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We report on recent progress concerning effects of global conservation
laws on cumulants of conserved quantities. Specifically, we will relate —
for an arbitrary equation of state — cumulants of a conserved charge mea-
sured in a subvolume of a thermal system with the corresponding grand-
canonical susceptibilities, taking into account exact global conservation of
that charge. Applications to actual measurement at the RHIC and LHC
as well as extensions to multiple conserved charges will be discussed.
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1. Introduction

The studies of fluctuations of conserved charges have been central to
the goal of exploring the QCD phase diagram. They represent a crucial
observable in the RHIC beam energy scan, where one is searching for a
possible critical point in the high baryon density region of the QCD phase
diagram [1-3]. Fluctuations of conserved charges are also studied in heavy-
ion experiments at the highest RHIC and LHC energies with the goal to
experimentally find remnants of the chiral criticality at vanishing chemical
potential [4, 5].

Theoretically fluctuations, or rather the various susceptibilities charac-
terizing them, are calculated either using first-principle lattice QCD simula-
tions [6, 7], or in various effective QCD approaches [8, 9]. These calculations
are typically carried out in the grand canonical ensemble (GCE), where the
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charges are only conserved on the average. Since in experiment the charges
of the system, baryon number, strangeness and electric charge are conserved
globally, it is essential to establish how these susceptibilities are related to
experimental measurements [10-14]. The measurements typically have lim-
ited acceptance and only cover a fraction of the total momentum space,
which, for simplicity, we assume to be characterized by a finite acceptance
window in rapidity, AYaee. As discussed e.g. in [15], for a sufficiently small
acceptance window, AY,.. <« AYjy,, conditions corresponding to the GCE
may be imitated, i.e. effects of global charge conservation become negligi-
ble. However, to capture all the physics governing the behavior of thermal
fluctuations, the acceptance window AY,.. must be much larger than the
correlation length AY,,. It turns out, however, that the deviations of var-
ious cumulants obtained in lattice QCD from that of the hadron resonance
gas model are rather small. Indeed, they are of the same order of mag-
nitude as charge conservation effects already for acceptances as small as
AYaee/AYsr ~ 0.1 [12]. Therefore, in order to capture the physics of e.g.
chiral criticality, the effect of charge conservation needs to be understood
very well, since simply reducing the acceptance window even further risks
eliminating all the non-trivial effects associated with the relevant QCD dy-
namics [16].

The subensemble acceptance method (SAM) [17, 18] that we present
in this contribution is able to relate cumulants of a subsystem subject to
global charge conservation to the susceptibilities obtained in the GCE for
any equation of state, in particular that of QCD.

2. The subensemble acceptance method (SAM)

Let us briefly sketch the essential steps in deriving the SAM. For more
details, we refer to Refs. [17, 18]. For simplicity, we discuss here the case
of a single conserved charge. The generalization to multiple charges can be
found in [18].

Let us consider a spatially uniform thermal system at a fixed temper-
ature 7', volume V', and total net charge, say net-baryon number, B. It
is characterized by its canonical partition function, Z(T,V, B). We pick a
subsystem of a fixed volume V; = oV within the whole system, which can
freely exchange the conserved charge B with the rest of the system. Our
goal is to evaluate the cumulants k,[Bj] of the distribution of charge B
within that subsystem.

Assuming the subvolume V; as well as the remaining volume Vo= (1—a)
= BV to be large compared to correlation length &, V7 > €3 and V >> €3, the
canonical ensemble partition function of the total system with total baryon
number B is well-approximated by
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Z(T,V,B) :ZZ(T,QV,Bl)Z(T,BV,B—BI). (1)
B1

In the thermodynamic limit, Z(T,V, B) = exp [—% f(T, pB)] with f and pp
the free energy and baryon density, respectively. Therefore, the probability
P(Bj) to find B; baryons in the subsystem is

P(By) < Z(T,aV,B1) Z(T, BV, B — B1) . (2)

Given the cumulant generation function

Gp,(t)=In>_exp(tB1)P(B1), (3)
By

we see that all cumulants ,[B1] of the order of n > 2 may be expressed as
derivatives of the generalized “t-dependent” first-order cumulant & [B1(t)] =

AG(t) /0t

o"Gp, (t O R [By(t
t=0 t=0
Obviously,
- 0Gp, (t B P(By;t
alp(n) = 2020 _2n BIOLD _ )
ot ZBl P(Bu;t)
with the (un-normalized) ¢-dependent probability

