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Abstract. We calculate the yield of lepton pair production from jet-plasma interaction where the plasma
is anisotropic in momentum space. We compare both the M and pr distributions from such process with
the Drell-Yan contribution. It is observed that the invariant mass distribution of the lepton pair from such
process dominates over the Drell-Yan one up to 3 GeV at RHIC and up to 10 GeV at LHC. Moreover,
it is found that the contribution from the anisotropic quark gluon plasma (AQGP) increases marginally
compared to the isotropic QGP. In case of pr-distribution we observe an increase by a factor of 3—4 in
the entire pp-range at RHIC for AQGP. However, at LHC the change in the ppr-distribution is marginal
as compared to the isotropic case. It should be noted that we have used a two stage evolution scenario.
First, the system evolves with pre-equilibrium state anisotropy up to 7:s, (the isotropization time). After

that the system evolves hydrodynamically.

1 Introduction

The primary goal of heavy-ion collisions at the Relativis-
tic Heavy Ton Collider (RHIC) at BNL and at the Large
Hadron Collider (LHC) at CERN is to establish the exis-
tence of a transient phase consisting of quarks, anti-quarks
and gluons known as Quark Gluon Plasma (QGP). Since
such a phase lasts for a few fm/c, it is impossible to ob-
serve it directly. Thus, various probes have been proposed
in the literature [1-11]. The electromagnetic probe is one
of them. The advantage of such probe is that once these
are produced they can escape the interaction zone with-
out much distortion in their energy and momentum. They,
thus carry the information of the collision dynamics very
effectively. Photons and dileptons are produced through-
out the evaluation process of the collisions. In the low and
intermediate mass region, lepton pairs are produced from
various microscopic processes such as g7 — (1™, virtual
Compton process (qg — ¢v*) etc. and also from various
hadronic reactions and decays. In the high-mass region,
there is the contribution from the Drell-Yan process, which
can be calculated from pQCD. Another important con-
tribution in this invariant-mass region is the jet-dilepton
conversion in the QGP. Several authors [12-15] have es-
timated this contribution where a jet quark (anti-quark)
interacts with a thermal anti-quark (quark) to produce
a large-mass lepton pair. It should be noted that gluon
jets would also give rise to dilepton through the process
qg — q~*. But from the phase space consideration it is
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not favoured over the process considered here. In a previ-
ous calculation, it is found that the contribution from the
gluon jets is sub-leading [8]. Thus, in this work, we shall
consider only the annihilation process due to quark jets.
It should further be noted that before annihilation of a ¢
() jet with a thermal g (¢), the ¢ (7) jet may lose energy.
Such possibility has also been considered in refs. [13-15]. It
has been observed in all those calculations that the mag-
nitude of this mechanism is orders of magnitude larger
than the thermal processes and is of the same order of
the Drell-Yan processes [16]. It is to be noted that in all
those calculations an isotropic plasma has been assumed
to be formed. But the most difficult problem lies in the
determination of isotropization and thermalization time
scales (Tiso and Tinerm ) of the QGP. Studies on elliptic flow
(up to about pr ~ 1.52GeV) using ideal hydrodynamics
indicate that the matter produced in such collisions be-
comes isotropic with 7y, ~ 0.6 fm/c [17]. On the contrary,
perturbative estimates yield much slower thermalization
of QGP [18-20]. However, recent hydrodynamical stud-
ies [21] have shown that due to the poor knowledge of
the initial conditions, there is a sizable amount of uncer-
tainty in the estimation of thermalization or isotropization
time. Thus it is necessary to find suitable probes which are
sensitive to the initial temperature. As mentioned earlier
electromagnetic probes have long been considered to be
one of the most promising tools to characterize the ini-
tial state of the collisions [6-9, 11]. Dileptons (photon as
well) can be one such observables. In the early stages of
heavy ion collisions, due to the rapid longitudinal expan-
sion the plasma after formation in isotropic phase, may
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become anisotropic [22-30]. As a result the momentum
distribution of the plasma particles become anisotropic
in momentum space. The author in ref. [31] have calcu-
lated the “medium” dilepton yield for various isotropiza-
tion times and compared it with Drell-Yan and jet-thermal
processes. It is shown that the effect of the anisotropy can-
not be neglected while calculating M-distribution and pp-
distribution. In fact in certain kinematic region this con-
tribution is comparable to Drell-Yan as well as jet-thermal
process. Jet-photon conversion in the AQGP has been cal-
culated in ref. [32] with pr up to 14 GeV to extract the
isotropization time. Also in intermediate and low pr the
photon transverse momentum distribution has been cal-
culated to infer about the isotropization time scale [33].
It is to be noted that the extracted values of i, from the
above two cases are consistent. To the best of our knowl-
edge, the contribution of the jet-dilepton conversion in
AQGP has not been done so far. It is, thus, our purpose to
estimate the dilepton yield from jet-plasma interaction in
the present work. It should be noted here that we restrict
ourselves to the QGP phase and stop the hydrodynamic
evolution before the cross-over as the high mass dileptons
originate mainly from the QGP phase. To keep the things
simple, in this work, we shall not include the energy loss
of the jet in the AQGP.

