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We propose the angular distribution of lepton pairs produced in ultrarelativistic heavy-ion collisions as a
probe of thermalization of the quark-gluon plasma. We focus on dileptons with invariant masses large
enough that they are produced through quark–antiquark annihilation in the early stages of the collision. The
angular distribution of the lepton in the rest frame of the pair then reflects the angular distribution of quark
momenta. At early times, the transverse pressure of the quark-gluon plasma is larger than its longitudinal
pressure as a result of the fast longitudinal expansion, which results in an oblate lepton distribution. By
contrast, direct (Drell-Yan) production by quarks and antiquarks from incoming nuclei, whose momenta are
essentially longitudinal, results in a prolate distribution. As the invariant mass increases, Drell-Yan
gradually becomes the dominant source of dilepton production, and the lepton distribution evolves from
oblate to prolate. The invariant mass at which the transition occurs is highly sensitive to the equilibration
time of the quark-gluon plasma or, equivalently, the shear viscosity over entropy ratio η=s in the early
stages of the collision.
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Introduction.—Ultrarelativistic heavy-ion collisions pro-
duce a quark-gluon plasma which gradually thermalizes as
it expands into the vacuum [1]. There is wide consensus on
the theory side [2,3] that before it approaches local thermal
equilibrium, there is a preequilibrium phase during which
the longitudinal pressure is smaller than the transverse
pressure. The mechanism generating this asymmetry is the
rapid longitudinal expansion of the fluid at early times [4].
It is well known from cosmology that isotropic expansion
generates a redshift, i.e., that particle momenta decrease
with time in the comoving rest frame of the fluid. If the
expansion is mostly longitudinal, this redshift affects
primarily the longitudinal momentum. The pressure
anisotropy is the standard quantity which characterizes
the deviation from local equilibrium [5–9], but its exper-
imental signatures have remained elusive so far [10]. We
propose to detect it by making use of the kinematic
properties of electron-positron or muon–antimuon pairs
from the collision, known as dileptons.
So far, these properties have been discussed in the

context of dilepton production by a thermalized quark-
gluon-plasma [11] or by hadronic sources [12]. (Photon
polarization has been found to be sensitive to the plasma
anisotropy [13,14], a more challenging objective than the
reconstruction from the dilepton kinematics.) For the first
time, we point out the direct and model-independent
connection between intermediate mass dilepton kinematics
and pressure anisotropy at early times, based on explicit
calculations.

Dileptons are produced throughout the collision, and the
vast majority reach the detectors without undergoing further
interactions, so that they are golden signatures of the early
history, unlike hadrons. The invariant mass M of a dilepton
gives a handle on its production time. On average, the larger
M, the earlier it is produced. The chronology is as follows.
First comes production through the annihilation of a quark
and antiquark belonging to incoming nuclei, known as the
Drell-Yan process [15], which is the dominant dilepton
source for the largest values of M, apart from narrow
resonances (e.g., bottomonium decays). Then follows
quark–antiquark annihilation in the quark-gluon plasma,
which itself starts with preequilibrium emission [16]. This
source, which is the focus of our Letter, is expected to exceed
Drell-Yan production for masses M ≲ 3–4 GeV [17],
depending on how fast the quark-gluon plasma thermalizes.
Later emission in the hadronic phase is expected to be
significant only for much lower masses, M ≲ 1.2 GeV
[18,19]. Therefore, our main focus is the intermediate mass
region 1.2 < M < 5 GeV, excluding the narrow resonances
from charmonium decays [20].
Isolating these dileptons experimentally is very chal-

