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Scaling of pre-equilibrium dilepton production in QCD Kinetic Theory
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We use QCD kinetic theory to compute dilepton production coming from the pre-equilibrium
phase of the Quark-Gluon Plasma created in high-energy heavy-ion collisions. We demonstrate
that the dilepton spectrum exhibits a simple scaling in terms of the specific shear viscosity 7/s and
entropy density dS/d¢ ~ (T‘rl/3)i{2, which can be derived from dimensional analysis in the presence
of a pre-equilibrium attractor. Based on this scaling we perform event-by-event calculations of
in-medium dilepton production and determine the invariant mass range where the pre-equilibrium

yield is the leading contribution.

I. INTRODUCTION.

Developing a first principles understanding of the non-
equilibrium QCD processes that lead to the formation
of a close to equilibrium Quark-Gluon Plasma (QGP), is
one of the most outstanding challenges in modern heavy-
ion physics. By now it has been established [1, 2| that
— in various different microscopic theories — the onset of
hydrodynamic behavior typically occurs on the time scale
of a single equilibrium relaxation time ~ (471/s)/Teq, as
determined by the specific shear viscosity 1/s and (local)
temperature of the system. Over the course of this evolu-
tion, the non-equilibrium QGP also undergoes a rapid in-
formation loss, whereby (some) details of the initial con-
ditions become irrelevant, such that the pre-equilibrium
evolution is governed by pre-equilibrium attractors (see
Ref. [3-8] and references therein) even before a viscous
fluid dynamic description becomes applicable.

Despite significant theoretical progress, experimental
measurements to probe the early-time pre-equilibrium
dynamics of the QGP at present and future facilities
at RHIC and the LHC remain elusive. Electromagnetic
probes, namely photons () and dileptons (I*17), provide
promising candidates, as they are produced throughout
the entire space-time evolution of the collisions, and due
to the lack of re-interactions with the QGP medium,
escape the reaction unscathed. However, experimen-
tal measurement that isolate this signal are extremely
challenging, as in addition to the “direct” production,
which can be further sub-divided into prompt contri-
butions (Drell-Yan [9]), thermal photons/dileptons and
early-time pre-equilibrium radiation of the QGP, photons
and dileptons are also copiously produced from late stage
hadronic decays (see e.g. [10, 11] and references therein).

Evidently, an important property of dileptons is the
invariant mass M of the lepton pair, as it can be
used to discriminate between different production mech-
anism [12, 13]. Generally speaking, lepton pairs with
larger invariant masses tend to be produced at earlier
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times, such that e.g. the Drell-Yan process is the main
source of high-M dileptons. The intermediate mass re-
gion is produced by in-medium dileptons coming from
the pre-equilibrium and thermal phase of the QGP. Re-
cent estimates of the pre-equilibrium dilepton produc-
tion have shown that in an invariant mass range of
3 GeV < M < 4 GeV the pre-equilibrium contribution can
indeed exceed the thermal QGP and Drell-Yan contribu-
tions [13, 14], and first ideas to develop a phenomenology
of the pre-equilibrium phase based on dilepton measure-
ments have been developed [12, 15].

In this work we show that the pre-equilibrium dilep-
ton production exhibits a simple scaling behavior (c.f.
Eq. (5)) in terms of the specific shear viscosity 7/s and
local entropy density dS/d?xrd¢ of the QGP, which
can also be extended to other probes of the early pre-
equilibrium phase [16]. By performing microscopic cal-
culations in QCD kinetic theory (KT) [17-20], which si-
multaneously provides a consistent theoretical descrip-
tion of the thermalization of the QGP and the produc-
tion of electromagnetic probes, we explicitly verify this
scaling and compute the associated scaling function for
the invariant mass spectrum dNp+-/d*xrMdMdyg of
pre-equilibrium dileptons. Since the scaling allows for a
particularly efficient implementation of pre-equilibrium
dilepton production, we further perform state-of-the art
phenomenological calculations of (direct) dilepton pro-
duction in heavy-ion collisions, which demonstrate the
importance of event-by-event fluctuations in determin-
ing the dilepton yield in the intermediate mass range
3 GeV < M < 4 GeV, where the pre-equilibrium produc-
tion dominates.

