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The D-measure of net-charge fluctuations quantifies the variance of net charge in strongly interacting
matter. It was introduced over 20 years ago as a potential signal of quark-gluon plasma (QGP) in heavy-ion
collisions, where it is expected to be suppressed due to the fractional electric charges of quarks.
Measurements have been performed at RHIC and LHC, but the conclusion has been elusive in the absence
of quantitative calculations for both scenarios. We address this issue by employing a recently developed
formalism of density correlations and incorporate resonance decays, local charge conservation, and
experimental kinematic cuts. We find that the hadron gas scenario is in fair agreement with the ALICE data
for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV Pb–Pb collisions only when a very short rapidity range of local charge conservation
is enforced, while the QGP scenario is in excellent agreement with experimental data and largely
insensitive to the range of local charge conservation. A Bayesian analysis of the data utilizing different
priors yields moderate evidence for the freeze-out of charge fluctuations in the QGP phase relative to
hadron gas. The upcoming high-fidelity measurements from LHC Run 2 will serve as a precision test of the
two scenarios.

DOI: 10.1103/sw74-7hnb

Introduction—Heavy-ion collisions at ultrarelativistic
energies provide a unique environment for studying matter
under extreme conditions, where the formation of the
quark–gluon plasma (QGP) is expected to occur. From
first-principles lattice QCD calculations, it is now under-
stood that the deconfinement transition is a smooth cross-
over at LHC energies [1] as well as across a broad range of
RHIC energies [2,3]. Numerous measurements at the LHC
and RHIC have provided evidence for the creation of a hot
and strongly interacting medium consistent with QGP
formation [4–10] (see Ref. [11] for a recent overview).
Event-by-event fluctuations can serve as a distinct QGP
signal due to their sensitivity to the relevant degrees
of freedom in the medium [12–14]. In particular, the
D-measure of net-charge fluctuations [15,16],

D ¼ 4
κ2½Q�
hNchi

; ð1Þ

was introduced to quantify the anticipated suppression of
fluctuations arising from the fractional charges of quarks in
a deconfined phase [16]. Here, Q ¼ Nþ − N− is the

measured net charge [17], N� are the measured multiplic-
ities of positively and negatively charged particles, Nch ¼
Nþ þ N− is the total charged particle multiplicity, h…i
denotes event-by-event averaging, and κ2½Q� ¼ hðQaccÞ2i −
hQacci2 is the variance of net-charge distribution. As the net
chargeQ is conserved in full acceptance, the D-measure (1)
is only meaningful within a finite acceptance, which must
not be too small, as fluctuations then approach the Poisson
limit [18].
Since quarks carry fractional charges, the D-measure is

expected to be significantly smaller in the QGP. For a pion
gas in the grand-canonical ensemble (GCE), one has Dπ ≈
4 reflecting their unit charge and Poisson statistics, while a
smaller value of DHG ≈ 3 [16] is expected in a hadron gas
(HG) due to resonance decays. Obtaining the estimate for
QGP is less straightforward, mainly because hNchi is not
defined in the QGP phase. The estimates based on entropy
conservation and values of charge susceptibility in QGP
yield DQGP ≈ 1 [16], about three times smaller than the
hadron gas value.
The global estimates mentioned above correspond to the

GCE limit. However, the measurements in heavy-ion
collisions are subject to kinematic cuts, and they are
affected by the exact (local) conservation of electric charge
[19–21] and diffusive dynamics [22,23]. For this reason,
the interpretation of experimental measurements of the D-
measure by STAR [24,25] and ALICE [26], which tend to
lie in between the naïve global estimates for HG and QGP,
has been inconclusive. Kinematic cuts and global charge
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conservation have been considered in hadronic gas calcu-
lations [19,27], but this has not been sufficient to describe
the data. The D-measure has been calculated using micro-
scopic transport models at LHC [28] and RHIC [29,30]
energies, and its connection to charge balance functions
[31,32] was explored [33]. However, drawing definitive
conclusions remains challenging due to the lack of quanti-
tative modeling of HG and QGP scenarios on an equal
footing.
In this Letter, we present quantitative calculations for

