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1. Introduction

One of the most interesting problems facing the communitglativistic heavy ion collisions
is to determine at what time the matter created can be deskcribing hydrodynamics. In this
context, at RHIC energies it has been found thatgpr< 2 GeV, the elliptic flow of the matter
created is described well by models which assume ideal dydamic behavior starting at very
early timest < 1 fm/c [1, 2, 3, 4]. This is not completely understood due te fhct that the
estimates from perturbative QCD for the thermalizationetiof a QGP at RHIC energies range
from 2— 3 fm/c [5, 6, 7]. Moreover, recent results from conformaktwfistic viscous hydrody-
namics [8] have shown that these initial estimates for towapization/thermalization time of the
plasma are not completely reliable due to poor knowledgdefproper initial conditions (CGC
versus Glauber), details of plasma hadronization sucheashihice of the proper freezeout time and
the subsequent hadronic cascade, etc. Therefore, additi@oretical and experimental inputs are
necessary to further constrain this time. It would be niceawee information about the thermaliza-
tion time and appropiate initial conditions from other ipdadent observables which are different
than elliptic flow. One good candidate is high energy dilaptdDue to their large mean free path,
lepton pairs can leave the strongly interacting mediunt #fie collision. In this work, we examine
the possibility to determine experimentally the thermalian time of the matter created using high
energy dilepton yields as a function of both, mass and temssvmomentum. We compute the
expectece’ e yields resulting from a Pb-Pb collision at LHC full beam eqgr/s= 5.5 TeV in
a pre-equilibrium scenario of a quark-gluon plasma withnaetdependent anisotropy caused by
the rapid longitudinal expansion. We find that at LHC enexgtlere is an enhancement of the
dilepton yields as a function of the transverse momentumnvwéhe py < 8 GeV if one chooses
isotropization/thermalization time of 2 fm/c [13].

This manuscript is organized as follows: In Sec. 1 we cateutlae dilepton production rate
at leading order using an anisotropic phase space distnibun Sec. 2 we review the calculation
of the dilepton yields from an anisotropic plasma. In Sec. e3discuss the main aspects of the
interpolating model from collisionally-broadened to itkeydrodynamical expansion. In Sec. 4 we
present the expected medium dilepton yields for LHC enerdi@ally, we present our conclusions
and give an outlook in the Sec. 5.

2. Dilepton rate from kinetic theory

From relativistic kinetic theory, the dilepton productiaitedN'"! /d*Xd*P=dR """ /d*P at
leading order in the electromagnetic coupling,is calculated as follows: [9, 10, 11]:

fa(p1) fa(P2) Vgaoya OW(P—pL—p2), (2.1)

drR'" / d3p; d3p,
d*p

(2m)? (2m)®
where fq g is the phase space distribution function of the medium auiéakti-quarks)yqgis the
relative velocity between quark and anti-quark axéé!f is the total cross section. Since we will be
considering high-energy dilepton pairs with center-ofsmanergies much greater than the dilepton
mass we can ignore the finite lepton mass corrections andirmmiysa('qc}'* = 4ma?/3M?. In
addition, we assume that the distribution function of qaaakd anti-quarks is the samfg,= fq.
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We will follow the ansatz by Romatschke and Strickland fog thistribution function that
describes the pre-equilibrated stage of the plasma [12¢ aFtsatz consists in consider that any
anisotropic distribution function is obtained from an &mdniy isotropic phase space distribution by
squeezing{ > 0) or stretching § < 0) the isotropic distribution function:

faq(P, &, Phard) = To2(y/ P2+ & (P M)2, Prard) , 2.2)

wherephargis the hard momentum scateisthe direction of the anisotropy agd> 0 is a parameter
that reflects the strength and type of anisotropy. In theapdt case pharg is identified with the
temperature of the system aéd= 0. In this work we will study the case when the direction of the
anisotropy is along the longitudinal (beamline) directibe.,n = &,. This configuration is relevant
for earliest stages of the collisions between heavy nuclei.

