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Abstract

The production of dileptons with an invariant mass in the range 1 GeV < M < 5 GeV provides unique insight into the
approach to thermal equilibrium in ultrarelativistic nucleus-nucleus collisions. In this mass range, they are produced
through the annihilation of quark-antiquark pairs in the early stages of the collision. They are sensitive to the anisotropy
of the quark momentum distribution, and also to the quark abundance, which is expected to be underpopulated relative
to thermal equilibrium. We take into account both effects based on recent theoretical developments in QCD kinetic
theory, and study how the dilepton mass spectrum depends on the shear viscosity to entropy ratio that controls the
equilibration time. We evaluate the background from the Drell-Yan process and argue that future detector developments
can suppress the additional background from semileptonic decays of heavy flavors.

1. Introduction

Ultrarelativistic nucleus-nucleus collisions at the Large
Hadron Collider (LHC) produce a rapidly-expanding
plasma of quarks and gluons. By now there is ample
experimental evidence that this plasma reaches a state
sufficiently close to thermal equilibrium to be described
by relativistic viscous hydrodynamics [1, 2, 3] and re-
cent developments in QCD kinetic theory provide a solid
theoretical basis for understanding how thermalization is
achieved [4, 5]. However, experimental signatures of the
thermalization process itself have remained elusive so far.
Evidence for thermal equilibration largely relies on anal-
yses involving hadrons, which are emitted at the end of
the expansion. They reflect the thermodynamic prop-
erties of the quark-gluon plasma at a temperature T ∼
220 MeV [6], long after thermalization has been achieved.
Global Bayesian analyses [7] confirm that the constraining
power of hadronic observables degrades at temperatures
above 250 MeV, even though significantly higher tempera-
tures should be reached during the early stages of the col-
lision. We show that dileptons in the invariant mass range
1 GeV < M < 5 GeV, which are produced early on, pro-
vide a window to study these higher temperatures and the
onset of thermalization [8], in particular the equilibration
of quark abundances. We argue that their measurement is
within reach in the next decade.

Unlike hadronic observables, electromagnetic observ-
ables (photons and dileptons) carry information about the
different stages of the evolution. Photons and dileptons
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are created by fluctuations of electromagnetic currents in
the plasma throughout the collision process. Since they do
not interact through the strong interaction, they traverse
the plasma and typically reach the detector unscathed. In
comparison to photons, dileptons (either e+e− or µ+µ−

pairs) are more versatile probes because they carry an ad-
ditional degree of freedom, the invariant mass M of the
pair. Different mass ranges can be used as a selection
parameter to separate production times and thus probe
different stages of the system [9].

We focus on dilepton production with M > 1 GeV, sig-
nificantly larger than the highest temperature achieved in
a central Pb+Pb collision at the LHC, which typically does
not exceed 400 MeV [10]. In this regime where M � T ,
the thermal production rate is exponentially suppressed
by a Boltzmann factor exp(−M/T ), so that the dominant
contributions come from the highest temperatures/energy
densities reached in the collision. Beyond temperatures
∼ 155 MeV, the thermodynamic state of QCD matter
is a deconfined quark-gluon plasma, in which dileptons
are produced through quark-antiquark annihilation. Since
the highest temperatures/energy densities are achieved at
early times, one expects a sizable contribution to dilepton
production before thermalization is achieved. It is there-
fore essential to model the pre-equilibrium dynamics.

With regards to describing the production of electro-
magnetic probes during the pre-equilibrium stage, two im-
portant effects must be taken into account. First of all, the
initial stage is expected to be highly gluon dominated [11],
and it takes time for quarks and antiquarks to be pro-
duced and reach thermal abundances [12, 13, 14, 15]. Sec-
ondly, due to the rapid longitudinal expansion, the mo-
mentum distribution of quarks is strongly anisotropic at
early times [8], with the typical transverse momenta larger
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than longitudinal momenta. This has a direct effect on
dilepton production, since the dominant kinematics in the
limit M � T is a head-on collision between a quark and
an antiquark of opposite momenta, each carrying a mo-
mentum ∼ M/2. Dilepton production probes the tail of
the quark momentum distribution, and is highly sensitive
to its anisotropy.