It should be noted that in absence of any precise knowl-
edge about the dynamics at early time of the collision, one
can introduce phenomenological models to describe the
evolution of the pre-equilibrium phase. In this work, we
will use one such model, proposed in ref. [31,34,35], for
the time dependence of the anisotropy parameter, £(7),
and hard momentum scale, ppara(7). This model intro-
duces four parameters to parameterize the ignorance of
pre-equilibrium dynamics: the parton formation time (7;),
the isotropization time (7is), which is the time when the
system starts to undergo ideal hydrodynamical expansion
and 7 sets the sharpness of the transition to hydrody-
namical behavior. The fourth parameter ¢ is introduced
to characterize the nature of pre-equilibrium anisotropy,
i.e. whether the pre-equilibrium phase is non-interacting
or collisionally broadened.

The plan of the paper is the following. In the next
section we describe the formalism of jet-conversion dilep-
ton production in AQGP. Jet-production and Drell-Yan
process will be discussed in sect. 3. We present a brief
discussion on space-time evolution of AQGP in sect. 4.
Section 5 will be devoted to present the results. Finally,
we summarize in sect. 6.

2 Formalism
According to the relativistic kinetic theory, the dilepton

production rate at leading order in the coupling «, is given
by [11,36,37]

de*F / d3p1 d3p2
d+P

N (27)3 (2m)3 fa/a(P1) fiet (P2) v12 U(l;ir

x8W (P — pi — pa), (1)
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where fjer and f, /4 are the phase space distribution of the
jet quarks/anti-quarks and medium quarks/anti-quarks
respectively. The total cross section of the qg — [T1~ in-
teraction is given by

2 2 2\ 1/2
Fi- AT« 2m; 4mj 9
qu _?WNCNS <1+ M2> (1_ M2 Zeq,
q

2)
where N.(= 3) and Ns(= 2) are the color factor and spin
factor, respectively and > p eg = g for two flavours v and
d. my is the mass of lepton and M is the invariant mass
of the lepton pair which is much greater than the lepton

mass. So we can easily ignore the lepton mass and we

find aflgr = é}?; NN, ez. We also assume that the
distribution functions of quarks and anti-quarks are the
same. vio is the relative velocity between the jet quark

and medium quark/anti-quark:

_(m + p2)?
V12 = 2E, B, . (3)

In this work we consider the medium is anisotropic
in momentum space so that the anisotropic distribution
function can be obtained from an arbitrary isotropic dis-
tribution by squeezing or stretching along the preferred
direction in the momentum space [23]:

fq/tj(pa gaphard) = fq/(j (\/p2 + 5(7—) (p : ﬁ)zvphard(T)) y

(4)

where 1 is the direction of anisotropy, phard(7) is a time-

dependent hard momentum scale and &(7) is a time-

dependent parameter reflecting the strength of the mo-

mentum anisotropy. In isotropic case, where £ = 0, ppard
can be recognized with the plasma temperature 7T'.

