etc. These effects need to be understood for a sensible interpre-
tation of the data.

The only means of increasing the net-baryon density is to stop the nu-
cleons form the incoming nuclei in the mid-rapidity region. This stopping
of the baryons is obviously another source of fluctuations, and it is a priori
not related to the dynamical fluctuations associated with a phase transition.
This effect may be studied in event generators. However, in this case, one re-
lies on the specific model assumptions implemented in the generator. A first
attempt to address this aspect in a more general fashion was reported in [21]
and we will report the essential findings of this work in this contribution.

2. Baryon distributions at low energies

At low energies,
√
s . 20 GeV, where the number of anti-protons, and

thus, produced protons, is negligible, the observed baryons originate entirely
from the incoming nuclei. Therefore, the event-by-event distribution at mid-
rapidity is strongly affected by the baryon stopping mechanism. Since there
are no produced baryons, the baryon distribution is directly related to that
of the wounded (or participating) nucleons. Consequently, the most simple
model for the distribution of stopped baryons is simply to count the num-
ber of wounded nucleons, Npart, in a Glauber model and assign a binomial
probability, p, that they end up in the rapidity interval of interest. Follow-
ing [21], the resulting factorial cumulants or integrated correlation functions
Cn (see [16, 22]) are given by the generating function

H(z) =
∑

Npart
P (Npart) [1− p+ pz]Npart , (1)
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so that Cn = d
dz log(H(z))|z=1. Here, P (Npart) is the distribution of wounded

nucleons, which is obtained from a Glauber calculation. The resulting values
for the integrated correlation functions are shown in Fig. 1 for the center-
of-mass energy of

√
s = 7.7 GeV. To put this results in perspective, we

should note that for central collisions an analysis [22] of the preliminary
STAR data [12] resulted in values for the integrated correlation functions of
7C2 ' −15, 6C3 ' −60, and C4 ' 170. While the simple Glauber model is
able to reproduce the observed value of the two particle correlation, C2, it
severely underpredicts the values for C3 and C4, the latter by several orders
of magnitude.
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Fig. 1. Multi-particle correlations Cn in Au+Au collisions at
√
s = 7.7 GeV. The

leading terms, where fluctuations of the number of wounded nucleons are not
present, are denoted by “no VF”. Also shown as circles, triangles and squares are
the results for the five most central bins with a width of 5% of centrality.

Of course, the present model assumes no correlation between the stop-
ping of one nucleon with that of another. While this is probably a reasonable
assumption at high energies, at very low energies, (quasi) elastic collisions
give rise to pairwise stopping of nucleons. This effect has been estimated
in [21] and is presented in the left panel of Fig. 2. There, we show the re-
sulting correlations Cn for a situation where we assume that eight pairs of
protons are stopped together with a probability p2, and that the remain-
ing protons follow the independent stopping model discussed previously.
Clearly, pairwise stopping neither reproduces the magnitude nor the sign
of the observed correlations.

In order to obtain correlations which are in qualitative agreement with
the preliminary STAR data, one has to make more drastic assumptions.
As shown in the right panel of Fig. 2, assuming the correlated stopping of
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Fig. 2. Integrated multi-particle correlations Cn in the model where particles are
correlated in pairs (left) and quartets (right) as a function of the probability for a
pair (p2) or a quartet (p4) to end up in the rapidity bin. For larger values of p2
and p4, we obtain large values of C3 and C4. See the text for further explanation.

four proton quartets, the resulting correlation functions can be qualitatively
reproduced if one assumes that the probability, p4, to stop the quartets is
p4 ' 0.8. Since we have isospin symmetry, neutrons are as likely as protons,
implying that in reality we have to stop eight-nucleon clusters, a rather
interesting proposition.

Alternatively, one may argue that these clusters do not arise from col-
lective stopping but are rather due to some dynamics of the system, such as
bubble formation induced by a phase-transition. Clearly, more information
is required to validate such a scenario. Also, if such clusters follow a (ther-
mal) Poisson distribution, the signs of all correlations would be positive,
contrary to what is seen in the data.

3. Conclusions

In this contribution, we have reported on a study of the effect of baryon
stopping on proton number correlations in low-energy heavy-ion collisions.
We have shown that a simple Glauber model would explain the observed
two-particle correlations but would severely underpredict three- and four-
particle correlations. Also, pairwise stopping, as expected to occur at low
energies does not improve the situations. Only extreme assumptions such
as the stopping of proton quartets (nucleon octets) results in correlations
comparable with observation. If these clusters arise from other dynamics,
remains to be seen and requires further study.



Fluctuations and the QCD Phase Diagram 643

V.K. was supported by the Director, Office of Energy Research,
Office of High Energy and Nuclear Physics, Divisions of Nuclear Physics of
the U.S. Department of Energy under contract No. DE-AC02-05CH11231.
A.B. was supported by the Polish Ministry of Science and Higher Educa-
tion (MNiSW), and by the National Science Centre, Poland (NCN) grant
No. DEC-2014/15/ B/ST2/00175, and in part by DEC-2013/09/B/ST2/
00497.

