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The collectivity of transverse momentum fluctuations
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Abstract. We study the observable vy(pr), which quantifies the relative change
of pr spectra induced by event-by-event density fluctuations in the medium cre-
ated in heavy-ion collisions. This quantity provides a direct measure of radial
flow and serves as a probe of collectivity, complementing anisotropic flow co-
efficients. Using hydrodynamic model calculations, we predict the behavior of
vo(pr) and show that the scaled quantity vy(pr)/ve exhibits very little depen-
dence on centrality and transport coefficients. We further find that the apparent
influence of transport coefficients—particularly bulk viscosity— on vy(pr) largely
originates from modifications of the event-averaged mean transverse momen-
tum, (pr). By expressing vo(pr)/vo as a function of py/{pr), the genuine sensi-
tivity of vy(pr) to transport coefficients can be isolated. Moreover, since vy(pr)
is the pr-differential measure of event-by-event [pr] fluctuations, it naturally
explains the observed pr-cut dependence of o, measured by ATLAS collabo-
ration.

1 Introduction

In non-central heavy-ion collisions, the almond-shaped overlap region of the colliding nuclei
leads to an anisotropy in the pressure gradients. This initial spatial anisotropy is transformed
into a momentum-space anisotropy of the produced particles through the collective expansion
of the medium, a phenomenon often referred to as shape-flow transmutation. The resulting
anisotropy is quantified by flow coefficients. Among them, the observation of large elliptic
flow in mid-central collisions stands out as one of the most striking manifestations of collec-
tivity in heavy-ion collisions. Conventionally, flow coeflicients are extracted from long-range
correlations in the azimuthal angle of the produced particles. However, there also exists a
long-range correlation that does not involve azimuthal angles, but rather appears in the trans-
verse momentum of the produced particles, which has been comparatively less recognized as
a signature of collectivity.

Events with same amount of deposited entropy can still exhibit different average trans-
verse sizes due to event-by-event fluctuations in the positions of nucleons. More compact
events, with smaller transverse size, lead to higher density and temperature, which in turn
drive faster expansion and produce larger mean transverse momentum per particle, [p7], than
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less compact events. This effect is termed size-flow transmutation [3]. In the hydrodynamic
picture, compact events generate larger pressure gradients in the radial direction, which in
turn result in stronger radial flow. At freeze-out, the momentum distribution of produced par-
ticles is determined by the fluid velocity distribution on the freeze-out hypersurface. Thus,
variations in radial velocity directly modify the p; spectrum. Event-by-event fluctuations in
transverse size therefore induce fluctuations in radial velocity, ultimately leading to variations
in the pr spectra. To quantify this effect, the observable, vy(pr), was introduced by Schenke,
Shen, and Teaney [2], which is defined as

vo(pr) = (n(pr)lprl) — (n(pr)Xpr)
o) = (n(pr))op,

, ey

where n(pr) denotes the fraction of particles in a given p7 bin, [pr] is the event-wise mean
transverse momentum, and {pr) and o, are the expectation value and standard deviation of
[pr], respectively. For experimental measurements, it is recommended to evaluate n(pr) and
[pr] in two rapidity windows separated by a gap in order to suppress non-flow contributions
[1]. The pr-integrated vy is directly related to o, through vy = o, /{pr). Thus, vo(pr)
provides a pr-differential measure of o, .

2 Hydrodynamic model prediction

Our first objective is to demonstrate that vy(pr) originates from temperature fluctuations. To
this end, we performed two types of hydrodynamic simulations using the MUSIC code for
Pb+Pb collisions at /syy = 5.02 TeV. In the first case, we carried out standard event-by-
event simulations at a fixed impact parameter (b) and calculated vy(pr)/vg using the definition
introduced earlier. In the second approach, we constructed a smooth Initial Condition (IC) by
averaging over multiple TRENTo events, followed by hydrodynamic evolution of this smooth
profile. The simulation with smooth IC was then repeated but with the entropy normalization
increased by 5%, resulting in a higher initial temperature. From this pair of simulations, we
extracted vo(pr)/vo = 6(;‘;;{;’; T]), which represents the ratio between the logarithmic change of
n(pr) and that of [pr] [1].

In Fig. 1 (a), we present the vy(pr)/vo of charged hadrons from both smooth and fluctu-
ating hydrodynamic simulations, which are found to be in good agreement. This indicates
that vy(pr) predominantly arises from changes in the initial temperature. However, resid-
ual effects of fluctuations lead to a small mismatch between the smooth and fluctuating IC.
The quantity vo(pr)/vy exhibits a characteristic sign change: it is negative at lower pr and
becomes positive at higher pr. This behavior reflects an anti-correlation between the pr
spectrum and [pr] in the low-py region, while a positive correlation emerges at higher py.