One of the main interests of the hydrodynamic modeliza-
tion is that it is robust and universal, in the sense that the
medium properties enter through a small number of pa-
rameters (equation of state, transport coefficients) [16, 17].
A major theoretical advance in recent years is the recogni-
tion that there is universality also in the pre-equilibrium
dynamics. The breakthrough was the observation that
different initializations of the non-equilibrium dynamics
quickly converge to the same attractor solution [18]. This
attractor behaviour, which was discovered in the context
of strong-coupling calculations, was then also identified
in the weak-coupling limit (kinetic theory), first in the
relaxation-time approximation [19, 20, 21] and finally in
QCD kinetic theory [22, 23]. Furthermore, these different
modelizations lead to very similar attractors [24], which
paves the way to a robust modeling of the pre-equilibrium
dynamics, where the information about the thermalization
is encoded into a single parameter, typically the viscosity
over entropy ratio η/s.

We model dilepton production in the intermediate mass
range by exploiting these new developments. We use a sim-

plified hydrodynamic modelization, in which the density
is assumed to be uniformly distributed in the transverse
plane. But we implement a state-of-the-art treatment of
pre-equilibrium effects [14, 15] (Sec. 3), which is essential
since, as written above, dileptons probe the tail of the
quark distribution. Our results are presented in Sec. 4,
where we emphasize the dependence on the viscosity over
entropy ratio, and the effect of the quark suppression in the
pre-equilibrium stage. Finally, in Sec. 5, we discuss other
sources of dilepton production in this invariant mass range,
which are backgrounds for the pre-equilibrium and thermal
dileptons. Specifically, we estimate the direct production
from the Drell-Yan process, and comment on the separa-
tion from weak decays of charmed hadrons. We do not
discuss the background from charmonium decays, which is
of interest in its own [25, 26] and results in well-identified
peaks in the mass spectrum.

2. Dilepton production in a non-equilibrium QGP

Dileptons are produced through quark-antiquark
annihilation in the plasma. We denote by p1 and p2

the momenta of the incoming quark and antiquark,
and by P1 and P2 their 4-momenta. We neglect quark
masses, so that Pi = (pi,pi). The 4-momentum of
the dilepton is K = P1 + P2, and its invariant mass is
M =

√
KµKµ. The production rate is given by [8, 27]

dN l+l−

d4xd4K
=

∫
d3p1

(2π)3

d3p2

(2π)3
4Nc

∑
f

fq(x,p1)fq̄(x,p2)vqq̄σ
l+l−

qq̄ δ(4)(K − P1 − P2), (1)

where fq,q̄ is the phase-space distribution of quarks and
antiquarks,

vqq̄ =
pµ1p2,µ

p0
1p

0
2

=
M2

2p1p2
(2)

is the relative velocity between the quark and the anti-
quark, and

σl
+l−

qq̄ =
4π

3

q2
fα

2

M2
(3)

is the unpolarized annihilation cross section (we assume
throughout this paper that the lepton mass is much smaller
than M), where qf is the electric charge of the quark
(flavours are assumed to be f = u, d, s in the following) and
α the fine-structure constant. The factor 4Nc in Eq. (1) ac-
counts for the summation over spin and colour. The condi-
tion of energy-momentum conservation, represented by the
Dirac constraint in Eq. (1), fixes the value of p2 = k−p1,
and the angle between p1 and k. It is therefore natural
to represent p1 in a spherical coordinate system where the
zenith direction is that of k. We denote by θp the polar
angle (angle between p1 and k), and by ϕ the azimuthal
angle of p1, measured with respect to the plane containing
k and the collision axis z. Integrating Eq. (1) over p2 and

θp, one obtains:

dN l+l−

d4xd4K
=

Ncα
2

24π5k

∫ k0+k
2

k0−k
2

dp1

∫ π

−π
dϕ
∑
f

q2
ffq(x,p1)fq̄(x,p2),

(4)
where cos θp = (k2 − k2

0 + 2k0p1)/(2kp1) and p2 = k−p1.
In thermal equilibrium, the phase-space distributions fq

and fq̄ are independent of the directions of the momenta,
so that the integrand is independent of ϕ. Using the Fermi-
Dirac distribution f(p) = 1/(ep/T +1) for fq and fq̄, where
T is the temperature of the plasma, the remaining integral
over p1 can be carried out analytically [28], and one ob-
tains:

dN l+l−

d4xd4K
=
Ncα

2

12π4

∑
f

q2
f

F (k)

exp(k0/T )− 1
, (5)

where

F (k) ≡ 2T

k
ln

cosh
(
k0+k

4T

)
cosh

(
k0−k

4T

)
 (6)

is a correction factor that reduces to unity in the limit
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where k0 � T and k0 � k. In this limit, the pro-
duction rate (5) is proportional to the Boltzmann factor
exp(−k0/T ) associated with the energy of the dilepton
pair.