In the thermodynamic limit, V — oo, P has a sharp maximum at the mean
value of By, (Bi(t)) [19]. The condition 0P(Bj;t)/0B; = 0 determines the
location of this maximum resulting in an implicit relation that determines
(B1(1))

t = pB[T, pp, ()] — aB[T, pB,(t)] - (7)
Here, ip = pp/T, and pp, (t) = (Bi(t))/(aV), pB,(t) = [B = (B1(t))]/[(1 —
a)V]. We also used the thermodynamic relation [0f(T,pp)/0pplr =
u(T, pp). It follows from Eq. (7) that pp, = pp, = B/V for t =0, i.e. the
net-baryon number is uniformly distributed between the two subsystems, as
it should be by construction. Therefore,

k1[Bi] = ari[B] = a VT® x7 . (8)
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The second order cumulant is given by &e[Bi(t)] = 0k1[B1(t)]/0t = (B{(t)).
(B1(t)) can be obtained implicitly by differentiating Eq. (7) with respect to t.
Applying the chain rule and using the identity [0ap(T,pB,,)/0pB, T =
[Tg X2B(Tv pBl,2)]717 we find
VT3
Ra[B1(t)] = (Bi(t)) = — = )
[axF (T p))] + [BXE(T. pB,)]

which at t = 0 gives the 2! order cumulant

ko[Bi]l =a(l—a) VT3P, (10)

The higher-order cumulants x,,[B1] for n > 3 then result from iteratively
differentiating the t-dependent cumulants &, [Bi(t)] with respect to ¢, start-
ing from #2[Bi(t)], and making use of expression (9) for (B/(t)). The result
for the cumulants up to the 4" order is the following:

B~ 02004,
Z”‘V[B;l = B [(1 —3af)xy —3ap (’;35;3)2] . (11)
The commonly studied cumulant ratios are
el -k (12)
Zzgj - (1 —204);(3;, (13)

In the a — 0 limit, the cumulant ratios reduce to those in the grand
canonical limit, as expected, since in this limit effects of global conservation
become negligible. Note, however, that the a — 0 limit discussed here
assumes that the condition V; > &3 still holds no matter how small the
value of « is. Such a scenario can be realized by holding the subsystem
volume fixed to a sufficiently large value and increasing the total volume,
i.e. Vi = const. > & and V — oco.

In heavy-ion collisions, on the other hand, a different scenario is realized.
The total volume is fixed, while the volume of the subsystem is regulated by
the measurement acceptance, for example, in longitudinal rapidity. This im-
plies that the a — 0 limit corresponds to V = const. and V; — 0, meaning
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that our assumption of the subsystems being close to the thermodynamic
limit breaks down, as the subsystem becomes much smaller than the cor-
relation length, oV < €3. The cumulants then approach the Poisson limit
[20] rather than the GCE limit.

So far, we have only considered a single conserved charge. Extension
to multiple charges is possible and has been carried out in Ref. [18]. One
finds that for cumulants of the order of n > 4, the grand-canonical suscep-
tibility of charges other than that under consideration enters. For example,
when considering electric charge conservation in addition to baryon number
conservation, the fourth-order cumulant of the baryon number is given by

B2 | ()

B o) [P ey
k4 B X3 X2 X3 x5 (xF)
=6 |(1-3aB)xsy —3ap
aVT? ! 3 L oy’
B . Q
X2 Xo

(15)
which, absent of B@-correlations, reduces to the above result with only
baryon number conservation, Eq. (11). The corrections due to additional
conserved charges, while clearly present, are rather small in practice. This is
shown in the right panel of Fig. 1, where we show the k4/k2 ratio for baryon
number, strangeness and electric charge for both the case of single conserved
charge and for the case where all three charges of QCD are conserved. Here,
the GCE susceptibilities of a HRG model at finite baryon density, namely
at T =160 MeV and pup = 100 MeV, were used in order to verify the SAM
results via Monte Carlo samplings, which are shown as squares in the figure.