lenging. The measured leptons include the primary leptons
of interest, and also secondary products of various proc-
esses (hadronic decays, and photon conversions in the case
of electrons). Uncorrelated lepton pairs result in a combi-
natorial background, whose relative magnitude increases
with the system size and is therefore large in heavy-ion
collisions. This uncorrelated background is typically
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subtracted by mixing leptons from different events. For
dileptons in the intermediate mass range, which constitute
the focus of our Letter, there is in addition a correlated
background from weak decays of charmed hadrons, which
always come from charm-anticharm pairs. At LHC ener-
gies, this background is large enough [21,22] that it has
prevented the observation of dilepton emission from the
plasma so far. In principle, however, it can be isolated by
measuring the slight displacement, by a fraction of a
millimeter (or in the millimeter range at forward rapidity,
thanks to the Lorentz boost), of the vertex of the weak
decay relative to the primary vertex of the collision [22].
The upgrades of ALICE (largely motivated by this meas-
urement) and LHCb, which took high-luminosity heavy-
ion data for the first time in 2023, provide improved
detector performances that should allow first yield mea-
surements. Further improvements are expected along with
the detector projects LHCb Upgrade 2 [23] and ALICE 3
[24], and a sufficient rejection of the charm background
should be within reach in a decade.
The kinematics of lepton pair production can be used to

probe the anisotropy of the quark momentum distribution,
which itself reflects the pressure anisotropy in the quark-
gluon plasma [25]. The leading-order process is qq̄ → lþl−,
where l− and lþ denote the lepton and its antiparticle. In the
center-of-mass frame, if one neglects the lepton mass
(which is an excellent approximation for both muons and
electrons in the considered invariant mass range), the
distribution of leptons per solid angle is proportional to
1þ cos2 θ, where θ denotes the angle between quark and
lepton momenta. (This is due to the fact that the interaction
is mediated by a spin-1 particle, hence the term of
“polarization” traditionally used to characterize this effect
[26], even though it refers to the unpolarized cross section.)
Therefore, emission parallel to the quark is more probable
by a factor of 2 than perpendicular to the quark. The Drell-
Yan process, where quarkmomenta are mostly longitudinal,
will therefore result in preferential emission of longitudinal
leptons, while preequilibrium emission in the quark-gluon
plasma, where quark momenta are mostly transverse in
the rest frame of the fluid, will result in preferential
emission of transverse leptons. This is illustrated schemati-
cally in Fig. 1.
The natural observable to quantify this effect is the

distribution of the angle between the positive lepton and the
z axis in the rest frame of the dilepton. This axis
corresponds to the beam direction (In general, the two
colliding beams are not exactly collinear, and the “beam
direction” is defined as the bisector between the two
beams.). The defined angle is referred to as the polar angle
of the Collins-Soper reference frame [27], which we denote
by θ. Neglecting the lepton masses, the cosine of this angle
is computed from the momenta p3 and p4 and energies
E3 ¼ p3 and E4 ¼ p4 of lþ and l− in the laboratory frame
using the standard formula:

cos θ ¼ pz
4

jp4j
����
CS frame

¼ 2ðE3p
z
4 − E4p

z
3Þ

M
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ p2

T

p ; ð1Þ

where pT in the denominator denotes the transverse
momentum of the dilepton, pT ≡ jpT3 þ pT4j. This
angular distribution has been measured in fixed-target
158A GeV In-In collisions by NA60 [28] demonstrating
the principle measurement feasibility. At these collision
energies, the space-time picture used here is, however, not
applicable.
We first evaluate the distribution of cos θ for dileptons

emitted by the quark-gluon plasma, including the preequi-
librium stage. This calculation is done along the lines of our
previous works [17,29]. We then carry out a similar
calculation for the Drell-Yan process. We finally present
our results for the sum of these two contributions, and show
how it evolves as a function of the invariant mass M.
Dilepton emission by the quark-gluon plasma.—We

calculate the production rate of dileptons to leading order
in perturbation theory, that is, the rate of quark–antiquark
annihilation, without any additional gluon in the initial or
final stage. We denote by fqðp1; xÞ and fq̄ðp2; xÞ the phase-
space distributions of quarks and antiquarks, where p1 and
p2 are their momenta, and x denotes the space-time
coordinate where annihilation occurs. The production rate
of a lepton pair with momenta p3 and p4 is obtained by
summing the cross section over p1 and p2:

dN
d4xd3p3d3p4

¼ e4

M4

P
q2f

ð2πÞ3ð2p3Þð2πÞ3ð2p4Þ

×
Z

d3p1

ð2πÞ3ð2p1Þ
d3p2

ð2πÞ3ð2p2Þ
fqðp1Þfq̄ðp2Þ

× lμνΠμνð2πÞ4δð4Þðp1þp2−p3−p4Þ; ð2Þ

FIG. 1. Illustration of the typical kinematic configuration of
leading-order dilepton production from the Drell-Yan process
(left) and from the quark-gluon plasma in the preequilibrium
stage (right). The dotted arrow represents the longitudinal z axis,
parallel to the beam line. The polar angle in the Collins-Soper
frame is labeled θ.