From Egs. (2.2) and (2.1) we obtain

drR™" 5q2 1 a ¢
- %/_1@(00-‘;@01)/él+ 72(1 p1 fq <\/p§(1+f(r)co§ epl),phard(r,n)>
x fﬁ(\/(E— p1)?+ &(7)(p1c0SB,, — Pcosbr)?, phard(r,n)> , (2.3)

with

X = 4P?p? sir? 6p sin® 0y, — (2p1(E — PcosBp cosfy, ) — M?)? |
M2
2(E—Pcog6p£6p,))

ar =

Notice that the dilepton rate does not tell us anything abimispace-time evolution of the system
and, therefore, it is not enough to make a phenomenologiealigiion for the expected dilep-
ton yields. In order to make contact with experiments, iteésessary to include the space-time
dependence gbhargandé and then integrate over the space-time volume

-
%&jy_mz/dz / / Tdrdn , (2.4a)
dNIﬂ
Eprdy nRZ/dMZ/ /w v Tdrdn , (2.4b)

whereRr = 1.2A1/3 fm is the radius of the nucleus in the transverse plane. Tégsessions are
evaluated in the center-of-mass (CM) frame while the dilegiroduction rate is calculated for the
local rest frame (LR) of the emitting region. Then, the ditappair energy has to be understood
asEr = pr cosh(y — n) in the differential dilepton ratelRy,,/d*P. Substituting Eq. (2.3) into
Egs. (2.4), we obtain the dilepton spectrum including tHeotfof a time-dependent momentum
anisotropy. In Egs. (2.4) it is assumed that there is onlygitoinal expansion of the system.
This assumption is well justified since corrections to highargy dileptons coming from transverse
expansion or mixed/hadronic phase do not play an importdetin the studied kinematic regime
[14].

IDetails of the calculation are presented in Ref. [13].
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Note that we have not included the next-to-leading order@NLtorrections to the dilepton
rate due to the complexity of these contributions for fiditeThese affect dilepton production for
isotropic systems foE /T < 1[15, 16, 17, 18]. In the regions of phase space where therame
NLO corrections, we will applK-factors to our results as indicated.

3. Space-time model

Previous phenomenological studies of high energy dilepk@ve assumed that the value of the
isotropization timefiso, is of the same order as the parton formation tmgheHowever, the physical
mechanisms which could make such fast isotropization éasire not completely understood.
Recently, a phenomenological model has been proposed wheiisotropization time could be
larger as a consequence of a previous evolution in a préi@duin dynamics [13, 14]. Before
going into the details of the model, we remind the reader nfesgeneral relations.

First, the plasma anisotropy paramefeis related with the average longitudinal momentum
(pL) and transverse momenturpy() of the hard particles through the expression:

(P%)
3 20 1. (3.2)

Note that this relation is completely general and can beiegjh all cases. It is possible to obtain
two important limits from Eq. (3.1). When we have thigé) = 2(p?), thené = 0. This is the case
when the system is isotropic in momentum-space. Anothesilpitis/ is when the partons expand
freely along the longitudinal axis, i.e., 1d free stream@gansion. Using the free streaming
distribution function, it is possible to show that the tremse and longitudinal momentum scales
as [5, 13, 19]:

(PF)1s O2TE, (3.2a)
T2
(P)rs 0TG5 - (3.2b)

Inserting these expressions into Eq. (3.1), one obi&RsT) = rz/rg — 1. The free streaming re-
sult for & is the upper-bound on possible momentum-space anisosrdpieloped during 1d expan-
sion by causality. When the system has different kind ofrattons, Eq. (3.1) for the anisotropy
parameteg will scale differently as discussed below.