both the HG and QGP scenarios for Pb–Pb collisions at
LHC energies. First, we revisit the estimates for the
normalized charge fluctuation ω ¼ κ2½Q�=hNprim

ch i at hadro-
nization, which is expressed in terms of charge suscep-
tibility χQ2 and entropy density s at the stage where charge
fluctuations freeze out and distinguish HG and QGP
scenarios. We then incorporate the effects of resonance
decays, local charge conservation, and kinematic cuts by
using the two-point charge density correlator within a
recently developed framework [34], leading to sizable
quantitative changes compared to the previous global
estimates [35]. We perform a Bayesian analysis of exper-
imental data of the ALICE Collaboration for Pb–Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV and obtain moderate evi-
dence for freeze-out in the QGP. The upcoming high-
statistics data from LHC Run 2 can provide a precision test
of these scenarios.
Fluctuations at hadronization—The starting point of our

analysis is the hadronization stage. We study the following
scenario. The mean charged multiplicity hNprim

ch i is in
chemical equilibrium and determined by the hadron reso-
nance gas (HRG) model, carrying no memory of QGP.
However, the variance of a conserved net charge, κ2½Q�,
may only evolve through diffusion. The diffusion process
may be too slow to maintain equilibrium, and, thus, the net-
charge variance may decouple and freeze out earlier than
the mean multiplicities, possibly in the QGP.
We quantify charge fluctuations at hadronization through

ω ¼ κ2½Q�
hNprim

ch i : ð2Þ

Here κ2½Q� is the charge variance and hNprim
ch i the multi-

plicity of charged hadrons at hadronization, i.e., before
resonance decays. We assume the GCE for the time being.
If fluctuations freeze out in the hadron gas, one expects the
Poisson baseline of ωHG ≈ 1. A quantitative calculation
within the HRG model [36] gives a slightly larger value,
ωHG ≈ 1.1 at T ¼ 155–160 MeV, with the enhancement
attributed to the Bose-Einstein statistics for pions and the
presence of multicharged hadrons.
Estimating ω for the QGP phase is more tricky, as

hNprim
ch i is not well defined outside the hadronic phase. One

thus typically resorts to using the entropy density s as a

proxy [5,15,16], utilizing the approximately isentropic
evolution between the freeze-out of charge fluctuations
and hadronization. In the grand-canonical ensemble, the
charge susceptibility is a measure of net-charge variance
per unit volume; thus, κ2½Q� ¼ VχQ2 . Dividing and multi-
plying ω by the entropy S and then by the final charged
multiplicity hNchi, one can write

ω ¼ κ2½Q�
hNprim

ch i ¼
VχQ2
S

S

hNprim
ch i ¼

χQ2
s

S
hNchi

hNchi
hNprim

ch i : ð3Þ

Here the charge susceptibility χQ2 and entropy density s
are given by the equation of state, such as the free (Stefan-
Boltzmann) QGP limit or lattice QCD [37]. S=hNchi is the
entropy per charged hadron in the final state. While earlier
estimates for S=hNchi had varied significantly, recent
studies at LHC energies give the value S=hNchi ¼ 6.7�
0.8 [38], which we employ here. The last term is the ratio
hNchi=hNprim

ch i of the final and primordial charged multi-
plicities, which is enhanced relative to unity by resonance
decays. A thermal model estimate at T ¼ 155 MeV gives
γQ ¼ hNchi=hNprim

ch i ≈ 1.67 [36]. For a free gas of massless
u, d, s quarks and gluons, one has ðχQ2 ÞQGP=T3 ¼ 2=3 and
sQGP=T3 ¼ 19π2=9; therefore,

ωQGP ¼ 0.36� 0.04: ð4Þ

The uncertainty here comes solely from S=hNchi.
Equation (3) defines the value of ω in a more general

case beyond just HG and QGP limits. In particular, one can
utilize lattice QCD data for χQ2 and s=T3 to evaluate ω for a
freeze-out of charge fluctuations at a particular tempera-
ture. The corresponding temperature dependence of ω is
depicted in Fig. 1, utilizing the lattice QCD data
of the Wuppertal–Budapest Collaboration [39,40].