In this paper, we model the pre-equilibrium dynamics
where the phase-space distributions are not isotropic, due
to the rapid longitudinal cooling. We model the depar-
ture from thermal equilibrium by assuming that the phase-
space distributions are functions of the variable p2

t + ξ2p2
z,

where pt is the transverse momentum, pz the longitudinal
momentum, and ξ > 1 is the anisotropy parameter [8],
whose value will be specified in Sec. 3. Then, the inte-
gral over ϕ in Eq. (4) is nontrivial, since the longitudinal
component of the momentum depends on ϕ:

p1,z = p1 (cos θp cos θk + sin θp sin θk cosϕ) , (7)

where θk denotes the angle between k and the z-axis.
The remaining components needed for the integration are
defined by p2,z = kz − p1,z, p1,t =

√
p2

1 − p2
1,z, p2,t =√

p2
2 − p2

2,z. The integrals over ϕ and p1 in Eq. (4) are
then evaluated numerically.

Integrating over the momentum k of the dilepton, one
obtains the energy spectrum, and then the mass spectrum
through the change of variables M2 = (k0)2 − k2:

dN l+l−

d4xdM
=

∫ ∞
−∞

dkz

∫ ∞
0

2πktdkt
M√

k2 +M2

dN l+l−

d4xd4K
. (8)

In thermal equilibrium, isotropy implies that the produc-
tion rate is independent of the direction of k. However,
when pre-equilibrium dynamics is taken into account, one
must integrate separately over the longitudinal and trans-
verse momenta kz and kt.

3. Modeling the space-time evolution of the
Quark-Gluon Plasma (QGP)

Dilepton pairs are produced throughout the evolution
of the plasma, and the dilepton rate in Eq. (8) must be
integrated over the space-time history of the system to
obtain the yield. Since we are interested in the produc-
tion of intermediate mass dileptons, which are predom-
inantly produced at early times, we neglect the trans-
verse expansion of the plasma. We only take into ac-
count the longitudinal expansion, which we assume to be
boost invariant [29]. Boost invariance implies that the
dilepton yield per unit rapidity of the dilepton equals
the yield per unit rapidity of the fluid. We further sim-
plify the description by treating the system as homoge-
neous in the transverse plane, with an area A =

∫
d2x

which we take as A = 110, 105, 80, 61, 46 fm2 for the
0−5, 0−10, 10−20, 20−30, 30−40% most central Pb-Pb
collisions [6].1 The only remaining non-trivial integration

1The error resulting from these two simplifications, neglecting the
transverse expansion and transverse inhomogeneity, will be estimated
at the end of Sec. 4.

is that on the proper time τ =
√
t2 − z2, and the yield per

unit invariant mass and rapidity y is given by:2

dN l+l−

dMdy
= A

∫ ∞
0

τdτ
dN l+l−

d4xdM
. (9)

We now explain how the dependence on proper time is
modeled. At late times (but still early enough that the
transverse expansion can be safely neglected), the plasma
is locally in thermal equilibrium. The production of in-
termediate mass dileptons mostly takes place at high tem-
peratures, where the equation of state of QCD is approx-
imately conformal. We therefore assume that the energy
density e and the entropy density s are related to the tem-
perature T through:

e(T ) =
π2

30
νeffT

4

s(T ) =
4π2

90
νeffT

3, (10)

where νeff ≈ 32 denotes the effective number of (bosonic)
degrees of freedom at temperatures in the range 250-
300 MeV [30, 31] The evolution of these thermodynamic
quantities as a function of the proper time τ is determined
by the conservation of entropy. The entropy per unit ra-
pidity dS/dy = Aτs(T ) is constant, hence τT 3 is a con-
stant. Its value can be inferred from the measurement of
the charged particle multiplicity density dNch/dη, using
dS/dy ' (S/Nch) dNch/dη with S/Nch = 6.7 [10]. One
thus obtains:

τT 3 = 8.24 fm−2

(
A

110fm2

)−1(
dNch/dη

1900

)
. (11)

This equation, together with Eq. (10), defines the evolu-
tion of the energy density e(τ) at late times.

At early times, the plasma is subject to a rapid longi-
tudinal expansion and thus unable to sustain a sizeable
longitudinal pressure, so that thermal equilibrium is lost.
Throughout this pre-equilibrium evolution, one can still
define an effective temperature Teff from the energy den-
sity [32], by inverting Eq. (10):

Teff(τ) ≡
(

30

π2νeff
e(τ)

)1/4

. (12)

Despite the loss of thermal equilibrium, different micro-
scopic simulations have shown that the evolution of the
energy density and of the longitudinal pressure are fairly
universal when expressed as a function of the dimension-
less scaling variable [19, 24]

w̃ =
τTeff(τ)

4πη/s
. (13)

2Note that the integral over kz in Eq. (8) is an integral over the
rapidity of the dilepton relative to the fluid. Therefore, for a given
value of the rapidity y of the dilepton, a range of fluid rapidities
contributes to the production.