Second, for a given anisotropic phase space distributidgheoform specified in Eq. (2.2), the
local energy density can be factorized as:

3
& (Prard, €) = /((Zj% P fiso(y/P?+ & (p-A)2, Phard) » (3.3)

= go(phard)%(f) )

whereéy is the initial local energy density deposited in the medidmand

1 1 arctany/E
%(f):§<1+5+ 7 ) (3.4)

In this work, we will not study explicitly the possibility dfd free streaming expansion since, in
reality, this is a rather extreme assumption which requfrasthe partons do not interact at all [13].
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3.1 Momentum-space broadening and plasma instabilities fefct

The ratio between the average longitudinal and transvermsaentum needed to compufe
using Eq. (3.1) is modified from the free streaming case iisiohs between the partons are taken
into account. In general, it is a difficult task to obtain thea& form of collisional kernel of the
Boltzmann equation plus mean field interactions (VlasomjerAs a first approach, one can start
considering the effect of elastic collisions in the brodadgrof the longitudinal momentum of the
particles. This was the approach in the original versiorheftiottom-up scenario [5]. In the first
stage of this scenario,& QsT < aS/Z, initial hard gluons have typical momentum of ordgrand
occupation number of order/#ts. Due to the fact that the system is expanding at the speeghtf li
in the longitudinal direction, the density of hard gluonsmases with timelNg ~ Q2/(asQsT).

If there were no interactions this expansion would be edgitato 1+1 free streaming and the
longitudinal momentunp, would scale like Yt. However, once elastic 2 2 collisions of hard
gluons are taken into account, the ratio between the logigiél momentump, and the typical
transverse momentum of a hard partipledecreases as [5]:
2

% 0(QsT)"%/3. (3.5)
Assuming, as before, isotropy at the formation timgs= Qg 2, this implies that for a collisionally-
broadened expansio(T) = (1/19)%/°3 — 1.

Note that in order to obtain the relation given by Eq. (3.5%itmplicitly assumed that that
the elastic cross-section is screened at long distancen Isp#opic real-valued Debye mass [5].
But this is not the case of an anisotropic plasma, since thgy®mass can become complex due to
the chromo-Weibel instability [12, 19, 20, 21, 22]. Suchatég eigenvalues indicate instabilities,
which result in exponential growth of chromo-electric anaignetic fieldsE® andB?, respectively.
These fields deflect the particles and how much deflectionrsedill depend on the amplitude and
domain size of the induced chromofields. Currently, theipeeparametric relation between the
plasma anisotropy parameter and the amplitude and donmErosthe chromofields is not known
from first principles.

If one would like to include the momentum-space broadenimg) the impact of the plasma
instabilities, this can be achieved by considering the wmmalmependence @(1) as:

T

3
é(1,9)= <—> -1. (3.6)
To
The exponend contains the physical information about the particularetgb momentum-space
broadening which occurs due to plasma interactions. Twititigmncases for this exponent are the
ideal hydrodynamic and free streaming expansion. In thenjiitodynamical limitd = 0 and then

& — 0. Ford = 2, one recovers the 1+1 dimensional free streaming éaseé;s = (1/10)° — 1.
For 0< d < 2, one obtains the proper-time dependence of the energytylemsl temperature
by substituting (3.6) into the general expression for thadidzed energy density (3.3) to obtain
éa('[,5) = go(phard)'%(f(rv 5))

Different values ofd arise dynamically from the different processes contrilutio parton
isotropization. For example, elastic collisional-broaidg results in Eq. (3.5) and hende= 2/3.
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Recently, some authors have considered the valu@seasfulting from processes associated with the
chromo-Weibel instability presented at the earliest tiafésr the initial nuclear impact [23, 24, 25]:

®) -3() 3.7
<p%> (QST) ) ( . )
where
0 Ref.[23] ,
v=1< 1 Ref.[24] , (3.8)

2 Nielsen-Olesen limit, Ref.[25]

Summarizing, the coefficierd in Eq. (3.6) takes on the following values

2 Free streaming expansion
2/3 Collisional-Broadening, Ref.[5] ,
1/2 Ref.[23],
0= / 23] (3.9)
1/4 Ref.[24] ,
1/6 Nielsen-Olesen limit, Ref.[25]