II. PRE-EQUILIBRIUM DILEPTON
PRODUCTION

Dilepton production in leading order QCD kinetic the-
ory is governed by quark anti-quark annihilation, with
the corresponding production rate determined by
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where @ = Pj+ + P;- is the four momentum of the dilepton
pair. Over the short course of the pre-equilibrium phase,
the space-time evolution of the non-equilibrium QGP can
be locally described in terms of a Bjorken flow, such that
the space-time differential is given by d*X = rdrd¢d®xr
where 7 = V12 — 22 is the proper time, ¢ = arctanh(z/t) is
the space-time rapidity and x7 denotes the transverse co-
ordinates. While in thermal equilibrium, the production
rate can be integrated to yield the well known leading
order result (see also [21, 22] for NLO corrections)

dNi-  Neogy > 2 F(q) 2)

dXdQ  12nt G exp(¢0)T) -1
with

F(q) = % In I:cosh(qz;q) /cosh(q(:ﬂ:q):l (3)

the non-equilibrium production of dilepton pairs is gov-
erned by the phase-space distributions of quarks and anti-
quarks fo, (z,P1) and fz (z,P) in Eq. (1).

During the pre-equilibrium phase the QGP is believed
to be highly anisotropic in momentum space, as it is
subject to a rapid longitudinal expansion, and domi-
nated by gluon degrees a freedom, as these are more
copiously produced in the initial (semi-) hard scatter-
ings [2, 23|. Notably, these effects result in a momentum-
space anisotropy [24, 25|, a non-trivial polarization [12]
and an overall suppression of the dilepton yield, as dis-
cussed in previous works [12-14], where a phenomeno-
logical parametrization of the phase-space distributions
fq/q was employed to compute the pre-equilibrium dilep-
ton production. Conversely, in this work we will compute
the pre-equilibrium dilepton production directly from a
microscopic calculation in QCD kinetic theory, following
the procedure we have presented in Refs. [16]. However,
before we present results of our microscopic calculations,
it proves particularly insightful to perform a dimensional
scaling analysis of the pre-equilibrium dilepton yield.

A. Scaling of pre-equilibrium dilepton production

Generally, the pre-equilibrium production of electro-
magnetic probes will proceed differently at different po-
sitions x7 in the transverse plane and depend on the
timescale Teq (x71), and the temperature Te, (x7) at which
the system locally approaches a viscous hydrodynamic
description. By dimensional analysis, it is natural to

assume, that the local production rate AN ot each
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less ratios 7/7eq(x7) and Q/Teq(x1),
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such that upon integrating over the production time
7, the space-time time rapidity ¢, and the transverse

momentum ¢y of the dilepton pair, the local yield
dN;+,- dN,+,- . .
m = /dTT/ dC/dQ(]T d4deiQ per unit rapid-

ity yg and invariant mass M =+/Q? is determined by
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where Nj+;- is a scaling function, which only depends on
the ratio M /T,q, and is determined by
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While the calculation of the scaling function Nj+;- ( A:I )
is highly non-trivial, it is comparatively btralghtforwa‘;d
to isolate the dependence on the local entropy density
and coupling strength of the system. We first note
that different studies at weak [26, 27] and strong cou-
pling [4, 5, 8]) indicate, that equilibration of the out-of-
equilibrium QGP is controlled by the equilibrium relax-
ation rate I'eq = Teq/(47mn/s), such that hydrodynamics
becomes applicable when the dimensionless scaling vari-
able W = I'¢qTeq is of order unity, such that

TeqLeq » 470/ s . (8)

Since the equilibrium temperature T¢q can be related to
d2 C’ which
in turn is directly related to the multiplicity of charged
particles produced in the collisions, one further obtains
the relation

the local entropy density of the system

272 ds
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where veg ~ 32 denotes the effective number of bosonic
degrees of freedom [28, 29]. Denoting the dependence
on the local entropy density in terms of the quantity

(T73)3/2 d2deC/(%yeﬂ) by virtue of Eqns. (8)

and (9) the equilibration time and equilibration temper-
ature can then be determined as

eq (TT%);?/Q (4777]/5)3/2 (10)
Toq s (T75)22 (4mnfs) ™" (11)

and the pre-equilibrium dilepton yield can be expressed
as

dNp+-

~ 5 4mn/s M
m = (4mn/s)” Niwi- ( ) (12)
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Strikingly, the above scaling can be derived on rather
general grounds, and thus easily extended to a variety of



other quantities, such as e.g. the transverse momentum
(gr) spectrum, which takes the form
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Most importantly, such scaling can also be expected
to be present for other processes, such as e.g. the
pre-equilibrium production of photons [16], heavy flavor
quarks [30] or pre-equilibrium jet quenching [31], which
will greatly facilitate their phenomenological treatment
in the future.