FIG. 1. Temperature dependence of the normalized charge
variance ω ¼ κ2½Q�=hNprim

ch i computed through Eq. (3) using
lattice QCD data for χQ2 and s=T3 (gray band), as well as the
hadron resonance gas (dashed blue line) and free massless QGP
(dashed red line) limits. The error bands reflect the uncertainties
in lattice QCD data [39,40] and S=hNchi [38].
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The lattice-based result for ω is consistent within errors
with a smooth evolution between the hadron gas regime at
T ≲ 130–160 MeV (ω ≃ 1.1) and the QGP regime at
higher temperature, with ω ≈ 0.40–0.45 at T ≥ 300 MeV
being close to the Stefan-Boltzmann limit of ωQGP ≃ 0.36.
If ω can be reliably extracted from the data, one could map
it to the temperature of freeze-out of charge fluctuations.
Including experimental effects—While the difference

between the HG and QGP scenarios is evident in the
resulting values of ω, this quantity cannot be directly
compared to experimental measurements. Such a compari-
son would be distorted by several experimental effects:
(i) Resonance decays in the hadronic phase. Decays of
neutral resonances, such as ρ0 → πþπ−, create correlated
pairs of charges. Although such decays do not change the
net-charge number, they do increase the charged multiplic-
ity in Eq. (1) by a substantial factor (γQ ≃ 1.67). (ii) Exact
charge conservation. ω in Eq. (3) quantifies fluctuations in
the grand-canonical limit. Experimental measurements are
affected by canonical effects, where the total net charge is
conserved and all produced charges are balanced by the
corresponding opposite charges in the fireball. This leads to
suppression of fluctuations relative to the naïve grand-
canonical expectation [19–21]. (iii) Kinematical cuts. A
measure such as ω describes fluctuations in coordinate
space, whereas the experimental measurements are per-
formed in momentum space. The relation between the two
is nontrivial due to collective flow in heavy-ion collisions.
The presence of momentum cuts dilutes the strength of
two-particle correlations measured by the detector.
Here, we incorporate these effects by employing a

differential density-density correlator in spatial rapidity.
For a longitudinally boost-invariant thermal system with
local charge conservation this quantity reads [34]

CQ2 ðη1; η2Þ ¼ χQ2

�
δðη1 − η2Þ −

ϰðη1; η2Þ
2ηmax

�
: ð5Þ

Here χQ2 is the grand-canonical charge susceptibility, ηmax is
the spatial rapidity cutoff, and ϰðη1; η2Þ is the local charge
conservation kernel, which we model by a Gaussian [34].
The first term in Eq. (5) contains contributions from self-
correlation and local two-particle correlations. The relative
sizes of these two contributions are sensitive to the value of
ω and resonance decays (γQ). The second term describes
nonlocal two-particle correlations due to charge conserva-
tion. Kinematic acceptance cuts are introduced through
momentum acceptance probabilities pðηÞ.
Integrating the density-density correlator over the spatial

rapidities produces the variance κ2½Qacc� of the net charge in
a given momentum acceptance. We present the technical
details for this calculation, as well as the relevant param-
eters for Pb–Pb collisions at 2.76 TeV, in the End Matter.
The resulting expression for the D-measure inside momen-
tum acceptance, D ¼ 4κ2½Qacc�=hNacc

ch i, reads

D ¼ 4

�
1 −

�
1 −

ω

γQ

� hp2ðηÞi
hpðηÞi −

ω

γQ

hpðη1Þpðη2Þiϰ
hpðηÞi

�
: ð6Þ

Equation (6) is the central result of this Letter. It
quantifies the contributions of the self-correlation (first
term), local (second term) and nonlocal (third term) two-
particle correlations to the final result, arising from the
simultaneous effects of the possible early freeze-out of
fluctuations (ω), resonance decays (γQ), local charge
conservation (ϰ), collective flow, and kinematic cuts
[pðηÞ]. Here hpðηÞi and hp2ðηÞi are average single-particle
and pair acceptances. The quantity hpðη1Þpðη2Þi ¼
ð1=4η2maxÞ∬ dη1dη2pðη1Þpðη2Þϰðη1; η2Þ encodes the effect
of local charge conservation.
As mentioned above, local charge conservation kernel is

modeled by a Gaussian, ϰðη1; η2Þ ∝ exp f−½ðη1 − η2Þ2=
2σ2y�g, where σy quantifies the range of local charge
conservation in spatial rapidity. For convenience, we will
use the size of the effective conservation volume Vc relative
to the total volume V tot to quantify local charge conserva-
tion. This ratio is given by [21]