The phase space distribution function for a jet, assum-

ing the constant transverse density of the nucleus is given
by [13,38]

27)° P(lwr) 1 dNjer
e = — 0(20),
i (P) 9q 2 — 22 pr d*prdy (=0)

(5)

where g, = 2 x 3 is the spin and color degeneracy factor,
7; ~ 1/pr is the formation time of the quark or anti-quark
jet, and zg is its position in the QGP expansion direction.
P(|wy|) is the initial jet production probability distribu-
tion at the radial position w, in the plane zy, where

{r(TTi);'] r

= \/(TCOS¢—T)2 +r2sin¢ for 7, ~ 0

lw,| =

(6)

and ¢ is the angle in the plane zy between the direction
of the virtual photon and the position where this virtual
photon has been produced.
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Equation (1) can be written as

dR" 502 /d3p1 d?po

fq/(j(pla gaphard)fjet(pQ)

4P 7275 | E, E,,
X5(4)(P—P1 —p2)
5a? d3pr
=75 | B8, ———Ja/a(P1, &, Prara) fiet (P — P1)
Xé(E - EPl - EP2)|p2:p_p2' (7)

If we choose

p1 = pi(sinf), cos ¢, ,sinb,, sinp,, ,cosb,, ),
P = P(sinfp cos ¢pp,sinfp sin ¢pp, cosfp) (8)

and the anisotropy vector n along the z-direction, the ¢
function can be expressed as

5(E_EP1 _Epz) _2(E pl Z(s ¢P1

(9)
with x =[4P%p? sin? 0p sin® 0, —[2p; (E—P cos p cos 0, ) —
M?]?] > 0, and the angle ¢; can be found by the solutions
of the following equation:

2p1(E — Pcosfpcosby,)
2Pp; sinfp sin 6,

— M?

cos(i — dp,) = (10)

Equation (7) can now be written as

de*F 52 +1 -d
T:%/ d(cos0p,) p1
P18 ), o

< fasa <\/p?(1 + & cos? 9p1),phard) fier(P = p1)
(11)

with
M2
2[E — Pcos(0p £0,,)]

Now, the dilepton production rate R is defined as
the total number of lepton pair emitted from the 4-
dimensional space-time element d*z = 7d7dnd?z, with
R = dN/d*z. Here, 7 = /12 — 22 is the longitudinal
proper time, 7 = tanh™'(z/t) is the space-time rapidity,
and x, is a two-vector containing the transverse coordi-
nates.

The total dilepton spectrum is given by a full space-
time integration:

a4 = (12)

le*l’ / P / Ry ™
— = d?p TdT/ rdr d¢
dM>dy pipin ’ 0 0
de+l
></ dn—— AP (E = mgcosh(y —n)) (13)
le+l7 M Tf Ry s
and 272/ dMQ/ TdT/ TdT/ do¢
d*prdy Mmin i 0 0
dR\tt

J.

=g~ (B = mr cosh(y — 1)), (14)
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where R = 1.2[(Npar)/2]'/3 is the transverse dimension
of the system and mq is the transverse mass of the pair.
We have assumed that the plasma is formed at time 7;
and it undergoes a phase transition at transition temper-
ature (7¢) which begins at the time 7¢. 77 is obtained by
using the condition pnard(7 = 77) = T¢. The energy of the
dilepton pair in the fluid rest frame has to be understood
as E = my cosh(y—n). Now the ¢ integration can be done
as follows:

| aopiien) -

0
0, for r2 + 72 — 2711 > Ri,

4+ T

4 2 2
Ri(lRﬁ_), fOI'T'2+7_2+27—7"<Ri,

4ug 1 r? + 712 (15)
TR% R?
8
+% sin(up), otherwise,

where ) ) )

-R
Up = arccos <m> . (16)

27r

3 Jets production and Drell-Yan process

The differential cross-section for the jet production in
hadron-hadron collision (A+ B — jets+X) can be written
s [39]

doie !
Tprd :KZ/ d20Gasa(ta, Q*)Go/p(wy, Q°)
prdy ap Jrmin
ldA -
Iaf)g Oab cd7 (17)