B. Dilepton production from non-equilibrium QGP
evolution.

In order to verify the predicted scaling we compute
the pre-equilibrium spectrum of dileptons for different
values of the coupling A = 47w N.as using a QCD ki-
netic theory description, where we incorporate all lead-
ing order processes of quarks and gluons into the Boltz-
mann equation to compute the respective distribution
functions during the pre-equilibrium evolution of the
QGP [16, 18, 27]. Within this framework infrared di-
vergencies are regulated by an isotropic screening [26,
27, 32-34] and in-medium effects associated with the
Landau-Pomeranchuk-Migdal (LPM) effect are treated
via an effective vertex resummation. Starting from a
gluon dominated initial state as in [16], we numerically
solve the Boltzmann equation to determine the evolution
of the phase-space distributions f, /5, which then enables
us to compute the dilepton rate at each time step. The
procedure for the evolution of the pre-equilibrium QGP,
which serves as a background to the dilepton production
rate,Eq. (1), was described in Ref. [16]. For the numer-
ical computation of the dilepton rate we use the same
setup as in the aforementioned photon production study,
including the same initial conditions and the assumption
of boost invariance.

Since the QGP created in relativistic heavy-ion colli-
sions at RHIC and LHC energies remains strongly cou-
pled, as indicated by a small shear-viscosity to entropy
density ratio n/s, the framework of QCD Kinetic The-
ory is not directly applicable and the results need to
be extrapolated to realistic coupling strength for phe-
nomenological application. In this context, it is impor-
tant to point out that studies of the pre-equilibrium evo-
lution in various weakly [7, 32, 35, 36] and strongly cou-
pled theories [37, 38| indicate that the processes of ki-
netic and chemical equilibration are governed by a sin-
gle timescale related to the equilibrium relaxation time
TR, determined by the shear viscosity to entropy density
ratio [39]. While we use weakly-coupled QCD Kinetic
Theory to calculate the pre-equilibrium evolution of the

A 5 | 10 | 20
s 0.133[0.265|0.531
/s 2.716/0.994[0.385
(7T o /Q**10.799]0.612]0.474

Table I. Strong coupling «,, shear viscosity to entropy den-
sity ratio n/s and asymptotic temperature (71/3T)w/Q§ for
different coupling strengths .

phase-space distributions of quarks and gluons, we there-
fore anticipate that the non-equilibrium effects of the
bulk anisotropy and gluon dominance on dilepton pro-
duction can be considered representative of different mi-
croscopic models. Therefore, we also anticipate that the
results can be extrapolated to viable coupling strength
based on the scaling variables w ~ TTog(7)/47n/s, and
(n/s)1/2M/(7'1/3T)i’£2; showing weak dependence on cou-
pling strength and consistent behavior across different
microscopic models.

Numerical results for the pre-equilibrium spectrum of
dileptons as a function of invariant mass are presented
in Fig. 1a, where we show the integrated dilepton yield
up to w = 0.5 (top), during the thermalization process
of the QGP and 1.0 (bottom), when visc. hydrody-
namics becomes applicable. When comparing the results
for different coupling strength A = 5,10,20, which cor-
respond to different values of the specific shear viscos-
ity /s, we express the spectra in terms of the invariant
mass M/(7'1/3T)§</>2 (in Fig. 1a) and the re-scaled invari-
ant mass variable (77/3)1/2M/(7'1/3T)“Z’<{2 (in Fig. 1b). The
specific shear viscosity as well as the asymptotic constant
(7'/3T) o are obtained by comparison to the first or-
der viscous hydrodynamic expansions of the longitudinal
pressure resp. the effective temperature (see [16, 33, 40]
for more details). The results for A = 5, 10, 20 are com-
pactly summarized in Table 1.