Vc

V tot
¼

ffiffiffi
π

2

r
σy
ηmax

erf

�
ηmaxffiffiffi
2

p
σy

�
: ð7Þ

Note that Vc → V tot as σy → ∞, as expected for the global
charge conservation limit. We treat the ratio Vc=V tot as a
free parameter in this Letter.
Comparison with experimental data—The ALICE

Collaboration reported measurements of the D-measure
in Pb–Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV [26]. The mea-
surements were performed in a broad transverse momen-
tum window, 0.2 < pT < 5.0 GeV=c, as a function of the
pseudorapidity cut jη̃j < η̃cut (up to η̃cut ¼ 0.8). We take
γQ ¼ 1.67 and contrast hadron gas (ωHG ¼ 1.1) and QGP
(ωQGP ¼ 0.36) scenarios. To elucidate the effect of local
charge conservation, we performed the calculations for
global charge conservation (Vc ¼ V tot) and two values of
local charge conservation, Vc ¼ 0.2V tot (σy ¼ 0.78) and
Vc ¼ 0.31V tot (σy ¼ 1.20), which are motivated by ana-
lyzing local-baryon conservation in Ref. [34]. We use the
blast-wave model [41] to evaluate acceptance probabilities
pðηÞ, with the parameters taken from [42]. We compute
pðηÞ as a weighted average of acceptance probabilities for
pions, kaons, and protons, based on their relative measured
yields, with the details available in Supplemental Material
[43]. Finally, we note that the measurements in [26]
are corrected for global charge conservation, namely
Dcorr ¼ ðD0 þD00Þ=2, where D0 ¼ Dþ 4hpðηÞi and D00 ¼
fD=½1 − hpðηÞi�g [44]. We perform the same correction for
comparisons with the data. The value of hpðηÞi varies
between 0.02 and 0.13 as a function of η̃cut, and the
correction size is consistent with the one used by
ALICE [26].
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Figure 2 compares our model calculations for Dcorr with
the experimental data [26] for 0%–5% central collisions.
The hadron gas scenario with only global charge conser-
vation fails to describe the data (solid blue line). The result
is consistent with prior studies [27]. A better agreement is
obtained when significant local conservation is enforced—
for instance, σy ¼ 0.78 (dash-dotted blue line). In contrast,
the QGP scenario exhibits a much weaker sensitivity to
local charge conservation, with fair agreement with exper-
imental data observed for almost any value of Vc. This
weak sensitivity is attributed to the fact that the local
conservation term [Eq. (A14)] is proportional toω, which is
more than three times smaller in QGP relative to HG. We
also applied our formalism to other centralities, where we
used the corresponding blast-wave parameters. Our calcu-
lations reproduce the mild centrality dependence observed
by ALICE [26].
Bayesian analysis—Our result generally indicates the

preference for the QGP scenario, although the HG scenario
may also be feasible for a sufficiently local range of charge
conservation. Thus, the conclusion may be sensitive to the
prior assumption on the range of local charge conservation.
In addition to the two extreme scenarios considered above,
it is also feasible to explore the freeze-out of fluctuations at
an intermediate stage between QGP and HG. To further
investigate this, we perform a Bayesian analysis of exper-
imental data in the ðω; Vc=V totÞ parameter space, utilizing
the Gaussian likelihood function. The experimental uncer-
tainties for different data points are expected to be
correlated, given that the data points correspond to over-
lapping acceptances. We thus only include the smallest
η̃cut ¼ 0.1 and largest η̃cut ¼ 0.8 acceptance data points into
the likelihood, for which we can neglect the correlation.
The parameter ω is varied in the rangeω∈ ½0; 1.2�. In this