0 Hydrodynamic expansion

In Fig. 1 we sketch the time-dependence of the plasma aojgofarameter indicating the
time scales at which the various processes become importstntimes shorter than the mean
time between successive elastic scatterimggp, the system will undergo 1+1 dimensional free
streaming withd = 2. For times long compared t@rp but short compared tOnstabiity the plasma
anisotropy will grow with the collisionally-broadened @xgnt ofd = 2/3. HereTinstabiity is the
time at which instability-induced soft gauge fields begirirttluence the hard-particles’ motion.
WhenTinstaniity < T < Tiso the plasma anisotropy grows with the slower exponerdtef1/6...1/2
due to the bending of particle trajectories in the inducefi-field background. At times large
compared tinstabiiity iN€lastic processes are expected to drive the system bastopy [5]. We
note here that for smafl and realistic couplings it has been shown [26] that one daignore the
effect of collisional-broadening of the distribution fuimns and that this may completely eliminate
unstable modes from the spectrum.

From this sketch, it may be possible to try to construct aidetanodel which includes all
of the various time scales and study the dependence of tlreggainder consideration on each.
However, there are theoretical uncertainties in each afehlisme scales and their dependences
on experimental conditions. Because of this, we will cardta phenomenological model which
smoothly interpolates the coefficieditfrom the 1d collisionally-broadened expansion to 1d hydro-
dynamical expansion, i.e./3> > 0.

In the model we introduce a transition widyr;*, which indicates the smoothness of the tran-
sition from the initial value o® =2/3tod =0 atT ~ Tjso. Note that by using such a smooth in-
terpolation one can achieve a reasonable phenomenolafgisatiption of the transition from non-
equilibrium to equilibrium dynamics which should hopejuttapture the essence of the physics.
The collisionally-broadened interpolating model prowdes a realistic estimate of the effect of
plasma anisotropies.
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Figure 1: Sketch of the time dependence of the plasma anisotropyatidigcthe various time scales and
processes taking place. Herig-p is the mean time between elastic collisions (mean-free)tame tinstability

is the time at which plasma-instability induced soft modagehgrown large enough to affect hard particle
dynamics.

3.2 Interpolating model for collisionally broadened exparsion

In order to construct an interpolating model between doliglly-broadened and hydrody-
namical expansion, we introduce the smeared step function:

AT, oY) = = (tanh[@} + 1) , (3.10)
2 Tiso

wherey 1! sets the width of the transition between non-equilibriurd aydrodynamical evolution

in units of Tige. In the limit whent <« Tiso, We haveA — 0 and wherr >> Tiso we haveAd — 1. Phys-

ically, the energy density’ should be continuous as we change from the initial non-ijiuim

value of ¢ to the final isotropiad = 0 value appropriate for ideal hydrodynamic expansion. Once

the energy density is specified, this gives us the time depwmdof the hard momentum scale. We

find that for generad this can be accomplished with the following model for fixea@fimultiplicity

[13]:

E(1,8) = (1/10)°3 20 _ 1 (3.11a)
&(1.n) = % (&) %*3(1), (3.11b)
Phard(T, N) = To 7 Y/3(1) (3.11c)



High-energy dileptons from an anisotropic quark-gluongstea Mauricio Martinez

with 2 (&) defined in Eq. (3.4) and for fixed final multiplicity we have:

U(T)= U (1)) % (ts,), (3.12a)
2(1) = [%<(Tiso/ro)6—l)]3A(T>/4 (%)1_5(14@))/2 ’
(1) = i (1) = [ ((reo/10° -1)] (22 (3.12b)

ando = 2/3 for the case of 1d collisionally broadened expansion jpu@ting to 1d ideal hydro-
dynamic expansion.

25
1 I
0.5 ol |
o 01 15 |
W 005 o f
W — Tiso/To=1 1 i \\
0.01} — Tmiso/mo=4 A '\.\
0.005( =~ Tiol7o=8 051 1}
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0 \ \.\ S
12 51020 50100 > 5 10 20 50 100 C 0 m B 8 &
T
T/t T

Figure 2: Temporal evolution using our fixed final multiplicity intesfating models for the energy density
(left column), hard momentum scale (middle column), and@mnopy parameter (right column) for four

different isotropization timesgo € {1,4,6, 18} 10. To convert to physical scales uge~ 0.3 fm/c for RHIC
andtg ~ 0.1 fm/c for LHC.