Thus, variations in the coupling reflect the sensitivity
of this scaling parameter, as illustrated in Fig. 1.

When comparing the results for different coupling
strength as a function of M/(Tl/BT)i/,Q, we see that
stronger couplings tend to produce more large-M dilep-
tons. Setting (71/3T)i/,2 =0.402 GeV as in [16], to mimic
the conditions in central Pb+Pb collisions at LHC ener-
gies, this occurs for invariant masses M 2 2 GeV. Below
M 5 2 GeV this changes and more weakly coupled sys-
tems produce more dileptons during the pre-equilibrium
phase, i.e. for @w < 1. We further see that high-M dilep-
tons are predominantly produced at the earliest times of
the evolution. Indeed, the curves for w = 0.5 are almost
not modified during the evolution up to @ = 1.0. How-
ever, in the mean time the QGP produces many low-mass
dileptons, such that the spectrum increases significantly
in the low-M regime.

Besides the QCD kinetic theory results, we also show
results for an effective parameterization (EP) of the dis-
tribution functions already used in previous works for
pre-equilibrium dilepton production [12-14], where the
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(b) Universal scaling curve

Spectrum of dileptons produced during the pre-equilibrium stage as a function of (a) M/(T7/ 3)20/2 and (b)

Vn/sM/| (TTl/ 3)2‘{2. Different colors correspond to different coupling strengths A = 5,10,20 and different panels correspond to
different final integration times w = 0.5,1.0. Spectra in the right panels are divided by (17/5)2 in order to obtain the universal

scaling curve.

authors used anisotropic equilibrium distribution func-
tions of the Romatschke-Strickland form (see Fig 1b and
Ref. [41]), together with an overall quark suppression fac-
tor. Compared to the QCD KT results, the spectra com-
puted from the effective parameterization are suppressed
at both times, although the suppression is stronger for
earlier times. This is expected as the description of pre-
equilibrium dynamics in terms of anisotropic equilibrium
distributions is worse for earlier time dynamics. Over
the course of the evolution, the spectra for the effective
parametrization get closer to the QCD KT results and
for smaller couplings we find almost the same spectra for
the low and intermediate mass range.

To verify the universal scaling, we re-plot the same
spectra in Fig. 1b with the predicted scaling from
Eq. (12). By construction, the spectra obtained using
the effective parametrization perfectly collapse to each
other, while the QCD KT results also get much closer to
each other. Since the scaling function Nj+;- is derived on
basis of an attractor solution, the scaling for the QCD
KT results works better and better for later evolution.
Especially for @ % 1, which is in accordance with the

hydrodynamization time found in earlier studies in the
context of QCD kinetic theory [7, 33, 35, 36|, the scaling
works very well, whereas at very early times the spectra
are sensitive to the initial conditions for the kinetic evo-
lution. We discuss the residual deviations from scaling
further in Appendix A.

III. PHENOMENOLOGY OF THE
PRE-EQUILIBRIUM DILEPTON PRODUCTION

One remarkable consequence of the scaling formula is
the practical usage for phenomenological calculations and
comparisons to experimental data. In order to demon-
strate this, we match the QCD KT evolution to the initial
conditions of the subsequent hydrodynamic evolution of
the QGP. By use of the scaling formula in Eq. 12, the
only other ingredients to compute the spectrum of dilep-
tons produced during the pre-equilibrium are the (local)
temperature T (Thydro, X7 ) = Thydro(X7) at initialization
time Thydro and the specific shear-viscosity n/s. Based on
this information, the local values of the scaling variable



w(x7) can then be determined as

rOT ro

(xp) = ydro-hyd (xr) (15)
4mn/s

and similarly, the energy scale (71/3T") o (x7) can be ob-
tained according to [33, 40]

(TPT) oo (x7) = Tl (Thydm(xT) +

2’7/5) (16)

3 Thydro

accounting for first order viscous corrections. Once those
two quantities are determined at each point in the trans-
verse plane, the total pre-equilibrium dilepton yield is
then given by

le*l‘
MdMdyq

n/s M

= (47rn/s)2fd2xT Ni+p- (ﬁ)(xT)7
(17)