way, one covers both the HG and QGP scenarios, as well as

intermediate values and even an extreme case of vanishing
local fluctuations (ω → 0). We adopt a uniform prior
throughout, ω ∼Uð0; 1.2Þ, which attributes equal prior
probability for HG and QGP. The conservation volume
is varied in the range Vc=V tot ∈ ½0; 1�, covering both the
highly local and fully global charge conservation range. We
consider two scenarios for the prior distribution: (i) uniform
prior, Vc=V tot ∼Uð0; 1Þ, and (ii) a prior preferring local
charge conservation, modeled by a Gaussian distribution in
Vc=V tot with the mean value of 0.20 and standard deviation
of 0.05 [45], Vc=V tot ∼N ð0.20; 0.052Þ.
The posterior distributions are shown in Fig. 3. For both

scenarios, one observes only minor changes in the posterior
distribution of Vc in comparison to the prior, indicating that
the D-measure is not very sensitive to Vc. One exception
would be if the prior distribution for ω was strongly biased
toward the HG scenario, as in this case only a highly local
Vc could reasonably describe the data. The posterior
distribution for ω is more interesting. For a uniform Vc
prior, one observes a considerable preference for QGP, with
ω68%
CI ¼ 0.34þ0.28

−0.16 . Contrasting QGP (ωQGP ¼ 0.36) and
HG (ωHG ¼ 1.1) scenarios via the Bayes factor, one obtains
BQGP=HG ¼ 9.7 indicating moderate evidence (bordering
strong evidence) according to Jeffreys’ classification scale
[46,47]. Giving a strong prior preference to a local charge
conservation leads to ω68%

CI ¼ 0.53þ0.30
−0.27 and BQGP=HG ¼

4.7, which still indicates moderate (but close to anecdotal)
evidence for QGP.
Predictions for 5.02 TeV—The upcoming high-statistics

measurements at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV from the ALICE and
CMS experiments [48] during LHC Run 2 are expected to

FIG. 2. The corrected D-measure as a function of pseudor-
apidity cut η̃cut in central Pb–Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV
calculated via Eq. (A14) for hadron gas (blue lines) and QGP (red
lines) scenarios with global (solid lines) and local (styled lines)
charge conservation. The symbols depict the experimental data of
the ALICE Collaboration [26].

FIG. 3. Posterior distribution for ω and Vc=V tot obtained from
our Bayesian analysis of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV data employing
uniform (red) and local conservation (blue) priors. The labels
indicate the 68% confidence interval around the median. The
contours in the lower left plot represent 10%, 30%, 50%, 68%,
and 95% confidence regions for the joint ðω; Vc=V totÞ distribu-
tion.
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have notably reduced error bars and, thus, greater con-
straining power. We performed calculations for the HG and
QGP scenarios in central Pb–Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV within our framework. The difference relative to
the

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV case comes from a larger spatial
rapidity coverage (ηmax ¼ 5.1) and slightly modified blast-
wave parameters [49]. The results are qualitatively the same
as those shown in Fig. 2 and available in Supplemental
Material [43]. We note that a sizable portion of the
experimental error at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV comes from the
difference between the D0 and D00 corrections. Given that
our calculations already incorporate local charge conser-
vation, we advocate for a direct analysis of the uncorrected
D-measure in Run 2 to enhance the discriminating power.
Summary and outlook—We developed a new formalism

for analyzing net-charge fluctuations in heavy-ion colli-
sions, which allowed us to calculate the D-measure with the
simultaneous treatment of the suppression of fluctuations
due to QGP, correlations from resonance decays, local
charge conservation, collective flow, and momentum
acceptance. We find that the hadron gas scenario is in fair
agreement with the ALICE data for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV Pb–
Pb collisions only when a very short rapidity range of local
charge conservation is enforced, while the QGP scenario is
in excellent agreement with experimental data and largely
insensitive to the range of local charge conservation. A
Bayesian data analysis reveals moderate evidence for the
freeze-out of charge fluctuations in the QGP phase. The
two scenarios can be tested further with the upcoming high-
precision data from LHC Run 2. The formalism offers
ample opportunity for extensions, including the application
to finite baryon densities and RHIC energies, hadronic
phase dynamics, variation of priors, the analysis of high-
order fluctuations, and balance functions.
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End Matter

Derivation of D-measure—
Charge susceptibility and resonance decays: By con-

struction, the charge susceptibility at hadronization is χQ2 ¼
ωhnprimch iwhere hnprimch i is the charged particle density before
decays. One can decompose χQ2 as follows:

χQ2 ¼ hnprimch i þ φQ;prim
2 : ðA1Þ

The first term—hnprimch i—is the Skellam distribution base-
line corresponding to the uncorrelated production of
charged hadrons. This term is also referred to as self-
correlation [33,51]. The second term—φQ;prim

2 —describes
correlations among the produced charges at hadronization.
Given that χQ2 ¼ ωhnprimch i, one has

φQ;prim
2 ¼ ðω − 1Þhnprimch i: ðA2Þ

A value of ω different from unity implies the presence of
(anti)correlations among charges at hadronization. In par-
ticular, the QGP scenario (ωQGP ≈ 0.36) implies a signifi-
cant anticorrelation among charged hadrons following the
hadronization.
Resonance decays during the hadronic phase produce

additional correlations among final charged particles. The
most prominent such example is the ρ0 → πþπ− decay,
which introduces a correlation between positively and
negatively charged pions. We incorporate this effect in
the following way. As the electric charge is conserved in all
resonance decays, the full charge susceptibility χQ2 does not
change. However, decays increase the final charged particle

multiplicity, hnchi ¼ γQhnprimch i, leading to a rebalancing
between the contributions from the self-correlation and
two-particle correlations to χQ2 . The parameter γQ ¼
hnchi=hnprimch i has been introduced in Eq. (3) above, and
we employ the thermal model estimate γQ ≃ 1.67 through-
out. Writing the final charged susceptibility as

χQ2 ¼ hnchi þ φQ
2 ðA3Þ

and using χQ2 ¼ ωhnprimch i and hnchi ¼ γQhnprimch i, we get

φQ
2 ¼

�
ω

γQ
− 1

�
hnchi: ðA4Þ

Resonance decays (γQ > 1) thus introduce additional
anticorrelations among charges in the final state.
Two-point correlator and exact charge conservation:

To account for collective flow, charge conservation, and
kinematical cuts, we employ a differential two-point
correlator,

CQ2 ðr1; r2Þ≡ hδρQðr1ÞδρQðr2Þi; ðA5Þ
where δρQðriÞ ¼ ρQðriÞ − hρQðriÞi is the net-charge den-
sity fluctuation at coordinate ri. Integrating CQ2 ðr1; r2Þ over
a particular subvolume produces the variance of net-charge
distribution of particles emitted from that subvolume. In a
recent work [34], the two-point correlator CQ2 ðr1; r2Þ was
derived for a thermal system with local charge conservation
as the following:
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CQ2 ðr1; r2Þ ¼ χQ2

�
δðr1 − r2Þ −

ϰðr1; r2Þ
V tot

�
: ðA6Þ

Here χQ2 is the grand-canonical charge susceptibility,
V tot ¼

R
dr is the total system volume, and ϰðr1; r2Þ is

the local charge conservation kernel. This last quantity
satisfies the sum rule

R
dr1;2ϰðr1; r2Þ ¼ V tot. In global

equilibrium (global charge conservation only),
ϰðr1; r2Þ ¼ 1, while local charge conservation can be
modeled by ϰðr1; r2Þ, which is peaked around
jr1 − r2j ¼ 0.
At LHC, we integrate over the transverse plane and

consider only the longitudinal (spatial) rapidity coordinate,
r → η. We assume that the net-charge susceptibility χQ2
is independent of η, but we do allow for a nonuni-
form distribution in η of the system volume, characte-
rized by volume rapidity density ρVðηÞ ¼ dV=dηðηÞ. In
this case, the volume element reads dr ¼ ρVðηÞdη
and dr1dr2δðr1 − r2Þ ¼ dη1dη2ρVðη1Þδðη1 − η2Þ.
Therefore, the two-point correlator in spatial rapidity

reads

CQ2 ðη1; η2Þ ¼ ρVðη1ÞχQ2
�
δðη1 − η2Þ − ρVðη2Þ

ϰðη1; η2Þ
V tot

�

¼ ρVðη1Þhnchiδðη1 − η2Þ

þ ρVðη1Þ
�
ω

γQ
− 1

�
hnchiδðη1 − η2Þ

− ρVðη1ÞρVðη2Þ
ω

γQ
hnchi

ϰðη1; η2Þ
V tot

: ðA7Þ

Here, the first term corresponds to self-correlation, the
second term describes local two-particle correlations, such
as due to ρ0 decays or hadronization of QGP, and the last
term corresponds to nonlocal two-particle correlations due
to exact charge conservation.
For the volume rapidity density, we considered a uniform