In Fig. 2, the temporal evolution of the energy density, maoinentum scale and the anisotropy
parametek (1) is plotted using Eq. (3.11a). As can be seen from the figuréxed final multi-
plicity at T = 1, the initial value ofpnharg is reduced for finite values ags, but once the system

looks isotropic in momentum-space aroung Tiso, Phard IS the same, independent of its initial
value [13].

4. Results

We calculate predicted” e~ yields as a function of invariant mass and transverse mament
along with predicted yields from other sources for LHC erexg For comparison with previous
works we takery = 0.088 fm/c, To = 845 MeV, T, = 160 MeV, andRr = 7.1 fm [18]. Here we
assume that when the system reacheal medium emission stops.

In Fig. 3 we show our predicted dilepton mass spectrum for Léh@€rgies using the time
dependence of the energy density, the hard momentum sachtbeanisotropy parameter given by
Eqgns. (3.11) withd = 2/3. As can be seen from Fig. 3 there is a difference of the medilepton
yield when varying the assumed plasma isotropization timenf0.088 fm/c to 2 fm/c. However,
the prediction is up to one order of magnitude below the otiotributions of dilepton yields



High-energy dileptons from an anisotropic quark-gluongstea Mauricio Martinez

Heavy Quarks
-5 = Drell Yan
NQ i &> Jet—Medium
'> _6! T —A- Medium (tips = 0.088 fm/c)
8 . s TN - Medium (tig = 2 fm/c)
A NN
™ <>"'\ ----- ! ————
NE -7 \S\%\& o g
= RS i
>
e
~—
3
o
<
8
2
o
o
2 4 6 8 10
M [GeV]

Figure 3: Collisionally-broadened interpolating model dileptorlgis as a function of invariant mass in
central Pb+Pb collisions at the LHC, with a qut > 8 GeV and and rapidity=0. For medium dileptons
we usey=2 andTjs, = 0.088 fm/c for LHC energies and fixed final multiplicity. K-factor of 1.5 was
applied to account for NLO corrections. Dilepton yieldsnfr@rell Yan, Heavy Quarks, Jet-Thermal and
Jet-Fragmentation were obtained from Ref. [18].

(Drell-Yan, jet-thermal, and jet-fragmentation). Thisupted with the large background coming
from semileptonic heavy quarks decays would make it exthemiéicult for experimentalists to
extract a clean medium dilepton signal from the invarianssngpectrum. For this reason it does
not look very promising to determine plasma initial coratis from the dilepton invariant mass
spectrum. Nevertheless, the situation looks better foditepton spectrum as a function of the
transverse momentum as it is shown in Fig. 4. In this spectthere is an enhancemment of
medium dilepton yield for 2 pr < 8 GeV compared with the other sources of dileptons (Drell
Yann and Jet conversion). Therefore, this observable offer oportunity to have a cleanest way
to determine plasma initial conditions.

In order to quantify the effect of time-dependent pre-éhtim emissions we define the
“dilepton enhancement’yp(tiso), as the ratio of the dilepton yield obtained with an isotzagion
time of 75 to that obtained from an instantaneously thermalized pdasmdergoing only 1+1
hydrodynamical expansion, i€g, = To.

N dNe'e (Tiso) dNe'e (Tiso = To)
@(Tiso) = <7dydp$ )/ < dydr% ) . (4.1)

This ratio measures how large the effect of early-time mdmananisotropies are on medium
dilepton production. In the case of instantaneous isatedfuin, P(Tiso) is unity, and fortise >
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Figure 4: Collisionally-broadened interpolating model dileptoalgis as a function of transverse momentum
in central Pb+Pb collisions at the LHC, witha cubG M < 1 GeV and rapidity=0. For medium dileptons
we usey=2 andrjs, = 0.088 fm/c for LHC energies and fixed final multiplicity. ¥-factor of 6 was applied

to account for NLO corrections. Dilepton yields from Drely, Jet-Thermal and Jet-Fragmentation were
obtained from Ref. [18].

Tp any deviation from unity indicates a modification of mediuitepton production due to pre-
equilibrium emissions.