PHYSICAL REVIEW LETTERS 132, 232301 (2024)

232301-2



where the squared matrix element lμνΠμν is given by [30]:

lμνΠμν ¼ 32Nc½ðp1:p3Þðp2:p4Þ þ ðp1:p4Þðp2:p3Þ�: ð3Þ

In the rest frame of the dilepton, where p2 ¼ −p1 and
p4 ¼ −p3, Eq. (3) yields the usual 1þ cos2 θ distribution,
where θ is the angle between p4 and p2.
The next step is to model the phase-space distributions

fq;q̄ðp; xÞ of quarks and antiquarks. The calculation closely
follows the steps of our previous works [17,29], and we
only recall the main points, referring to these earlier works
for technical details.
We first discuss the momentum dependence. In thermal

equilibrium, the phase-space distribution would be a Fermi-
Dirac distribution at temperature TðxÞ in the local rest
frame. In order to describe the preequilibrium stage,
two modifications must be brought to this equilibrium
distribution.
The first modification is the momentum anisotropy,

which implies that the quark distributions favor large
transverse momenta over longitudinal momenta. We encap-
sulate this property by making the following replacement in
the expression for the quark–antiquark distributions:
jpj →

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
t þ ξ2p2

z

p
, where ξ > 1 is an anisotropy param-

eter [31,32]. Our main goal in this Letter is to see this
momentum anisotropy through the produced leptons.
The second modification that one must include is the

underpopulation of quarks with respect to the equilibrium
value. Indeed, the initial state of heavy-ion collisions is
mainly comprised of gluons, which dominate the phase
space [33]. The production of quarks and the approach
towards chemical equilibrium only develops incrementally
through partonic interactions [34,35]. This effect is taken
into account by multiplying the momentum distributions by
a global “quark suppression” factor qs, which is smaller
than unity.
We now explain how the space-time dependence is

modeled. We assume for simplicity that the quark-gluon
plasma undergoes uniform longitudinal expansion [4]. We
neglect transverse flow, which develops linearly as a
function of time [36], and is therefore negligible at the
early times which we consider. This is likely to be a poor
approximation for the lowest invariant masses considered
in this Letter, but the effect of transverse flow on dilepton
polarization for these low masses has already been studied
elsewhere [26]. In addition, we assume that the transverse
density is uniform. We have shown previously that taking
into account the inhomogeneity of the density profile
amounts to a modest overall rescaling [29]. Thanks to
these simplifications, the integral of the production rate
over space-time coordinates reduces to an integral over
time [29].
Both the anisotropy parameter ξ and the quark suppres-

sion factor qs are computed as functions of time using QCD
kinetic theory [37–39]. Even though this is, strictly

speaking, a weak-coupling approach, it has been well
established over the course of the last few years that the
physics of isotropization is similar in the strong-coupling
limit, the only difference being the time scale of the
isotropization process [37]. The control parameter which
determines this time scale is the ratio of the shear viscosity
over entropy of the quark-gluon plasma, η=s [40–42],
which is assumed to be constant in our calculation, of
which it is the only free parameter.
QCD kinetic theory provides the evolution of pressure

anisotropy and of the fraction of energy density carried by
quarks as a function of time. Our calculation is initialized at
τ ¼ 0.01 fm=c and ends at τ ¼ 20 fm=c, a time range large
enough that it encompasses essentially all dilepton pro-
duction. The default initial conditions of our calculation are
ξ ≫ 1 and qs ¼ 0, that is, the momenta in the initial state
are purely transverse, and there are only gluons in the initial
state. We neglect the quarks which are present initially from
the incoming nuclei. In this respect, our calculation under-
estimates dilepton production in the quark-gluon plasma. In
order to assess the effect of quark suppression, we will also
show results in the other extreme where quarks are in
chemical equilibrium at all times, that is, qs ¼ 1.
Dimensional analysis shows that the pressure anisotropy