3
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Figure 1: Energy attractor E(w̃) (blue) and the longitudinal pressure
attractor P(w̃) (red), defined by Eqs. (14) and (15), as a function
of w̃ calculated in weak coupling regime with QCD kinetics [15, 14].
Dashed lines correspond to the asymptotic behavior in (first order)
viscous relativistic hydrodynamics.

Physically, w̃ can be understood as the ratio of the proper
time τ to the thermalization time, which itself depends on
τ . Thermal equilibrium is recovered in the limit w̃ � 1,
while the limit w̃ � 1 correspond to free streaming par-
ticles. In Eq. (13), η/s denotes the shear viscosity over
entropy ratio, which is assumed constant for simplicity.
Its magnitude determines the time it takes for the system
to equilibrate. It is the only free parameter in our calcula-
tion. Note that the value of η/s has often been discussed
in the context of anisotropic flow [33]. Anisotropic flow de-
velops at later times, and lower temperatures than those
relevant for dilepton production. Therefore, the relevant
value of η/s for dilepton production is likely to be different,
typically higher, than for anisotropic flow [34].

One can then show [24] that the evolution of the energy
density as a function of time is of the form

e(τ) = K
E(w̃)

τ4/3
, (14)

where E(w̃) is an “energy attractor” [24], which charac-
terizes the deviation from thermal equilibrium, and K =
(π2/30)νeff(τT 3)4/3 is a constant determined by matching
the equilibrium value of Eq. (14) in the limit w̃ →∞ where
E(w̃)→ 1 to Eqns. (10,11).

The longitudinal pressure over energy density ratio also
solely depends on the scaling variable w̃.

pL(τ)

e(τ)
= P(w̃). (15)

The values of the energy and pressure attractors E(w̃) and
P(w̃) obtained from QCD kinetic theory simulations are
displayed in Fig. 1. For w̃ & 1, their evolution is well
described by viscous hydrodynamics. In Sec. 4, we will

therefore use the value of w̃ as a criterion to distinguish
between pre-equilibrium dilepton production (w̃ < 1), and
dilepton production from the hydrodynamic phase (w̃ >
1).

While the scaling functions P(w̃) and E(w̃) describe
the macroscopic evolution of the plasma during the pre-
equilibrium phase, the dilepton production rate in Eq. (4)
requires information about the microscopic phase-space
distribution of quarks and anti-quarks. While in princi-
ple these could be computed within a QCD kinetic de-
scription, it is significantly more transparent to employ
an explicit parameterization which takes into account the
momentum space anisotropy as well as the suppression of
quarks/anti-quarks during the pre-equilibrium stage. De-
noting the Bose-Einstein and Fermi-Dirac distribution as
fBE/FD(x) = 1/(ex ∓ 1), we will employ the following
parametrization of the out-of-equilibrium distribution

fg(τ, pt, pz) = fBE

(√
p2
t + ξ2(τ)p2

z

Λ(τ)

)
(16)

fq/q̄(τ, pt, pz) = q(τ)fFD

(√
p2
t + ξ2(τ)p2

z

Λ(τ)

)
(17)

where the anisotropy parameter ξ(τ) ≥ 1 characterizes
the momentum space anisotropy, 0 ≤ q(τ) ≤ 1 accounts
for the suppression of quark/anti-quarks and Λ(τ) denotes
an effective transverse temperature.

We then evaluate ξ(τ), Λ(τ) and q(τ) by requiring that
the energy density and longitudinal pressure obtained us-
ing the ansatz in Eq. (16) match those of the kinetic theory
calculation. Explicit integration gives the following results
for the contributions of quarks and gluons to the energy
density and longitudinal pressure:

e(q)(τ) = q(τ)e(q)
eq (Λ(τ)) C(ξ(τ)) , (18)

e(g)(τ) = e(g)
eq (Λ(τ)) C(ξ(τ)) , (19)

p
(q)
L (τ) = q(τ)e(q)

eq (Λ(τ)) S(ξ(τ)) (20)

p
(g)
L (τ) = e(g)

eq (Λ(τ)) S(ξ(τ)), (21)

where

C(ξ) =
1

2

[
1

ξ2
+

arctan
√
ξ2 − 1√

ξ2 − 1

]
(22)