Tq — Levm dt

where /s is the total energy in the center-of-mass and
Zq (xp) is the momentum fraction of the parton a (b) of
the nucleon A (B). Go/a (Gy/p) is the parton distribu-
tion function (PDF) of the incoming parton a (b) in the
incident hadron A (B). K factor is used to account the
next-to-leading (NLO) order effect. The minimum value
of x, is

min __ pTey

Vs —pre ¥’

The value of the momentum fraction z; can be written as

x (18)

zqpre Y

e 19
Tq\/s — prey (19)

Iy =
d‘%“(;’itf“‘ is the cross section of parton collision at leading
order. These process are: qq — qq, q@ — qq, 9@ — ¢'q,
qq' = aq’, 94’ — qq', g9 — qg, and gg — qq. The yield for
producing jets in the heavy-ion collision is given by

dzvjet
d?prdy

do; t
=T © , 20
i (20)
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where Taa = 942 / SﬂRi is the nuclear thickness function
for zero impact parameter [38]. The pr distribution of
the jet quarks in the central rapidity region (y = 0) was
computed in [12] and parameterized as

d]Vjet a

—K— . 21
d?prdy|,_, (L+5F)e @)

Numerical values for the parameters a, b and c are listed
in ref. [12].

The cross-section for the Drell-Yan process (LO) is
given by [10]

dNpy 2

dM2dy

4o

9M4
[21G g a1, Q%) 22Gy (22, Q%)

= TaanKpy

<2

Jrrle/A(iCl,Q NaaGyyp(22,Q%)],
(22)

where the momentum fractions with rapidity y are 1 =
%ey, Ty = % e Y. Kpy factor of 1.5 is used to account

for the NLO correction [40]. We have used the CTEQG6
parton distribution functions for our calculations [41].

It should be noted that we have not included the shad-
owing effect in our calculation. Inclusion of this effect will
reduce the Drell-Yan contribution leaving a more promis-
ing window for the jet-dilepton contribution. It is worth-
while to mention that the gluon saturation effect has not
been included in our calculation as recent experimental
results show that there is no significant change in the
gluon distribution function of the proton for Bjorken-x
between 2 x 107°2 to 2 x 107% from HERA to LHC en-
ergies [42].

4 Space-time evaluation

For the case of expanding plasma, we will be required to
specify a proper-time dependence of the anisotropy pa-
rameter, ¢ and the hard momentum scale, pparq. In our
calculation, we assume an isotropic plasma is formed at
initial time 7; and initial temperature T;. The initial rapid
expansion of the matter along the longitudinal direction
causes faster cooling in this direction than in the trans-
verse direction [18] and as result, a local momentum-space
anisotropy occurs and remains until 7 = 7i5,. In this work,
we shall follow the work of ref. [31,34] to evaluate the
dilepton production rate from the first few Fermi of the
plasma evolution. According to this model there can be
three possible scenarios: i) 7; = Tis0, the system evolves
hydrodynamically so that {(7) = 0 and we can identify
the hard momentum scale with the plasma temperature
so that puara(7) = T(7) = To(r;/7)'/3, ii) Tiso — o0, the
system never comes to equilibrium, iii) 7;5, > 7; and g
is finite, one should devise a time evolution model for &(7)
and ppara(7) which smoothly interpolates between pre-
equilibrium anisotropy and hydrodynamics and we shall
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follow scenario iii). The time dependent parameters £ and

Phard are obtained in terms of a smeared step function [34]:
1

Ar) = g(tanh[v(T

— Tiso)/Ti] + 1), (23)

where the transition width, v~ ! is introduced to take into
account the smooth transition between non-equilibrium
and hydrodynamical evolution at 7 = 7. It is clearly
seen that for 7 < 750, we have A — 0, corresponding
to anisotropic evolution and for 7 > 7iso, A — 1 which
corresponds to hydrodynamical evolution.