We compute the event-by-event dilepton spectra at
midrapidity for Pb-Pb collisions at \/syny = 5.02 TeV.
To account for a background evolution well fit to data,
we created the events using the hybrid model Trajectum
[42], and used one of the consistent parameter sets ex-
tracted using the Bayesian analysis in Ref. [43]. We focus
on the 0-5% class, and obtain the pre-equilibrium dilep-
ton yield by integrating event-by-event over the initial
profiles for the hydrodynamical evolution as in Eq. (17).
By matching the initial profiles to the subsequent hy-
drodynamic evolution at Thyaqro = 1.0 fm as in [16], the
thermal QGP contribution is then found by folding the
thermal dilepton production rate with the background
hydrodynamic evolution from 7xy4r, = 1.0 fm onwards’.
Clearly, one of the main advantages of using this de-
scription is that it guarantees for a smooth matching be-
tween pre-equilibrium and hydrodynamical dilepton pro-
duction, such that the overall spectrum of in-medium
dileptons is rather insensitive to the matching time myqro,
as discussed further in Appendix A.

We present our main phenomenological result in Fig. 2,
where we compare the in-medium dilepton production, to
the Drell-Yan (DY) contribution, computed to NLO pre-
cision with the EPPS nPDFs [44] by using the DYTurbo
software [45], where as in previous works [13]| the cen-
trality dependence of the nPDFs was neglected and T4 4
scaling was assumed. While the top panel of Fig. 2 shows
the total dilepton yield dN+-/dMdyg, the lower panel
shows a break-up of the total yield into DY and thermal
QGP contributions, as well as in the the pre-equilibrium
contribution from ranges of evolution time w, and clearly

1 The QGP rate is folded with the hydro evolution for temper-
atures higher than 7. = 154 MeV. Below this temperature,
hadronic degrees of freedom dominate, and the rate can be com-
puted from effective theories [42]. Nevertheless, the hadronic
rates are too soft to contribute significantly to the invariant mass
range relevant to this work.

(T‘rl/3)‘:’°/2(xT)

)

illustrates how larger invariant masses correspond to ear-
lier production times.

While at higher invariant mass ranges the DY contribu-
tion is well constrained and therefore presents small un-
certainties, at low Ms, it presents large error bands, due
to large scale uncertainties. Despite these large theoreti-
cal uncertainties, we find that the pre-equilibrium dilep-
ton contribution obtained from realistic event-by-event
QCD KT-+Hydro simulations dominates over both the
DY and thermal QGP background for invariant masses
~ 3 GeV.

Beyond the results obtained from event-by-event
(EByE) simulations, we have also computed the in-
medium dilepton spectra for a coarse grained (CG) de-
scription, where similar to [46, 47] we compute the emis-
sion for a single average event, as well as comparing to
previous obtained results for a simple Bjorken scaling
scenario [13], where transverse dynamics of the QGP is
completely neglected. While the Bjorken scaling under-
estimates the cooling of the QGP, and thus overestimates
the dilepton yield by almost a factor of three, the coarse
grained averaged description provides a very good de-
scription for low invariant masses < 2 GeV. Nevertheless,
the coarse grained description also but underestimates
the high M tails of in-medium dilepton production, which
are more likely produced from local hot spots, and we
therefore conclude from this analysis, that an event-by-
event description is desirable to provide accurate predic-
tions for high and intermediate mass dileptons. This dif-
ference between the EbE and CG descriptions becomes
more important for less central collisions.

We close our discussion by putting our calculations
of pre-equilibrium dilepton production in the context of
other recent works, discussing the most important si-
miliarities and differences in methodology and findings.
While our studies are based on event-by-event calcula-
tions with microscopic non-equilibrium rates, a number
of works have addressed the same question of using dilep-
tons as probes to extract information about the early
stages, following the interest to address the same ques-
tion using real photons [16, 48-51].