3. Results

Let us next discuss some of the consequences of these new developments.
In the left panel of Fig. 1, we show the dependence of the kg/ro ratio for
net-baryon fluctuations in the case where only baryon number conservation
is considered. We show the SAM results based on lattice QCD results from
Ref. [7] for temperatures T = 155 and 160 MeV. We also show, as dashed
lines, the results obtained in a hadron resonance gas model with global
charge conservation. As already pointed out, in the v — 0 limit, the ratio
Ke¢/kK2 obtained with SAM approaches its GCE value. We note that the
SAM results for kg/k2 lie below the binomial (HRG) acceptance baseline for
all values of «, which reflects the suppression of the lattice values for X(? / X2B
relative to the HRG baseline. Interestingly, the difference between the HRG
and QCD is the smallest at o = 0.5, where the effects of baryon conservation
are the strongest. Actually, in the entire region of 0.2 < a < 0.8, the
difference is so small that it may be difficult to distinguish the true dynamics
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Fig.1. (Colour on-line) Left panel: Dependence of the kg/k2 ratio calculated for
net-baryon fluctuations inside a subvolume on the fraction a of the total system
volume covered for QCD matter at the LHC conditions at the chemical freeze-
out at T = 160 MeV (solid lines) and T = 155 MeV (dash-dotted lines). The
band corresponds to the error propagation of the lattice data. The dashed line
depicts the ideal hadron resonance gas results. The results are symmetric with
respect to a change @ — 1 — a and thus shown up to a = 0.5. Right panel:
Dependence of the cumulant ratios x4/k2 of net-baryon (black), net-charge (blue),
and net-strangeness (red) numbers on the acceptance fraction «, as calculated in
the hadron resonance gas model using a canonical ensemble Monte Carlo sampler of
the FIST package [21] with 108 events (symbols) and analytically in the framework
of the subensemble acceptance method (solid lines). The dashed lines depict SAM
calculations for a single conserved charge [Eq. (11)].

of QCD from that of an ideal HRG'. Measurements in this region of «, on
the other hand, may serve as a model-independent test of baryon number
conservation effects. For a < 0.2, however, the measurable ratio rg/k2
becomes sensitive to the equation of state, i.e. to the actual value for x& /xZ.
We find that a negative rg/ra for a < 0.1 is consistent with x&/x¥ which
is either negative or close to zero. Such a measurement would constitute a
potentially unambiguous experimental signature of the QCD chiral crossover
transition.

If we apply these conditions to actual experiments such as ALICE and
STAR, it translates into the following: At the LHC (ALICE) with \/syn =
5.02 TeV, the beam rapidity is Ypeam =~ In(y/Snn/mn) =~ 8.5, while for the
top RHIC energy (\/snn = 200 GeV), one has ypeam =~ 5.4. Thus, o < 0.1
would correspond to measurements within approximately two (one) units of

rapidity for LHC (RHIC).

! We note that the cumulant ratios are symmetric with respect to a <+ (1 — ) [20].
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As discussed above, for a below a certain value, o < iy, our formalism
breaks down and the cumulants approach the Poisson limit. Comparing the
volumes used in the lattice QCD calculations with those at chemical freeze-
out at the LHC energies, one finds that iy, ~ 1073 [17]. Even an order
of magnitude error in this estimate implies that oy, < 1072 so that our
method is applicable for virtually the entire linear scale shown in Fig. 1. Of
course, since the SAM works in configuration space and experimental cuts
are in momentum space, these results are only valid if one has perfect space-
momentum correlations, such as in a Bjorken fireball without any thermal
smearing. Additional thermal smearing will likely modify the results for
small « to be somewhere between the SAM and the HRG result in Fig. 1.

Turning next to the case of multiple conserved charges, one finds that
the effects are rather modest as already discussed in the context of the
fourth-order cumulants. Additionally, one finds that any ratio of second-
order cumulants, such as x2°/k5, and also for third-order cumulants, is
independent of charge conservation effects. This is demonstrated in the left
panel of Fig. 2. In addition, one may extend the SAM to study cumulants
of non-conserved quantities such as the proton number. Again, in this case,
the ratios of second cumulants are not affected by charge corrections as long
they involve one conserved charge and one non-conserved quantity, such as

nf?/ﬂg. This is shown in the right panel of Fig. 2.
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Fig.2. (Colour on-line) Dependence of combinations of second-order cumulants
involving conserved (left panel) and partially non-conserved charges (right panel)
on the acceptance fraction «, as calculated in the hadron resonance gas model
using canonical ensemble Monte Carlo sampler (symbols), and analytically in the
framework of the subensemble acceptance method (lines). Left panel: Off-diagonal
to diagonal conserved charge cumulant ratios IiﬁQ/ k¥ (black), ff%s /K5 (blue), and
kP /K5 (red). Right panel: Mixed conserved non-conserved off-diagonal cumulant
ratios £+ /k§ (red) and % /xS (black).
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4. Summary

