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Abstract. The ATLAS collaboration has recently observed that the variance
of the transverse momentum per particle ([pt]), when measured as a function
of the collision multiplicity (Nch) in Pb+Pb collisions, decreases by a factor 2
for the largest values of Nch, corresponding to ultra-central collisions. We show
that this phenomenon is naturally explained by invoking impact parameter (b)
fluctuations, which contribute to the variance, and gradually disappear in ultra-
central collisions. It implies that Nch and [pt] are strongly correlated at fixed b,
which is explained by the local thermalization of the QGP medium.

1 Introduction

The left panel of Fig. 1 displays the variance of transverse momentum per particle ([pt]) as a
function of the collision multiplicity in Pb+Pb collisions at the LHC [1]. (It is the dynamical
contribution to the variance, after subtracting the trivial statistical fluctuation from the finite
multiplicity.) It decreases over a narrow range of multiplicity around Nch = 3700. This
phenomenon is not explained by models such as HIJING, which predicts a smooth 1/Nch

dependence of the variance for all ranges of Nch [2]. We show that it is naturally explained if
the medium produced during the collison thermalizes.

2 Hydro vs HIJING results

The impact parameter of the collision, b, is not measured, and varies event by event. Fluc-
tuations observed in a sample of collisions event originate from fluctuations of b, and from
fluctuations at fixed b. In order to understand their respective roles, we run simulations of
Pb+Pb collisions at 5.02 TeV at fixed b, more specifically at b = 0.

First, we simulate 150 events using relativistic viscous hydrodynamics [3] and compute
Nch and [pt] in each event. Fig. 1 displays the distribution of the two quantities from hydro-
dynamic simulation where thermalization of the QGP is assumed. It is clearly visible that
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Figure 1. Left: ATLAS data (light blue symbols) and our model fit presented in Sec.3 (solid red curve).
The green curve denotes the contribution due to b fluctuation and the blue dashed line denotes the
contribution of intrinsic fluctuation. The vertical dashed line is the knee of the multiplicity distribution.
Right : Two dimensional distribution of [pt] and Nch from simulation of Pb+Pb collisions at 5.02 TeV
and b=0. Blue symbols are hydrodynamic calculations. Instead of [pt] and Nch, we plot the differences
Nch − Nch and δpt = [pt] − pt where Nch = 6692 and pt = 1074MeV/c are the average values. The blue
curve is the 99% confidence ellipse of a Gaussian distribution fitted to these symbols. The orange curve
is a similar 99% confidence ellipse for 1.4 × 106 collisions simulated with HIJING. The straight lines
represent the average values δpt(Nch, b = 0).

both [pt] and Nch have significant fluctuation. As the impact parameter is fixed, the origin of
these fluctuations is purely quantum, due to genuine intrinsic fluctuation at the initial state of
the collision.

Most importantly, there is a strong positive correlation between [pt] and Nch, whose phys-
ical origin is clear: Larger Nch means larger density Nch/V , as the collision volume, which
is mostly defined by the impact parameter of the collision, is fixed. A larger density results
in a larger initial temperature if the system thermalizes. This in turn implies a higher energy
per particle in the final state, and eventually a larger transverse momentum per particle [pt],
generating the positive correlation between [pt] and Nch.

Second, we run simulations using the HIJING model [4], which considers the collision
as a superposition of independent nucleon-nucleon collision, and in which the particles have
no interaction between each other after production. The striking difference in comparison to
the hydro results is that the correlation between Nch and [pt] is smaller by a factor ∼ 10. In
HIJING, a larger density does not imply a significant increase of [pt], which can be ascribed
to the lack of thermalization.

3 Model fit

We model fluctuations of [pt] by assuming that the joint probability distribution of [pt] and
Nch at fixed b is a two-dimensional correlated Gaussian [5], denoted by P([pt],Nch|b). It
is characterized by five parameters: mean and variance of [pt] and Nch, denoted by pt(b),
Nch(b), Var(pt |b), Var(Nch|b) and the Pearson correlation coefficient between [pt] and Nch,
rNch (b) which we expect to be positive in hydrodynamics, as shown in Fig. 1 (right).