REFERENCES

[1] F. Karsch, Acta Phys. Pol. B Proc. Suppl. 10, 615 (2017), this issue.
[2] J. Pawlowski, talk presented at the “Critical Point and Onset of

Deconfinement” Conference, Wrocław, Poland, May 30–June 4, 2016, not
submitted to these proceedings.

[3] N. Xu, talk presented at the “Critical Point and Onset of Deconfinement”
Conference, Wrocław, Poland, May 30–June 4, 2016, not submitted to these
proceedings.

[4] P. Senger, talk presented at the “Critical Point and Onset of Deconfinement”
Conference, Wrocław, Poland, May 30–June 4, 2016, not submitted to these
proceedings.

[5] Y. Aoki et al., Nature 443, 675 (2006) [arXiv:hep-lat/0611014].
[6] M. Stephanov, PoS LAT2006, 024 (2006) [arXiv:hep-lat/0701002].
[7] M.A. Stephanov, K. Rajagopal, E.V. Shuryak, Phys. Rev. D 60, 114028

(1999) [arXiv:hep-ph/9903292].
[8] S. Ejiri, F. Karsch, K. Redlich, Phys. Lett. B 633, 275 (2006)

[arXiv:hep-ph/0509051].
[9] M. Stephanov, Phys. Rev. Lett. 102, 032301 (2009)

[arXiv:0809.3450 [hep-ph]].
[10] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 112, 032302

(2014) [arXiv:1309.5681 [nucl-ex]].
[11] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 113, 092301

(2014) [arXiv:1402.1558 [nucl-ex]].
[12] X. Luo [STAR Collaboration], PoS CPOD2014, 019 (2015)

[arXiv:1503.02558 [nucl-ex]].
[13] A. Bzdak, V. Koch, V. Skokov, Phys. Rev. C 87, 014901 (2013)

[arXiv:1203.4529 [hep-ph]].
[14] V. Skokov, B. Friman, K. Redlich, Phys. Rev. C 88, 034911 (2013)

[arXiv:1205.4756 [hep-ph]].
[15] A. Bzdak, V. Koch, Phys. Rev. C 91, 027901 (2015)

[arXiv:1312.4574 [nucl-th]].
[16] B. Ling, M.A. Stephanov, Phys. Rev. C 93, 034915 (2016)

[arXiv:1512.09125 [nucl-th]].

http://dx.doi.org/10.5506/APhysPolBSupp.10.615
http://dx.doi.org/10.1038/nature05120
http://dx.doi.org/10.1103/PhysRevD.60.114028
http://dx.doi.org/10.1103/PhysRevD.60.114028
http://dx.doi.org/10.1016/j.physletb.2005.11.083
http://dx.doi.org/10.1103/PhysRevLett.102.032301
http://dx.doi.org/10.1103/PhysRevLett.112.032302
http://dx.doi.org/10.1103/PhysRevLett.112.032302
http://dx.doi.org/10.1103/PhysRevLett.113.092301
http://dx.doi.org/10.1103/PhysRevLett.113.092301
http://dx.doi.org/10.1103/PhysRevC.87.014901
http://dx.doi.org/10.1103/PhysRevC.88.034911
http://dx.doi.org/10.1103/PhysRevC.91.027901
http://dx.doi.org/10.1103/PhysRevC.93.034915


644 V. Koch, A. Bzdak, V. Skokov

[17] A. Bzdak, R. Holzmann, V. Koch, Phys. Rev. C 94, 064907 (2016)
[arXiv:1603.09057 [nucl-th]].

[18] M. Kitazawa, M. Asakawa, Phys. Rev. C 85, 021901 (2012)
[arXiv:1107.2755 [nucl-th]].

[19] S. Mukherjee, R. Venugopalan, Y. Yin, Phys. Rev. C 92, 034912 (2015)
[arXiv:1506.00645 [hep-ph]].

[20] S. Mukherjee, R. Venugopalan, Y. Yin, Phys. Rev. Lett. 117, 222301 (2016)
[arXiv:1605.09341 [hep-ph]].

[21] A. Bzdak, V. Koch, V. Skokov, Eur. Phys. J. C 77, 288 (2017)
[arXiv:1612.05128 [nucl-th]].

[22] A. Bzdak, V. Koch, N. Strodthoff, Phys. Rev. C 95, 054906 (2017)
[arXiv:1607.07375 [nucl-th]].

http://dx.doi.org/10.1103/PhysRevC.94.064907
http://dx.doi.org/10.1103/PhysRevC.85.021901
http://dx.doi.org/10.1103/PhysRevC.92.034912
http://dx.doi.org/10.1103/PhysRevLett.117.222301
http://dx.doi.org/10.1140/epjc/s10052-017-4847-0
http://dx.doi.org/10.1103/PhysRevC.95.054906

	1 Introduction
	2 Baryon distributions at low energies
	3 Conclusions