In Fig. 5 we show the dilepton enhancemeantas function of transverse momentum fgp =
2 fm/c at LHC energies. The invariant mass cut is the samekigid (05 < M < 1 GeV). As can
be seen from Fig. 5, there is a rapid increaseihand 4 GeV at LHC energies. Moreover, from
this figure both sharp and smooth transitions from earlyetiollisionally-broadened expansion
to ideal hydrodynamic expansion result in a 30-50% at LHQgias. The effect of reducingsg
is to shift the peak inp to larger pr while at the same time reducing the overall amplitude of
the peak. Therefore, in order to see the difference betweenstantaneously thermalized QGP
with Tiso = Tp and one with a later thermalization time requires detemgjrihe medium dilepton
spectra between 2 gr <8 GeV at LHC with high precision so that one could measuréetgthan
50% variation resulting from pre-equilibrium emissiongndtly, we point out that it is possible to
take other cuts (invariant mass and/or transverse momeéntiinis could be coupled with fits to
experimental data, allowing one to fix, andy via a “multiresolution” analysis.

5. Conclusions

In this work we have introduced a phenomenological modéltdiees into account early-time
momentum-space anisotropies in the rapidity dependenbabfenergy dilepton production. To

10
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Figure 5: Dilepton enhancemendy as defined in Eq. (4.1) resulting from our collisionally-adened in-
terpolating model with fixed final multiplicity ang = 2. The invariant mass cut used was & M < 1

GeV, rapidityy=0 and1g = 0.088 fm/c for LHC energies. Lines show expected pre-dguilm dilepton
enhancements for different values of the assumed plasrrapgsation time Tiso.

do this we have modeled the temporal evolution of the plasnstopy parametef and the hard
momentum scal®nag. Using these models we integrated the leading order ratdilfgpton pro-
duction in an anisotropic plasma over our modeled space-éivolution. Based on our numerical
results for the variation of dilepton yields with the assdnvalues ofTiso, We find that the best
opportunity to determine information about the plasmarggmration time is by analyzing the high
transverse momentum & pr < 8 GeV at LHC) dilepton spectra using relatively low pair irva
ant mass cutdM < 2 GeV). Based on theger spectra we introduced the “dilepton enhancement”
factor ¢(Tiso) which measures the ratio of yields obtained from a plasmalwisbtropizes atis, to
one which isotropizes at the formation tintg, We find that there is a 30-50% enhancement in the
high-transverse momentum dileptons at LHC energies wherasgumes an isotropization time of
Tiso = 2 fm/c. The amplitude of the enhancement and position of gad j;n the enhancement func-
tion, ¢, varies with the assumed value Bf, which, given sufficiently precise data, would provide
a way to determine the plasma isotropization time experiaign Another interesting possibility
to constrain the value to, using dileptons is studying the forward region, where tHeotfof
early-time anisotropies is expected to be maximal [27].

As an extension of the interpolating model presented invhidk, one can consider the case

11
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where, instead of having at late times 1+1 ideal hydrodynahg@xpansion, the system is described
during that stage by 1+1 viscous hydrodynamical expansitiis is possible since one can relate
the anisotropy parametsf, with the anisotropy in momentum-space of the fluid gendrhtethe
difference of the pressures along the longitudinal andstrarse plane due to viscous corrections
[28].

An uncertainty of our treatment comes from our implicit asption of chemical equilibrium.

If the system is not in chemical equilibrium (too many glu@msl/or too few quarks) early time
guark chemical potentials, or fugacities, will affect threqhuction of lepton pairs [10, 11]. How-
ever, to leading order, the quark and gluon fugacities aitiael between numerator and denomina-
tor in the dilepton suppresion factag(tiso) [11]. We, therefore, expect that to good approximation
one can factorize the effects of momentum space anisog@pieé chemical non-equilibrium.

We note in closing that within this model it is possible toesssthe phenomenological con-
sequences of momentum-space anisotropies on other obkesrvehich are sensitive to early-time
stages of the QGP, e.g. photon production, heavy-quarkpaat jet-medium induced electromag-
netic and gluonic radiation, etc.
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