S(ξ) =
1

2

[
1

ξ2 − ξ4
+

arctan
√
ξ2 − 1

(ξ2 − 1)3/2

]
(23)

and e(q)
eq (T ) = 7π2

240 νqT
4 and e(g)

eq (T ) = π2

30 νgT
4 correspond

to the equilibrium energy densities of quarks and gluons.
The longitudinal pressure over energy ratio (15) solely

depends on the anisotropy parameter ξ:

P(w̃) =
p

(q)
L (τ) + p

(g)
L (τ)

e(q)(τ) + e(g)(τ)
=
S(ξ)

C(ξ)
. (24)

One obtains ξ as a function of w̃ by inverting this equation.
The quark suppression factor q(τ) is determined from the

4
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Figure 2: (Top) Anisotropy parameters ξ as a function of w̃, (Middle)
Λ/Teff as a function of w̃, (Bottom) quark suppression factor as a
function of w̃.

relative contributions of quarks and gluons to the overall
energy density, whose dependence on w̃ is given by the
QCD kinetic theory calculation (top panel of Fig. 31 of
Ref. [15]):

q(τ) =
eeq
g

eeq
q

eq
eg

(w̃). (25)

Finally, the effective transverse temperature Λ(τ) is ob-
tained by expressing the energy density e(τ) = e(q)(τ) +
e(g)(τ) as a function of Λ(τ), using Eqs. (18), and then as
a function of Teff(τ) using e(T ) = (π2/30)

(
7
8νq + νg

)
T 4

eff :
3

Λ(τ)

Teff(τ)
=

(
7
8νq + νg[

7
8νqq(w̃) + νg

]
C(ξ(w̃)

)1/4

. (26)

Fig. 2 displays the variation of ξ, q, and Λ/Teff , defined
by Eqs. (24), (25) and (26), as a function of the scaling
variable w̃. The proper time is then related to w̃ using
Eqs. (12), (13) and (14).

3Note that this equation is not consistent with Eq. (12). This in-
consistency is due to the fact that we need to reconcile the perturba-
tive description of non-equilibrium effects with the non-perturbative
thermodynamics of the QGP. We choose to evaluate the temperature
Teff using the accurate information from lattice QCD, and the ratio
Λ/Teff from the perturbative calculation.

4. Simulation results

In this Section, we evaluate the dilepton yield Eq. (9)
in Pb+Pb collisions at

√
sNN = 5.02 TeV, and at rapidity

y = 2, corresponding to the acceptance of the LHCb ex-
periment. The corresponding charged-particle multiplicity
in the 0-5% centrality bin is dNch/dη ≈ 1900 [35]. Eq. (11)
then gives τT 3 ≈ 8.24 fm−2 in the hydrodynamic regime.
Fig. 3 displays the variation of the dilepton yield for this
centrality range as a function of invariant mass, for two
values of the early-time shear viscosity η/s, turning on or
off quark suppression. One observes a significant depen-
dence of the dilepton yield on both parameters, which we
now explain.

Since the system is approximately described by viscous
hydrodynamics for w̃ > 1, we define τhydro by w̃(τhydro) =
1. Note that w̃ = 1 does not imply that the pressure is
isotropic: Fig. 1 shows that that PL/e (w̃ = 1) ≈ 0.2,
smaller than the value 1

3 corresponding to isotropy. The
system is still slightly out-of-equilibrium at τhydro, yet it
is correctly modeled by viscous hydrodynamics. For cen-
tral Pb+Pb collisions, assuming a viscosity η/s = 0.16,
we obtain τhydro ≈ 1 fm/c, which scales with viscosity
like (η/s)3/2 [14]. This variation of τhydro explains qual-
itatively the dependence of the dilepton yield on η/s. If
we lower the viscosity, the system approaches the hydro-
dynamic regime faster. Now, it is in this regime that
the decrease of the energy density is fastest. For fixed
charged-particle multiplicity dNch/dη, lower viscosity thus
implies higher initial energy density, and higher tempera-
ture throughout the out-of-equilibrium evolution. Higher
temperature in turn implies larger dilepton yields. Note
that a non-monotonic evolution of the dilepton yield on
viscosity was observed in the three-dimensional hydrody-
namic calculation of Ref. [36]. This phenomenon does not
occur in our calculation, where the transverse expansion
is neglected.