The mean and variance of Nch are obtained by fitting the measured distribution of Nch as
a superposition of Gaussians, along the lines of Ref. [6]. The average value of Nch at b = 0 is
the knee of the distribution, which is reconstructed precisely. Note that the fall of the variance
in Fig. 1 precisely occurs around the knee.
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Figure 2. Left : Charged particle multiplicity (Nch) distribution in Pb+Pb collision at 5.02 TeV mea-
sured by the ATLAS collaboration, denoted by the light blue symbols. The solid red line represents the
model fit. The thin blue lines corresponds to the Gaussian distributions P(Nch|b) drawn for 0 %, 5 %,
10 % and 15 % centrality fractions. The vertical dashed line corresponds to the "knee" (Nchb = 0) of
the distribution. Right: Two dimensional joint distribution of transverse momentum per particle [pt]
and multiplicity Nch returned by the model fit to the fluctuation data. Rather than plotting [pt], we plot
δpt = [pt] − pt(0). The white curves represent the 99 % confidence ellipses at fixed impact parameters.
Corresponding to these values b, a schematic representation of the colliding nuclei is shown. The solid
black line denotes the mean value of δpt averaged over events and the red band represents 1-σ band.

The mean transverse momentum pt(b) is essentially independent of b for 30 % most cen-
tral collisions [7]. We subtract this constant and only study the distribution of the distribution
of δpt = [pt] − pt. We assume that the variance Var(pt |b) varies with the mean according
to a power law, Var(pt |b) = σ2

δpt
(Nch(0)/Nch(b))α, where α and σδpt are constants [5]. For

simplicity, we assume the correlation rNch to be independent of b.
The variance of δpt at fixed Nch is then evaluated in the following way. We first obtain the

distribution of δpt at fixed Nch and b using P(δpt |Nch, b) = P(δpt,Nch|b)/P(Nch|b). It is again
a Gaussian distribution, therefore, it is fully characterized by its mean and variance, which
we denote by κ1 and κ2. Both are functions of Nch and b. The crucial point is that the mean
κ1 is proportional to the multiplicity fluctuation Nch −Nch(b). It is proportional to the Pearson
correlation coefficient rNch between δpt and Nch (straight blue line in Fig. 1 right).

The last step is to average over b. For this, one needs the probability distribution of b at
fixed Nch, which is obtained using Bayes’ theorem P(b|Nch)p(Nch) = P(Nch|b)P(b) along the
lines of Ref. [6]. A simple calculation then shows that

mean ⟨δpt⟩ = ⟨κ1⟩b

Var(pt) = (⟨κ21⟩b − ⟨κ1⟩
2
b) + ⟨κ2⟩b

(1)

where angular brackets ⟨. . . ⟩b denote the average over b for fixed Nch. Two terms contribute
to the variance: The first term originates from fluctuations of the impact parameter b at fixed
Nch, and the second term is the true intrinsic (quantum) fluctuation, which is not the by-
product of b fluctuation.

The expression in Eq. (1) is finally fitted to ATLAS data using the three parameters :
σδpt , rNch and α. Fig. 1 displays the model fit to the data (red lines) and the two separate
contributions to Var(pt |Nch). Our model precisely explains the steep decrease of the variance
around the knee. Below the knee, both contributions have comparable magnitudes, but above
the knee, the first term, due to impact parameter fluctuations, gradually disappears, causing
the steep fall in the variance data. This occurs because the effect of b fluctuation becomes



negligible in ultra-central region due to the strict lower limit of b (≥ 0), where the distribution
of δpt becomes a truncated Gaussian [6, 8].

Fig. 2 displays the two-dimensional distribution of [pt] and Nch returned by our fit. The
white curves represent 99% confidence ellipses at fixed impact parameters and they are tilted
with respect to the horizontal axis as in the hydrodynamic calculation in Fig. 1. The tilts
denote the positive correlation between [pt] and Nch, characterized by rNch . From this plot, it
can be seen that the width of [pt] distribution is partly because several ellipses contribute at
a given Nch (first term in Eq. 1) and the other part comes from the vertical width of a single
ellipse (second term in Eq. 1). As a corollary, we also predict a slight increase of the mean
transverse momentum ⟨δpt⟩ with Nch, denoted by the black line in Fig. 2.

4 Physical significance and thermodynamic interpretation

Our results imply that there is a strong correlation between [pt] and Nch at fixed impact pa-
rameter, which is quantified by the Pearson correlation coefficient rNch = 0.676. As explained
in Sec. 2, such a correlation is naturally present in a hydrodynamic description. Hence, the re-
cent ATLAS data further support the common hypothesis that local thermalization is achieved
in Pb+Pb collisions. It is the first such evidence which does not involve anisotropic flow.

Additionally, our analysis and methodology pave the way to separate the classical (geo-
metrical) and quantum (intrinsic) fluctuation. Moreover, the slight increase of mean trans-
verse momentum with multiplicity could be used to extract the speed of sound in QGP
medium [9], which has recently been measured by the CMS collaboration with great pre-
cision [10].
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