In summary, we have presented the subensemble acceptance method
(SAM) which allows to correct susceptibilities obtained from any equa-
tion of state for global charge conservation. This method can be applied
for any number of conserved charges. Since the SAM is formulated in the
configuration space, its application to measurements in heavy-ion collisions
requires strong space — momentum space correlation, as is the case at mid-
rapidity for the highest collisions energies. Using the lattice QCD result for
the baryon number hyperkurtosis, kg/k2, we find an acceptance fraction of
roughly a ~ 0.1 corresponding to a rapidity window of AY,.. ~ 2 at the
LHC energies to be a sweet spot for observing the negative value predicted
by chiral criticality. We further found that any ratio of second- and third-
order cumulants is not affected by charge conservation. This is also the case
if one considers correlations of non-conserved quantities such as the proton
number with any conserved charge.

The next step is to explore corrections from thermal smearing and to
extend the method to non-homogeneous system in order to provide guidance
for measurements at lower energies.

V.V. was supported by the Feodor Lynen program of the Alexander
von Humboldt foundation. R.P. acknowledges the support by the Program
of Fundamental Research of the Department of Physics and Astronomy of
the National Academy of Sciences of Ukraine. This work received support
through the U.S. Department of Energy, Office of Science, Office of Nuclear
Physics, under contract number DE-AC02-05CH11231231, and received sup-
port within the framework of the Beam Energy Scan Theory (BEST) Topical
Collaboration.

REFERENCES

[1] M.A. Stephanov, K. Rajagopal, E.V. Shuryak, Phys. Rev. Lett. 81, 4816
(1998), arXiv:hep-ph/9806219.

[2] M.A. Stephanov, K. Rajagopal, E. V. Shuryak, Phys. Rev. D 60, 114028
(1999), arXiv:hep-ph/9903292.

[3] A. Bzdak et al., Phys. Rep. 853, 1 (2020), arXiv:1906.00936 [nucl-th].

[4] B. Friman, F. Karsch, K. Redlich, V. Skokov, Eur. Phys. J. C' 71, 1694
(2011), arXiv:1103.3511 [hep-ph].

[5] ALICE Collaboration (S. Acharya et al.), Phys. Lett. B 807, 135564 (2020),
arXiv:1910.14396 [nucl-ex].

[6] A. Bazavov et al., Phys. Rev. D 95, 054504 (2017),
arXiv:1701.04325 [hep-lat].


http://dx.doi.org/10.1103/PhysRevLett.81.4816
http://dx.doi.org/10.1103/PhysRevLett.81.4816
http://arxiv.org/abs/hep-ph/9806219
http://dx.doi.org/10.1103/PhysRevD.60.114028
http://dx.doi.org/10.1103/PhysRevD.60.114028
http://arxiv.org/abs/hep-ph/9903292
http://dx.doi.org/10.1016/j.physrep.2020.01.005
http://arxiv.org/abs/arXiv:1906.00936
http://dx.doi.org/10.1140/epjc/s10052-011-1694-2
http://dx.doi.org/10.1140/epjc/s10052-011-1694-2
http://arxiv.org/abs/arXiv:1103.3511
http://dx.doi.org/10.1016/j.physletb.2020.135564
http://arxiv.org/abs/arXiv:1910.14396
http://dx.doi.org/10.1103/PhysRevD.95.054504
http://arxiv.org/abs/arXiv:1701.04325

7]
18]
9
[10]
[11]
[12]
[13]
[14]

[15]

[16]
[17]
[18]
[19]
[20]

[21]

Fluctuations and Conservation Laws 371

S. Borsanyi et al., J. High Energy Phys. 1810, 205 (2018),
arXiv:1805.04445 [hep-lat].

P. Isserstedt, M. Buballa, C.S. Fischer, P.J. Gunkel, Phys. Rev. D 100,
074011 (2019), arXiv:1906.11644 [hep-ph].

W.-j. Fu, J.M. Pawlowski, F. Rennecke, Phys. Rev. D 101, 054032 (2020),
arXiv:1909.02991 [hep-ph].