ξ and the quark suppression factor qs solely depends on the
dimensionless variable w̃ ¼ τT=ð4πη=sÞ [43], where τ is
the time in the rest frame of the fluid, and T the temperature
at time τ, defined from the energy density. This variable w̃
physically represents the ratio between the time τ and the
equilibration time, which itself depends on τ through the
temperature T. The pressure becomes isotropic in the limit
w̃ ≫ 1, and is strongly anisotropic if w̃ ≪ 1. Thus, the
larger η=s, the slower the quark distribution approaches
isotropy and chemical equilibrium [38]. We match the
anisotropy parameter ξ and the quark suppression factor qs
to the results from QCD kinetic theory, and fix the late-time
entropy density using the multiplicity measured by the
ALICE collaboration in Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV [44].
Results for the distribution of cos θ, defined by Eq. (1),

are displayed in Fig. 2 for two ranges of invariant mass M,
and two values of the parameter η=s, at midrapidity for
0–5% central Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. This
distribution would be uniform if the distribution was
isotropic. Instead, it is maximum for leptons emitted
perpendicularly to the collision axis, corresponding to
cos θ ¼ 0. This is the expected consequence of the
anisotropy of the quark momentum distribution, which is
itself largest for purely transverse momenta. This maximum
is more pronounced for the larger value of M: For
η=s ¼ 0.16, the variation of the distribution as a function
of cos θ is ∼16% for the lower mass range 2.5 < M <
3 GeV=c2 (left), and ∼30% for the higher mass range
4.5 < M < 5 GeV=c2. This is because higher masses are
on average produced at earlier times, where the momentum
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anisotropy is larger. When the viscosity over entropy ratio
η=s increases, the number of produced dileptons decreases,
due to the larger quark suppression [17]. The anisotropy
also becomes more pronounced, because approach to
equilibrium is slower. Simple scaling arguments show that
preequilibrium effects scale with η=s and M like ðη=sÞM2

[29,45]. Our calculation confirms this scaling.
Drell-Yan dileptons.—At large invariant masses, dilepton

production in hadron-hadron and nucleus-nucleus collisions
at the LHC is dominated by the Drell-Yan process. The
leading-order production process is the same as for pro-
duction in the quark-gluon plasma, namely, quark-antiquark
annihilation. Therefore, the Drell-Yan process is usually
considered as an experimentally irreducible background
when studying production by a quark-gluon plasma.Wewill
show that the angular distribution of leptons offers the
possibility to disentangle the two processes.
Drell-Yan production has been studied for several

decades. The theory is much more advanced than that of
production in the quark-gluon plasma. The process is
calculated in perturbative QCD using collinear factoriza-
tion. The advantage over quark-gluon plasma production is
that next-to-leading (NLO) calculations are available,
which we use here.
In addition to the leading-order quark-anti-quark anni-

hilation qq̄ → V → lþl−, NLO processes include virtual
corrections (qq̄ → Vg), as well as Compton scattering
(qg → Vq). These calculations are performed using the
DrellYan Turbo software [46], with nuclear parton distri-
butions (nPDFs) from EPPS [47].
For invariant masses M ≤ 10 GeV, the perturbative

calculation exhibits increasingly large uncertainties.
These uncertainties mainly stem from the variation of
the renormalization and factorization scales introduced in
the collinear factorization approach. In this framework, the
uncertainties are small at the Z pole, but grow rapidly going
towards the intermediate and low mass regions, as was

shown in our previous publications, where the renormal-
ization and factorization scales were varied by a factor of
2 [17]. For illustration purposes, these variations will not be
considered in the following, and both scales are set equal to
the dilepton mass. This does not alter the qualitative
message of the present study.
Results for the cos θ distribution of Drell-Yan dileptons