With this, the time dependence of relevant quantities
are as follows [31,34]:

Prara(7) = T; [U(7 )/um“‘”’
and  &(7) = LA _ (24)
where U(1) = [R(ad, —1)]*MN /4 (a5 /a) —ON=2ANN/2 g =
7/7 and Giso = Tiso/Ti and R(z) = %(ﬁ + 7(““@%\/5).

In the present work, we have used a free streaming in-
terpolating model that interpolates between early-time
(1 + 1)-dimensional longitudinal free streaming and late-
time (14 1)-dimensional ideal hydrodynamic expansion by
choosing ¢ = 2.

As the colliding nuclei do have a transverse density
profile, we assume that the initial temperature profile is
given by [43]

Tir) =T [2(1—r/R3)]V*. (25)
Using eqgs. (24) and (25) we obtain the profile of the hard
momentum scale as
1/4 -
Prara(rr) = T3 [2(1 =2/ R U (7). (26)
In case of isentropic expansion the initial temperature
(T;) and thermalization time (7;) can be related to the

observed particle rapidity density by the following equa-

tion [44]:
27t 1 1 ﬂ(b )
45{(3) 7TRJ_ 4ak dy m ’

where d—(bm) is the hadron multiplicity for a given cen-

T} (bm)7i = (27)

trality class with maximum impact parameter b,,, R is
the transverse dimension of the system, ((3) is the Rie-
mann zeta function, and ax = (72/90)g;. for a plasma of
massless u, d and s quarks and gluons, where g, = 42.25.

5 Results

The hadron multiplicity resulting from Au+ Au collisions
is related to that from pp collision at a given impact pa-
rameter and collision energy by

AN,y
dy ’
(28)

<ngv<bm>>=[<1—x> (Npart (bm)) /24 @(Neott (b))
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Fig. 1. Dilepton yield for central Au + Au collisions at
VSnn = 200GeV (left panel) and for central Pb + Pb col-
lisions at v/Svny = 5.5 TeV (right panel).

where z is the fraction of hard collisions. (Npq,¢) is the
average number of participants and (N.y;) is the average
number of collisions evaluated by using Glauber model.
dNgh/dy = 2.5—0.25In(s) +0.023In” s is the multiplicity
of the produced hadrons in pp collisions [45] at center of
mass energy, /s scaled by nucleon mass taken as ~ 1 GeV.
We have assumed that 20% hard (i.e. = 0.20) and 80%
soft, collisions are responsible for initial entropy produc-
tion. This gives the desired multiplicity measured at RHIC
energies. For 0-10% centrality we obtain T; = 446 MeV
for 7; = 0.147fm/c. Following the same methodology, for
LHC energies (v/s = 5.5TeV), we find the initial condi-
tions as T; = 845 MeV with 7, = 0.088 fm/c.

For anisotropic hydrodynamics the time 74 at which
the quark gluon plasma phase ends depends upon the val-
ues of T;, 7, and Tis,. Thus for initial conditions corre-
sponding to RHIC energies we have the following values
of 7¢. 74 = 2.65,3.6,4.26fm/c for 7, = 0.147,1,2fm/c,
respectively. At LHC energies, 7y = 10.81,16.6,19.7fm/c
for 750 = 0.088, 1,2 fm/c, respectively. We take the tran-
sition temperature T, ~ 170 MeV.

Using the above initial conditions, we display the in-
variant mass distribution for RHIC (left panel) and LHC
(right panel) energies in fig. 1. We have used pHin =
2GeV. It is found that the contribution from jet-dilepton
conversion in isotropic plasma dominates over the Drell-
Yan contribution up to M ~ 2.5GeV (see left panel).
However, when anisotropy is introduced this threshold
increases to M = 3GeV irrespective of the values of
the isotropization time. For LHC energies (right panel)
this threshold increases up to M ~ 10GeV provid-
ing an expanded window at LHC where jet-conversion
dilepton could be observed when initial momentum-space
anisotropy is taken into account. However, the dominance
of the jet-dilepton conversion over the Drell-Yan con-
tribution is sensitive to the choice of pi™. In case of
pRin = 4GeV for RHIC energies, even if we introduce
initial momentum-space anisotropy, we find that the two
contributions do not intersect for any value of M. On the
other hand, including the anisotropy effect for LHC ener-
gies with pi® = 8 GeV, we observe a comparatively larger
window in M for which the jet-dilepton conversion contri-
bution dominates compared to the isotropic case as shown
in fig. 2.
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Fig. 2. Dilepton yield for central Au + Au collisions at
VSnn = 200GeV (left panel) and for central Pb + Pb col-
lisions at v/ Syny = 5.5TeV (right panel).
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panel) and the LHC (right panel).
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Fig. 4. Collisionally broadened interpolating model dilepton
yield and jet-conversion dilepton yield as a function of invariant
mass in central Au+ Au collisions at v/Syny = 200 GeV (left
panel) and for central Pb + Pb collisions at v/ Syny = 5.5 TeV
(right panel).