M. Bleicher, S. Jeon, V. Koch, Phys. Rev. C 62, 061902 (2000),
arXiv:hep-ph/0006201.

M. Nahrgang et al., Eur. Phys. J. C' 72, 2143 (2012),
arXiv:0903.2911 [hep-ph].

A. Bzdak, V. Koch, V. Skokov, Phys. Rev. C 87, 014901 (2013),
arXiv:1203.4529 [hep-phl].

P. Braun-Munzinger, A. Rustamov, J. Stachel, Nucl. Phys. A 960, 114
(2017), arXiv:1612.00702 [nucl-th].

C.A. Pruneau, Phys. Rev. C' 100, 034905 (2019),

arXiv:1903.04591 [nucl-th].

V. Koch, «Hadronic Fluctuations and Correlationsy in: R. Stock (Ed.)
«Relativistic Heavy Ion Physics. Landolt—Boernstein New Series I, Vol. 23»,
Springer, Heidelberg 2010, pp. 626-652; arXiv:0810.2520 [nucl-th],
http:
//materials.springer.com/1lb/docs/sm_lbs_978-3-642-01539-7_20
B. Ling, M.A. Stephanov, Phys. Rev. D 93, 034915 (2016),
arXiv:1512.09125 [nucl-th].

V. Vovchenko et al., Phys. Lett. B 811, 135868 (2020),
arXiv:2003.13905 [hep-ph].

V. Vovchenko, R.V. Poberezhnyuk, V. Koch, J. High Energy Phys. 2010,
089 (2020), arXiv:2007.03850 [hep-ph].

K. Huang, «Statistical Mechanicsy, Wiley, 1987,
https://books.google.com/books?id=M8PvAAAAMAAJ

A. Bzdak, V. Koch, Phys. Rev. C 96, 054905 (2017),
arXiv:1707.02640 [nucl-th].

V. Vovchenko, H. Stoecker, Comput. Phys. Commun. 244, 295 (2019),
arXiv:1901.05249 [nucl-th].


http://dx.doi.org/10.1007/JHEP10(2018)205
http://arxiv.org/abs/arXiv:1805.04445
http://dx.doi.org/10.1103/PhysRevD.100.074011
http://dx.doi.org/10.1103/PhysRevD.100.074011
http://arxiv.org/abs/arXiv:1906.11644
http://dx.doi.org/10.1103/PhysRevD.101.054032
http://arxiv.org/abs/arXiv:1909.02991
http://dx.doi.org/10.1103/PhysRevC.62.061902
http://arxiv.org/abs/hep-ph/0006201
http://dx.doi.org/10.1140/epjc/s10052-012-2143-6
http://arxiv.org/abs/arXiv:0903.2911
http://dx.doi.org/10.1103/PhysRevC.87.014901
http://arxiv.org/abs/arXiv:1203.4529
http://dx.doi.org/10.1016/j.nuclphysa.2017.01.011
http://dx.doi.org/10.1016/j.nuclphysa.2017.01.011
http://arxiv.org/abs/arXiv:1612.00702
http://dx.doi.org/10.1103/PhysRevC.100.034905
http://arxiv.org/abs/arXiv:1903.04591
http://dx.doi.org/10.1007/978-3-642-01539-7_20
http://arxiv.org/abs/arXiv:0810.2520
http://materials.springer.com/lb/docs/sm_lbs_978-3-642-01539-7_20
http://materials.springer.com/lb/docs/sm_lbs_978-3-642-01539-7_20
http://dx.doi.org/10.1103/PhysRevC.93.034915
http://arxiv.org/abs/arXiv:1512.09125
http://dx.doi.org/10.1016/j.physletb.2020.135868
http://arxiv.org/abs/arXiv:2003.13905
http://dx.doi.org/10.1007/JHEP10(2020)089
http://dx.doi.org/10.1007/JHEP10(2020)089
http://arxiv.org/abs/arXiv:2007.03850
https://books.google.com/books?id=M8PvAAAAMAAJ
http://dx.doi.org/10.1103/PhysRevC.96.054905
http://arxiv.org/abs/arXiv:1707.02640
http://dx.doi.org/10.1016/j.cpc.2019.06.024
http://arxiv.org/abs/arXiv:1901.05249

	1 Introduction
	2 The subensemble acceptance method (SAM)
	3 Results
	4 Summary

