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Abstract. We use QCD kinetic theory to compute photon and dilepton pro-
duction in the chemically equilibrating out-of-equilibrium quark-gluon plasma
created in the early stages of high-energy heavy-ion collisions. We derive uni-
versal scaling functions for the pre-equilibrium spectra of photons and dilep-
tons. These scaling functions can be used to make realistic predictions for the
pre-equilibrium emission and consequently establish the significance of the pre-
equilibrium phase for the production of electromagnetic probes in heavy-ion
collisions.

1 Introduction

Ultra-relativistic heavy-ion collisions produce electromagnetic probes (photons and dilep-
tons) throughout the whole space-time evolution. Both are extraordinary good probes of each
stage in such a collision since once they are produced they escape the fireball essentially un-
modified and thus provide direct information on their production stage. In this short note we
will concentrate on photons and dileptons produced in the quark-gluon plasma (QGP). The
QGP, produced shortly after the initial collision, experiences extreme conditions in terms of
temperature/energy densities. As such, it is initially far from equilibrium before it will even-
tually thermalize. With regards to the emission of photons and dileptons, the pre-equilibrium
phase of the QGP is often completely neglected or treated in a simplified way. Although
there are notable exceptions, a complete leading order (LO) pre-equilibrium evolution to-
gether with the production of electromagnetic probes is crucial to understand emission from
the QGP. For this, we use QCD kinetic theory [1] in a longitudinally boost invariant and
transverse homogeneous system, which provides a smooth transition from early-time evo-
lution to a hydrodynamic description of the plasma [2]. Within this framework we will
compute all LO-processes for quarks and gluons as well as photons and dileptons. Regu-
lations of infrared divergences but also phenomena like the Landau-Pomeranchuk-Migdal
effect (LPM-effect) are included into our calculation. In this work we derive universal scal-
ing functions for the pre-equilibrium spectra of photons and dileptons, which only depend
on the specific shear viscosity 7/s and a local energy scale associated with the entropy
(T3 ~ (ts(T))e ~ #‘:d( = const, where the entropy density per unit rapidity ¢ be-
comes constant at times sufficiently late after the collision, s.t. the system is close to local
equilibrium, but early enough that transverse expansion can be neglected.
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2 Universal scaling functions for the photon and dilepton spectra

The production of photons and dileptons in the equilibrating plasma is controlled by two

scales: the time scale 7.4(x7), on which the system approaches a region described by viscous

hydrodynamics, as well as the temperature at this time T(‘req(xT)) Teq(x7), which can be

further related to the local entropy density of the system dzx 7 through
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s.t. the dependence on the local entropy density can be expressed in terms of
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Here, vex ~ 32 is the effective number of bosonic degrees of freedom of the QGP. Ear-
lier studies ([3] and refs. therein) indicate that the equilibration in pre-equilibrium systems
is controlled by a single relaxation rate I'eq = Teq/(47n/s) and hydrodynamization hap-
pens on timescales of the order of unity in the dimensionless time variable © = 7Teqleq =
TeqTeq/(47n7/5), s.t. we find

TeqTeq = 4mn/s. 3)

By the use of the entropy relation Eq. (1) together with Eq. (3), the equilibrium time 7.4 and
equilibrium temperature T, are determined by

eq & (TT3 212 (drn/ )Y, (4a)
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Scaling function for dileptons. In the context of pre-equilibrium dileptons, the invariant mass
(M =4/ Q2) spectrum is given by
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By dimensional analysis, the local production rate dN;;/d*Xd*Q will only depend on the
ratios 7/7¢q for a (homogeneous and boost invariant system) and Q" /T4, where the dilepton
momentum Q is a function of invariant mass M, transverse momentum qr and rapidity y,—{
in the local rest-frame of the QGP. By an appropriate scaling in terms of 7eq and T4 one can
thus determine a dimensionless scaling function Nj; as
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where the rescaled mass is given by M = /n/s M/(Tt"/ 3)1{2 and the scaling function itself
is obtained from
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Figure 1. Universal scaling functions for photons (left) and dileptons (right) as a function of rescaled
momentum py respectively rescaled mass M. Different colors correspond to different coupling
strengths. Each spectrum is integrated up to @ = 1. The small inset plots show the unscaled spec-
trum of the respectively particle.

Scaling function for photons. In the case of photons, the pre-equilibrium yield can be obtained
analogously as
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and in order to derive the associated scaling function, we will follow exactly the same steps
as for dileptons. However, the local production rate dN,, /d*Xd?p now has dimensions of
energy, which will induce another factor of T4 to get dimensionless results. One further
complication is that the photon rate contains additional factors of the strong coupling, which
will be canceled, if we scale the spectrum by a moment of the equilibrium rate defined as
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By following this logic, we can define the universal scaling function N, through
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where the rescaled momentum is given by jp = +/n/s B/(Tt'/?)2?

N, is given by

and the explicit form of
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We note that besides the dimensional derivation, it is also possible to derive explicit ex-
pressions for NV, and N, by assuming a universal dependence of the phase-space distribution
of quarks and gluons on T, and 7.4 and we refer to [4] for further details for photons. We
further note, that in principle it is also possible to derive such scaling functions for other
quantities like the transverse mass spectrum for dileptons.

By performing QCD kinetic theory calculations, as described in [4], the proposed scaling
is confirmed by our the shown in Fig. 1, which show the time integrated spectra up to @ = 1.0,



where an effective hydrodynamic description of the QGP becomes applicable. In Fig. 1 the
inset plots shows the unscaled spectra, while the main part shows the corresponding scalings
on both axes. Different colors correspond to different couplings 4 = 4nN.a;. Notably,
the spectra for the different couplings get much closer to each other in both cases, where the
scaling seems to be slightly better for photons. At larger momentum/large masses, the scaling
looses accuracy as these photonts/dileptons are produced at the early instances of time and
are hardly modified afterwards. During these times the system is very sensitive to the initial
distribution of quarks and gluons. Since the production of quarks from a gluon dominated
initial state differs for different couplings, it is expected that the scaling does not hold for very
early times (@ < 0.15).

3 Conclusion and Outlook

We derived universal scaling functions for pre-equilibrium photon and dilepton production
and calculated them in in QCD kinetic theory. Clearly, these scaling functions are power-
ful tools as they allow to compute event-by-event pre-equilibrium spectra of photons and
dileptons in a very simple way by matching it to realistic values of the specific shear vis-
cosity and of the local energy scale (T7!/%),, (respectively equilibrium rate C’iydeal for pho-
tons). By using these formulae, it is possible to make realistic predictions for the emission
from the pre-equilibrium phase of the QGP, such that different sources of photons [4] and
dileptons can be compared to each other. In order to facilitate the use of our results, we im-
plemented the photon spectrum into the initial state framework KgMP@ST, where the new
version (ShinyKgMP@ST) and is publicly available under [S]. Under the same source, we
will provide ShinyKgMP@ST with dileptons in the near future.

Since the pr- and M-spectra are rather simple observable for photons and dileptons,
a more detailed analysis of differential spectra could help to distinguish between different
sources of photon and dilepton production in heavy-ion collisions. Since the universal scal-
ing is obtained on rather general grounds, one can expect such differential observables to
follow a similar scaling, and it should in principle also be possible to extend this formalism
to other pre-equilibrium processes such as heavy-flavor production, heavy-quark diffusion or
jet energy loss, which should be investigated in further studies.
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