The pp-distribution is shown in fig. 3 where we find
that the effect of anisotropy at RHIC energies is sub-
stantial (increases by a factor of 4). Surprisingly, at LHC
energies the effect is not substantial. In fig. 4 we com-
pare the contribution from jet-dilepton conversion with
the medium dilepton [31], where fiet(p2) in eq. (1) is re-
placed by fz/4(p2). It is shown that in case of 75, =
0.147fm/c (0.088fm/c) for RHIC (LHC) which corre-
sponds to isotropic momentum space distribution, the
jet-dilepton contribution exceeds the thermal dilepton
production by an order of magnitude which is consis-
tent with ref. [13]. For both the energies, with the in-
troduction of initial state anisotropy, the medium dilep-
ton yield increases with respect to the isotropic case as
found in ref. [31,34]. In our work we find that jet-dilepton
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contribution coming from the interaction between jet and
AQGP is in fact an order of magnitude larger in com-
parison to the isotropic jet-dilepton conversion as well as
anisotropic medium contribution for both RHIC and LHC
energies. However, here also the dependence on p’{«‘in can
not be neglected. It has been observed that in low in-
variant mass region with p® = 1 GeV, medium dilepton
production rate dominates over the jet-medium dilepton
production rate even for the AQGP.

Few comments about the initial conditions are in or-
der here. For model calculations of various observables at
RHIC and LHC energies one can vary the initial condi-
tions (such as T; by varying 7;) and the initial temper-
ature usually lies in the range of T; ~ 350-440 MeV for
RHIC [46-49]. For example, in [15], T; for RHIC is as-
sumed to be ~ 370MeV in which case the jet-dilepton
contribution remains above the DY lepton pair up to
M ~ 3GeV which is similar to our case although the
initial temperature is higher. In the same work the initial
temperature for LHC energies is taken as T; ~ 845 MeV
which is similar to our case.

6 Summary and discussion

In this work we have calculated the contribution of lep-
ton pair production in the high-mass region from jet-
plasma interactions in AQGP. For simplicity, (1 + 1)d
anisotropic hydrodynamics has been used as the effect of
transverse expansion will be marginal in the early stage
of the collision (note that momentum-space anisotropy is
an early time phenomenon). It is found that the thresh-
old value of M beyond which DY process dominates over
jet-conversion dilepton increases marginally with the in-
troduction of momentum-space anisotropy both for RHIC
and LHC. However, we do not find any appreciable
change in the pp distribution at LHC energies even if
the anisotropy is introduced. We have also shown that
the medium dilepton contribution always remains below
the dilepton from the jet plasma interaction. In fact, the
former is less by a factor 4-10 depending upon 7, and
pr. Since we are considering the high-mass lepton pair,
the contributions from ¢g annihilation (isotropic) as well
as hadronic matter will be subleading there. Lepton pair
from hadronic reactions and decays usually dominates in
the intermediate mass region. Moreover, as the radial flow
is not developed properly in the initial stage of the colli-
sion, its effect is neglected here [50]. It should also be noted
that a different initial temperature could be obtained by
varying 7;. The chosen set for RHIC energies gives the
best fit of other experimental observables [33,35]. Finally,
in the present calculation we have not included the en-
ergy loss of the energetic jets which we propose to report
elsewhere [51].
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