For the sake of illustration, we also separate in Fig. 3
the contributions of pre-equilibrium and hydrodynamics to
the total yield, where we define the pre-equilibrium con-
tribution by τ < τhydro and the hydrodynamic contribu-
tion by τ > τhydro. The hydrodynamic contribution dom-
inates at lower invariant mass. It has little sensitivity to
quark suppression, but a sizeable sensitivity to η/s. The
pre-equilibrium contribution is strongly sensitive to both
η/s and quark suppression. It dominates at high invari-
ant mass. If one takes into account the quark suppression,
the crossing point is M ∼ 2.7 GeV for η/s = 0.16 and
M ∼ 2 GeV for η/s = 0.32. If one does not take into
account quark suppression, these crossing points are low-
ered to M ∼ 2 GeV and M ∼ 1.5 GeV. Note that quark
suppression decreases the dilepton yield by a large factor
for M & 3 GeV. This shows that it is essential to model
chemical equilibration, in addition to kinetic equilibration,
in order to describe thermal dilepton production in this
mass range.

Fig. 4 displays the dependence of the dilepton yield on

5
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Figure 3: Dilepton production yields dNll/dMdY in the 0− 5% most central 5.02 TeV Pb+Pb collisions at forward rapidity y = 2. Red (left
panel) and blue (right panel) curves show the results including (full lines) and not including (dashed lines) the quark suppression factor, for
shear viscosity η/s = 0.16, 0.32 in the left and right panels. We also show separately the contributions (see text) from the pre-equilibrium
phase (dark grey) and hydrodynamic phase (light grey).
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Figure 4: Centrality dependence of the dilepton production yields
dNll/dMdY in 5.02 TeV Pb+Pb collisions at forward rapidity y = 2
for shear viscosity η/s = 0.16 (with quark suppression). Different
centrality classes 0-10% (black), 10-20% (red), 20-30% (blue) and
30-40% (green) show are larger at suppression of dilepton production
at high invariant masses.

the collision centrality. Different centralities correspond
to variations of the charged particle multiplicity dNch/dη
and the transverse area A, resulting in different values
of the constant in Eq. (11). The variation of the dilep-
ton yield with centrality is faster than that of the hadron
multiplicity dNch/dη. That is, the dilepton per charged
hadron increases for central collisions [9]. In the hydrody-
namic regime, one expects the dilepton yield to scale typ-
ically like the space-time volume, which is proportional to
(dNch/dη)4/3. This scaling explains the centrality depen-
dence at low invariant mass M , since low invariant masses
originate from the hydrodynamic phase. For larger val-
ues of M , the centrality dependence is even stronger. The
reason is that τhydro is smaller in more central collisions.

Faster equilibration implies higher initial temperatures as
explained above, and this enhances dilepton production in
the pre-equilibrium phase.

As a consistency check, we have carried out detailed
comparisons (not shown) of our results with those of other
groups. Kasmaei and Strickland [27] have evaluated the
dilepton yield using a full three-dimensional viscous hy-
drodynamic calculation, taking into account momentum
anisotropy, and neglecting quark suppression. With the
same setting (same η/s, centrality and hadron multiplic-
ity), our result for dN/dMdy has the same dependence on
M , but is a factor ∼ 2 higher. Part of this discrepancy
is due to the fact that they only consider the production
by u and d quarks, while we also consider the production
by s quarks. We attribute the remaining difference, which
is roughly a factor 1.7, to the fact that we neglect the
transverse expansion, which cools the system faster and
decreases the dilepton rate. Note, however, that the ef-
fect of quark suppression, which we include, is larger than
the effects we neglect. This shows that modeling chemical
equilibration is crucial for dilepton production at interme-
diate masses. Finally, note that Churchill et al. [37] find
dilepton rates orders of magnitude smaller. They only
consider production at very early times (τ < 0.4 fm/c)
but this is unlikely to fully explain the difference with our
calculation.

5. Backgrounds and their suppression

Now that we have established the signal, we comment
on the known backgrounds in experimental measurements.
At large invariant masses, dilepton production in hadron-
hadron collisions at the LHC is dominated by the Drell-
Yan process. This background is experimentally irre-
ducible. Therefore, it defines an upper bound on the
mass below which thermal and pre-equilibrium dilepton
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Figure 5: Dilepton production yields in the 0−5% most central 5.02
TeV Pb+Pb collisions at forward rapidity y = 2 for different values
of η/s, with and without quark suppression, from Fig. 3, compared
with the Drell-Yan rate calculated at NLO with EPPS nuclear PDFs.