In [13, 14|, the authors estimate the relative contribu-
tions of the in-medium production (pre-equilibrium and
hydro stages) with respect to the expected Drell-Yan con-
tribution and find that there is a window M ~ 2-3.5 GeV
in which the pre-equilibrium dominates. In this estimate,
the authors consider a transversely homogeneous system
undergoing a simple Bjorken expansion (as in our trans-
versely homogenous scenario), and the non-equilibrium
dilepton rates are determined from a QCD KT inspired
parametrization of the phase-space distribution of quarks
and gluons (as in our Romatsche-Strickland paramtriza-
tion). Even though the Bjorken scenario may lead to
a slight overestimation of the pre-equilibrium dilepton
rate, the results of [13, 14] are generally consistent with
our findings; moreover the authors also proposed the po-
larization of dilepton pairs as a possible means to dis-
criminate between pre-equilibrium and Drell-Yan contri-



butions [12] and it would be interesting to extend our
methodology to such polarization observables.

In [52] the authors perform event-by-event studies
of pre-equilibrium dilepton production. Based on the
macroscopic pre-equilibrium evolution of the energy-
momentum tensor in KgMPgST (33, 35|, the authors ex-
tract an effective temperature, which is then employed
in thermal rates to compute the pre-equilibrium produc-
tion. Non-equilibrium effects on the rates are accounted
for by introducing a phenomenological quark suppression
factor, inspired by Refs. [26, 53]. However, the authors
do not take into account the modified shapes of the pre-
equilbrium momentum distributions of quarks and glu-
ons, (see. e.g. [16]), which is particularly relevant for the
hardest part of the spectrum produced at the earliest
times. Qualitatively, the results of [52] give a very sim-
ilar picture for the expected mass spectrum of dileptons
in ultra-relativistic HICs, albeit the calculation of [52]
slighty overshoots our results. This gives a wider win-
dow of relevance for the measurement of pre-equilibrium
dileptons.

IV. SUMMARY AND OUTLOOK.

We computed the pre-equilibrium spectrum of dilep-
tons in QCD kinetic theory and showed that it ex-
hibits a simple universal scaling in terms of the spe-
cific shear viscosity 7/s and entropy density (T7/3).
Such scaling functions are powerful tools as they allow
for event-by-event calculations of the corresponding spec-
tra by matching n/s and (T7'/%), to realistic values of
a heavy-ion collision. By performing realistic event-by-
event simulations of pre-equilibrium, thermal QGP and
Drell-Yan dilepton production for \/syx =5.02 TeV Pb-
Pb collisions, we find that the pre-equilibrium produc-
tion dominates over the irreducible background for in-
variant masses ~ 3 GeV. However, this result only serve
as an illustrative example and in order to make full use
of our results for phenomenological applications, we have
included the pre-equilibrium scaling functions into the
initial state framework KgMPg@ST. This version includ-
ing photons and dileptons is called ShinyKgMPg@ST and
is publicly available under [54].

Since the pre-equilibrium scaling in Eq. (12) can be
derived on rather general grounds, it can also be ex-
tended to fully differential dilepton observables, which
is highly beneficial for the development of a Monte-Carlo
generator to facilitate the detection of pre-equilibrium
dileptons in present and future heavy-ion experiments.
Since earlier studies showed that the polarization of dilep-
tons is a key observable to distinguish the pre-equilibrium
emission from other sources [12], clearly a next step will
be to derive analogous scaling functions for polarization
observables. However, the use of pre-equilibrium scal-
ing functions is by no means limited to electromagnetic
probes, an extension to relevant topics such as heavy-
flavor production [30, 55-57], heavy-quark diffusion [5§]
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Figure 2. (Upper panel) Comparison of the in-medium dilep-
ton spectrum for 0-5% centrality Pb-Pb collisions at VSNN =
5.02 TeV to their corresponding Drell-Yan contribution. The
in-medium contributions are shown for three different cases
(transversely homogeneous Bjorken expansion (data taken
from [13]), realistic EbE ICs, and smooth initial conditions,
the average of the latter). (Lower panel) Relative contribution
of the different contributions to the total yield (in-medium -+
Drell-Yan). The EbE pre-equilibrium has been split into dif-
ferent w ranges for better comparison.

or jet energy loss [59] would be interesting to see and
deserves further theoretical attention.