are shown in Fig. 2. As expected, the angular distribution is
opposite to that of quark-gluon plasma production, with a
peak at cos θ ¼ �1 instead of cos θ ¼ 0. Note that the
dependence on cos θ is weaker than the simple 1þ cos2 θ
expected from the leading-order Drell-Yan process. This is
the effect of NLO corrections, and of quark momenta not
being purely longitudinal. In the lower mass interval (left),
production in the quark-gluon plasma dominates over
Drell-Yan [17]. In the higher mass interval (right) it can
be of similar magnitude or smaller, depending on the value
of η=s.
Total dilepton emission.—We finally sum the contribu-

tions of quark-gluon plasma production and Drell-Yan, and
study the dependence of the sum on cos θ. We choose as a
measure of the angular asymmetry the average value of
ð3 cos2 θ − 1Þ=2, which corresponds to the quadrupole
moment, and vanishes for an isotropic distribution:

�
3cos2θ − 1

2

�
≡

R
1
−1 d cos θ

1
2
ð3cos2θ − 1Þ dN

d cos θR
1
−1 d cos θ

dN
d cos θ

: ð4Þ

Positive values of the quadrupole moment correspond to a
prolate distribution and negative values to an oblate
distribution. The extreme values are 1, corresponding to
all leptons emitted along the z axis, and − 1

2
, corresponding

to all leptons emitted in the transverse plane. Note that if
dN=d cos θ ∝ 1þ cos2 θ, which is the maximal angular
dependence that one would expect from quark–antiquark
annihilation, the quadrupole moment defined by Eq. (4) is
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FIG. 2. Distribution of cos θ, defined by Eq. (1), for quark-gluon plasma production with two values of the shear viscosity over entropy
ratio η=s, and Drell-Yan production calculated at NLO, (left) in the 2.5 < M < 3 GeV=c2 invariant mass bin and (right) in the
4.5 < M < 5 GeV=c2.
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only ð1=10Þ. If the same distribution is rotated by an angle
π=2, corresponding to emission by purely transverse
quarks, the quadrupole moment is −ð1=20Þ. One therefore
expects the quadrupole moment to lie between −0.05 and
0.1, that is, in a range ten times smaller than the math-
ematically allowed interval between −0.5 and 1.
Figure 3 displays the variation of the quadrupole moment

with the invariant mass M for both processes individually,
as well as for the sum. For quark-gluon plasma production,
the quadrupole moment is negative as expected, corre-
sponding to an oblate distribution. It goes to zero for small
values of M, which are produced at late times when the
pressure is isotropic. (Note, however, that our calculation,
which neglects transverse flow, is not reliable for small M
[26], typically below 2 GeV.) As M increases, it rapidly
approaches the lower bound −0.05. The variation with η=s
scales with ðη=sÞM2, as expected by dimensional analysis
[29]. If quarks are in chemical equilibrium (Fig. 3 right), the
asymptotic limit −0.05 is approached somewhat faster.
For Drell-Yan production, the quadrupole moment is

positive, corresponding to a prolate distribution, and varies
weakly with M. Note that it is smaller by a factor ∼2 than
the upper bound ð1=10Þ.
If one sums the contributions of quark-gluon plasma

production and Drell-Yan before evaluating the asymmetry,
one finds that the asymmetry is negative for the lower values
ofM, whereDrell-Yan is negligible, and becomes positive for
larger values ofM, where Drell-Yan dominates. The value of
M for which the transition occurs depends on η=s. The
smaller η=s, the more copiously the quark-gluon plasma
produces lepton pairs, and negative asymmetries are observed
up to M ∼ 4 GeV. If quarks are in chemical equilibrum
(Fig. 3 right), dilepton production in the quark-gluon plasma
dominates over Drell-Yan production up to M ∼ 7–8 GeV
[17], so that the asymmetry remains negative.
In summary, we have introduced a new observable, the

quadrupole moment of the angular distribution of leptons,

which is negative for dileptons produced in the quark-gluon
plasma, and positive for Drell-Yan dileptons. Measurement
of this observable in future LHC experiments will provide
the first experimental proof that the pressure tensor of the
quark-gluon plasma is oblate at early times, and provide a
first direct experimental constraint on the isotropization
time of the quark-gluon plasma.
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