production can be isolated. Drell-Yan production can
be calculated in perturbative QCD in collinear factoriza-
tion up to next-to-next-to-leading order (NNLO). Here
we use NLO calculations, whose precision is sufficient
for our purpose. Within collinear factorization, the un-
certainties are very small at the Z-pole. They grow in
the intermediate mass range due to large scale uncer-
tainties [38]. In addition, the nuclear parton distribu-
tion functions (nPDF) in the probed phase space are only
scarcely constrained [39, 40, 41, 42]. We perform a cal-
culation based on the EPPS nPDFs [40] and the Drell-
Yan Turbo software [46] neglecting the centrality depen-
dence of nPDFs and assuming TAA scaling of the cross
section in the 0-5% centrality window [47]. The Drell-Yan
calculation is shown in Fig. 5 together with the thermal
production. The shaded band corresponds to the inde-
pendent variation of the factorization and renormalization
scale by a factor two. For its upper limit, correspond-
ing to factorization and renormalization scales equal to
twice the Drell-Yan dilepton pair mass, we observe that
the thermal production dominates the production below
a mass 2.7 GeV (3.6 GeV) for η/s = 0.32 (η/s = 0.16)
even if we include quark suppression. Without quark sup-
pression, the thermal production dominates the yield up
to masses above 5 GeV. Considering the separation be-
tween pre-equilibrium and thermal emission carried out in
Fig. 3, we conclude that the pre-equilibrium emission is the
dominant source of dilepton production in the mass range
2.7− 3.6 GeV for η/s = 0.16 (2− 2.7 GeV for η/s = 0.32).

Fig. 6 displays as a dark band the uncertainty from the
nPDF itself. We also show on this figure the calculation
using the free-nucleon PDF, in order to illustrate the im-
portance of nuclear effects for the Drell-Yan process.

Drell-Yan dilepton pairs exhibit a different transverse
momentum distribution (pT ) than the pre-equilibrium or
thermal dilepton pairs. For the Drell-Yan pair, pT is either

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
 [GeV]ll M

6−10

5−10

4−10

3−10

2−10

]
-1

/d
M

dy
 [G

eV
ll

 d
N

CT14nlo scale uncertainty

EPPS16 scale uncertainty

EPPS pdf uncertainty

Figure 6: Comparison of NLO calculations of Drell-Yan production
in Pb+Pb collisions at

√
sNN=5.02 TeV and y = 2 for CT14 proton

and EPPS nuclear PDFs. The crossed areas correspond to the scale
uncertainty. The solid band is the uncertainty from the nPDF in the
EPPS calculation.

given by the intrinsic kT of the incoming partons or by the
recoiling jets at higher orders, whereas for the thermal and
pre-equilibrium pair, pT is given approximately by a Boltz-
mann distribution Apart from the very different slopes as
a function of invariant mass, these different scales provide
additional means to discriminate the production source.
An additional source of prompt dilepton production, via
two-photon scattering, has been observed in ultrarelativis-
tic heavy-ion collisions by STAR [48] and ATLAS [49].
This source of dileptons has a small characteristic trans-
verse momentum scale related to the inverse transverse
impact parameter and their production rate drops quickly
towards most central collisions [50]. The kinematics and
the dependence as function of centrality should allow to
separate this contribution from the harder thermal contri-
bution.

At the LHC, pairs of charm-anticharm and beauty-
antibeauty quarks are produced abundantly via the strong
interaction. The weak decays of the resulting charm
and beauty hadrons exhibit an approximately 10% (10%)
probability to emit a electron/positron (muon/antimuon).
This large number of leptons yields to a large combinato-
rial background of lepton-antilepton pairs. This dilepton
source dominates the thermal and pre-equilibrium inter-
mediate mass dilepton production. However, the sizeable
charm and beauty hadron lifetimes and their finite mo-
mentum in the laboratory lead to a sizeable displacement
of the decay vertex of the hadron with respect to the pri-
mary vertex of the collision. These secondary decay ver-
tices as well as the resulting displacement of the lepton
with respect to the primary vertex are measurable with
modern silicon vertex detectors very close to the vertices.
The transverse distance between the lepton track and the
primary vertex are already exploited in NA60 [51] at the
SPS and combinations of them in current dilepton stud-
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Figure 7: Dilepton yields at y = 0 for different values of η/s, with and without quark suppression, and Drell-Yan rate calculated at NLO with
EPPS pdf, for Pb+Pb at

√
sNN = 5.02 TeV (left) and Au+Au at

√
sNN = 200 GeV (right).

ies for signal and background separation in ALICE [52]
at the LHC. However, studies for the ALICE upgrade for
the 2030ies show that the extraction of the signal will re-
main systematically limited by the quantification of the
background kinematics [53].