We present the scaled observable vg(pr)/vo, as it is largely independent of system size
and centrality at a given collision energy, similar to the scaling observed in v,(pr)/v, [4].
Furthermore, {(pr) itself depends on centrality and transport coefficients, with bulk viscosity
notably reducing (pr) for a given centrality class. To eliminate this effect, we rescale the x-
axis by (pr), which largely removes the dependence on transport coefficients and centrality.
The results obtained at b = 7 fm are consistent with those at b = 0, further supporting
the centrality independence of the scaled observable. While the effect of shear viscosity is
minimal, a residual influence of bulk viscosity remains visible in the higher pr region.

In Fig. 1(b), we show the results for vy(pr)/vo of identified particles. In this case, the x-
axis is not scaled by (pr), as our aim is to highlight the mass ordering. A clear mass ordering
is observed in the low-pr region, resembling the behavior seen in other flow coefficients,
which is widely considered as a signature of collectivity [5]. This mass ordering has also
been reported in recent ALICE measurements [6].
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Figure 1. Hydrodynamic model predictions of vy(pr)/vy for Pb+Pb collisions at +/syy = 5.02 TeV are
shown for charged particles in panel (a) and for identified particles in panel (b). In panel (a), the x-axis
is scaled by (pr). The smooth Initial Condition (IC) results are compared with those from fluctuating
IC, as well as between two different impact parameters and for different transport coeflicients. In panel
(b), results for identified hadrons are shown using smooth IC at b = 0 fm with n/s = 0.16, with the
focus on illustrating the mass hierarchy in vy(pr).

3 pr-cut dependence of o, : Comprehending through vy(pr)

The dependence of o, on the pr cut, as measured by ATLAS [7, 8], is shown in Fig. 2 and
3. In Fig. 2, the quantity ¢; = ((pr) — [pT])2> = o-?,,l, is plotted as a function of multiplicity
(N,p) for three different pr cuts. In Fig. 3, the ratio Apy/{pr), where Apr = (pr) — [pr],
is presented for 0—1% central collisions with two different pr cuts. A strong dependence on
the pr cut is clearly observed in the experimental data, and this behavior can be naturally
understood in terms of vy(pr).

Since vg(pr) is the pr-differential measure of o, it describes how the fluctuation is
distributed across pr. By integrating vy(pr) over the relevant pr range, one can reproduce the
pr cut dependence of o, observed in the ATLAS data. Following a data-driven approach,
we first take the measured o, in one pr window and then predict its value for other pr
windows using the vy(pr) obtained from hydrodynamic model calculation. The curves shown
in both figures represent our model predictions, which exhibit very good agreement with the
experimental results.

4 Summary and Outlook

The observable vy(pr) is a measure of the correlation between the pr spectra and the event-
wise mean transverse momentum, [pr]. It serves as a new probe of the collective behavior
of the quark—gluon fluid and offers a direct way to quantify the radial flow of the system. It
originates from event-by-event temperature fluctuations of the fluid. We propose the use of
the scaled quantity vo(pr)/vo as a function of pr/{pr), which is found largely independent of
centrality and transport coefficients. The vy(pr) of identified hadrons exhibits the character-
istic mass ordering, further strengthening its interpretation as a manifestation of collectivity.
Looking ahead, it would be particularly interesting to explore vo(pr) of identified hadrons at
higher py to investigate whether a meson—baryon splitting occurs, similar to that observed in
elliptic and triangular flow coefficients. Another promising direction is to measure vo(p7) in
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Figure 2. Symbols show the N, depen-
dence of ¢; = o'f,r measured by the AT-
LAS Collaboration for different py cuts
in Pb+Pb collisions at +/syy = 5.02 TeV
[7]. Using the measured ¢ in one py win-
dow as input (red), predictions for other
pr windows are obtained with hydrody-
namic model calculations of vy(pr). The
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Figure 3. The ratio Apy /(pr) is shown as
a function of AN, /{N_,) for 0-1% cen-
tral Pb+Pb collisions at +/syy = 5.02
TeV. Experimental data from the ATLAS
Collaboration [8] are compared with our
model predictions. We take the window
0.5 < pr <2 (GeV/c) as input while pre-

lines represent these model predictions. dicted for the 0.5 < pr <5 (GeV/c).

small systems, where it could provide valuable insight into the possible existence of collec-
tive dynamics. As an application, we have demonstrated that vy(pr) can successfully describe
the observed pr-cut dependence of [pr] fluctuations in experimental data.
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