(boost-invariant) profile, ρVðηÞ ∝ ½θðηmax − jηjÞ=2ηmax�,
and a Gaussian volume distribution, ρVðηÞ ∝ exp ½−ðη2=
2σ2VÞ�. The parameters ηmax and σV are fixed through the
measurements [52,53] of the rapidity density of charged
multiplicity [27]. The value of σV reflects the measured
width of the rapidity density of charged multiplicity, which
is σV ¼ 3.86 in Pb–Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV
[52]. The value of ηmax in the uniform (boost-invariant)
volume model is fixed such that the total volume matches
the one in the Gaussian scenario [27]. This gives
ηmax ¼

ffiffiffiffiffiffiffiffi
π=2

p
σV ≃ 4.83. We have performed calculations

in both the Gaussian and uniform volume scenarios and
found the differences between the two scenarios to be
virtually negligible for the charge fluctuations measured at
midrapidity. We therefore employ the uniform volume
distribution throughout the study for simplicity.

Kinematic cuts: To account for collective flow and
experimental cuts in momentum, we employ the binomial
model for acceptance probability, following Ref. [34].
Specifically, we assume that a final charged particle with
spatial rapidity η has momentum acceptance probability
pðηÞ that is independent of the other particles. The variance
of net charge in momentum acceptance is then obtained by
folding the integration of CQ2 ðη1; η2Þ over spatial rapidities
with the binomial distribution at each ðη1; η2Þ pair. The self-
correlation term in the two-point correlator CQ2 in Eq. (A7)
is diluted by a factor pðη1Þ, while the other terms
correspond to two-particle correlations and are diluted
by a factor pðη1Þpðη2Þ. The two-point correlator describing
the correlations of accepted charge densities thus reads

CQ
acc

2 ðη1;η2Þ¼pðη1ÞρVðη1Þhnchiδðη1−η2Þ

þ ½pðη1Þ�2ρVðη1Þ
�
ω

γQ
−1

�
hnchiδðη1−η2Þ

−pðη1Þpðη2ÞρVðη1ÞρVðη2Þ
ω

γQ
hnchi

ϰðη1;η2Þ
V tot

:

ðA8Þ
Expression (A8) describes the correlation among charges
emitted from spatial rapidities η1 and η2, which are subject
to kinematic cuts. The total variance κ2½Qacc� measured in
the experiment is obtained by integrating CQ

acc

2 ðη1; η2Þ over
all spatial coordinates, leading to

κ2½Qacc� ¼ V tothnchi
�
hpðηÞi −

�
1 −

ω

γQ

�
hp2ðηÞi ðA9Þ

−
ω

γQ
hpðη1Þpðη2Þiϰ

�
: ðA10Þ

Here,

hpðηÞi ¼ 1

V tot

Z
dη ρVðηÞpðηÞ; ðA11Þ

hp2ðηÞi ¼ 1

V tot

Z
dη ρVðηÞ½pðηÞ�2; ðA12Þ

hpðη1Þpðη2Þiϰ ¼ 1

V2
tot

Z
dη1 ρVðη1Þpðη1Þ

×
Z

dη2ρVðη2Þpðη2Þϰðη1; η2Þ ðA13Þ

are the acceptance probabilities averaged over spatial
rapidities. The mean acceptance probability hpðηÞi also
determines the mean charged multiplicity inside the accep-
tance, hNacc

ch i ¼ V tothnchihpðηÞi. Therefore, the D-measure
inside momentum acceptance,D ¼ 4κ2½Qacc�=hNacc

ch i, reads

D¼4

�
1−

�
1−

ω

γQ

�hp2ðηÞi
hpðηÞi −

ω

γQ

hpðη1Þpðη2Þiϰ
hpðηÞi

�
: ðA14Þ
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