The LHCb experiment, so far dedicated to charm and
beauty physics in proton-proton physics, is planning to
exploit heavy-ion collisions in their upgrade phase 2 [54].
This detector has two key features: a moveable vertex de-
tector getting as close as about 5 mm to the vertex and
the forward geometry leading to a longitudinal boost of all
particles in acceptance. Hence, the detector layout allows
to reach low transverse momentum, key for thermal QGP
and pre-equilibrium signatures, at finite momentum. First
fast simulation studies indicate unprecedented intermedi-
ate mass dilepton studies with muons.

Based on the same vertex detector performances as the
LHCb detector of Run 3, we conducted rapid simulations
[55] to give first estimates of the background rejection that
could be achieved in a LHCb Upgrade 2 setup. Only the
combinatorial background coming from the semi-leptonic
decay of charmed hadrons was considered. The variables
used for the rejection were the distance of closest ap-
proach (DCA) of single-track muons satisfying the selec-
tion pT > 0.5 GeV with respect to the primary vertex of
the interaction, and the longitudinal displacement of the
secondary vertex produced by the considered semi-leptonic
decay. Cutting on this last parameter we assumed that this
secondary vertex was correctly identified, which is a strong
assumption. Thus, we considered a conservative cut, re-
jecting tracks associated with a secondary vertex longitu-
dinally displaced by more than three times the longitudinal
vertex resolution expected for LHCb U2. With these as-
sumptions and varying the cutting parameter on DCA as
well as the nuclear modification factor for charm mesons
RAA between 0.5 and 1, we estimated a signal/background
from 0.3 up to 1.4 for dimuons in the mass range 1 to 3

GeV. For this first feasibility study we used our results for
the dilepton yield at y = 2 with η/s = 0.16 for the 0− 5%
most central collisions at 5.02 TeV. This estimation for the
signal was compared to thermal dilepton rates computed
in a fireball model provided by Ralf Rapp [56, 57, 9], after
being scaled from 2.76 TeV to 5.02 TeV based on charged-
particle multiplicity. The numeric values resulting from
this calculation were found to be compatible with the ones
obtained in our approach.

In addition to LHCb, the ALICE collaboration members
expressed interest to build a completely new fully silicon-
based detector at central rapidity with electron identifica-
tion employing a vertex detector with similar performance
to LHCb for the momenta in question [58]. To this end,
we plot on Fig. 7 our calculation for dilepton yields at
midrapidity. Note that in this kinematic range, the invari-
ant mass range for which thermal production dominates
over the Drell-Yan background is extended by ∼ 0.5 GeV,
in comparison with Fig. 6. Both detector systems will
shed light into the chemical equilibration and the kinetic
properties of the first 1 fm/c of heavy-ion collisions via
dileptons. For completeness, we provide in Fig. 7 the cal-
culation for the collision energy at the Relativistic Heavy-
Ion Collider at Brookhaven compared with Drell-Yan pro-
duction within the same set-up using a charged particle
density of dNch/dη ' 625 at midrapidity [59]. Note that
quark suppression has an even larger effect than at the
LHC. Once it is taken into account, thermal dilepton pro-
duction is smaller than Drell-Yan as soon as M exceeds
2.2 GeV, even if the viscosity over entropy ratio η/s is as
low as 0.16.

6. Conclusion and outlooks

We conclude that intermediate mass dilepton produc-
tion is sensitive to the very early stages of heavy-ion colli-
sions. The production yield is strongly sensitive to the
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early-stage shear viscosity over entropy density and to
the chemical equilibration of the medium. For two re-
alistic choices of η/s, we find an invariant mass range, in
which the dilepton production from the pre-equilibrium
is dominant over emissions from the hydrodynamic stage
and from the Drell-Yan process. Based on excellent sec-
ondary vertexing, the large background from semileptonic
charm and beauty hadron decays could be overcome with
the next generation of heavy-ion experiments, LHCb U2
with dimuons and ALICE 3 with dielectrons at the LHC.
For precise performance assessments, detailed simulations
of both detector set-ups for dilepton production in this
mass range will be required and should enter into the de-
tector design considerations.

The work presented in this letter is based on state-of-
the art knowledge of the space-time picture of heavy-ion
collisions and QCD kinetics and makes reasonable simpli-
fications of the dilepton production in order to keep the
calculation compact and transparent. This type of calcu-
lation can be systematically improved from studying the
dilepton production in QCD kinetics beyond leading order,
to going beyond the transverse homogeneity assumption
and treating the expansion dynamics in its full dimension-
ality.
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