ACKNOWLEDGEMENTS

We thank Maurice Coquet, Travis Dore, Xiaojian
Du, Stephan Ochsenfeld, Jean-Yves Ollitrault, Michael
Winn for valuable discussions. The authors want to
thank Aleksas Mazeliauskas for collaboration on re-
lated work. OGM, PP and SS acknowledge support
by the Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) through the CRC-TR 211
‘Strong-interaction matter under extreme conditions’-
project number 315477589 — TRR 211. OGM and SS
acknowledge also support by the German Bundesmin-
isterium fir Bildung und Forschung (BMBF) through
Grant No. 05P21PBCAA. The authors acknowledge



10

=
N
o

10/(n15)3 AN /N,

2
A=

(n/s)

0.25 A

0.00

v nis MI(T1RT).,

Figure 3. Scaling function comparison for different coupling
constants (A = 5,10,20), normalized to A = 10. Deviations
remain within 30-35% for relevant mass ranges and decrease
to < 20% for w > 1, supporting the robustness of the scaling
approach.

computing time provided by the Paderborn Center for
Parallel Computing (PC2) and the National Energy Re-
search Scientific Computing Center, a DOE Office of Sci-
ence User Facility supported by the Office of Science of
the U.S. Department of Energy under Contract No. DE-
AC02-05CH11231.

Appendix A: Sensitivity of pre-equilibirum dilepton
production on coupling constant (\) and matching
time (THyhdro)

Below we discuss the dependence of the scaling func-
tion on the coupling constant A\, and the sensitivity of the
integrated dilepton yield on the matching time, Thydro-

1. Sensitivity ot the coupling constant, A

By virtue of the scaling functions, the leading cou-
pling dependence of the integrated yields is taken into
account. While, by construction, this scaling is exact
for the Romatschke-Strickland form of the phase-space
distributions, the scaling relations Eq. (12) are only ap-
proximate for EKT, and it is thus important to assess
residual deviations from scaling

In Fig. 3, we have included a comparison of the re-
sulting scaling function for the choice of three different
coupling constants. This is presentad as the ratio of the
extremal values, A = (5,20), normalized by the scaling
function for the choice of A = 10. For the phenomenolog-
ically relevant values of the rescaled invariant mass, the
scaling holds down to deviations no larger than 30-35%.
However, it is important to emphasize that for large w,
where the phase-space distributions in EK'T become more
and more similar to the Romatsche-Strickland form, de-
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Figure 4. Effect of hydrodynamization time Thydro on dilepton
production. The ratio of spectra for Thyaro = 0.6 and 1.0 fm
shows up to 20% variation, with larger deviations for higher
shear viscosity.

viations get smaller and smaller, such that already for
@ =1 we find that deviations are no larger than 20%.

Since the phenomenological application of the scaling
formula only makes sense in the cases where the kinetic
system has already effectively thermalized, the switch-
ing to thermal production has to be performed around
@ % 1, we consider this level of accuracy sufficient for
phenomenological applications.

2. Sensitivity to the matching time 7,y4:0

By following our procedure in Ref. [16], we have stud-
ied how changes in the switching time, Thydro, affect the
overall invariant mass spectrum of dileptons. In a ide-
alized setup, where the simulation is perfectly matched
between the early non-equilibrium thermalization pro-
cess and the ensuing hydro stage, one would expect that
the overall dilepton spectra should be independent to the
switching time. The reason for this is naturally that the
pre-equilibrium stage flows smoothly into the hydrody-
namical — close-to-equilibrium — stage. Nevertheless, in
all state-of-the-art simulations there will be regions of
the space-time evolution, like cells in the boundary of
the fluid, which do not perfectly satisfy the matching
condition (@ > 1). While we have checked that the av-
erage of the cells — weighted by energy — satisfies this
condition, a large enough volume of fringe cells with
@matching < 1 may reduce the overlap. The reason for
this is the parametric dependences of @, where increas-
ing the shear viscosity, while fixing Thydro and the tem-
perature of the matched cell, Tiyaro, decreases the effec-
tive @, hence decreasing the overlap for smaller Tydro-
In other words, the cell volume with Wmatching < 1 be-
comes larger for earlier times. We have quantified these
effects in Fig. 4, where we plot the ratio of the total
in-medium production spectrum (EKT+Hydro), for two



different mathing times, Thydro = [0.6,1.0]. We have ob-
served that for larger shear viscosities, the matching is

less smooth. That being said, such effects seem to be no
larger than 20% in magnitude for the systems studied in
this work.
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