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• photon radiation rates <= quarks and 
gluons are not the only quasiparticles, 
monopoles appear in large number 
and help to explain large 
scattering rates (small viscosity). We 
need to include those collisions in photon 
rates 

• news on chiral symmetry restoration  

outline, page 2

hadronic
time

QGP 

near Tc

Friday, December 7, 12



VOLUME 68, NUMBER 22 P H YSICAL REVIEW LETTERS 1 JUNE 1992

I I I I

[
I I I I

[
I I I I

(

I I I I

0 I

200 300 400 500 600
T [MeV]

FIG. 1. The number of charmed pairs per unit rapidity,
d/V/dy, in the central region for Au-Au central collisions at
RHIC, according to the quark-gluon plasma model (the solid
line), vs the initial temperature To The re.gion between the two
dashed lines corresponds to direct charm production, evaluated
in the parton model.

discussed) QGP signal [I], and we have a comment on
that. Although even the standard scenario suggests rela-
tively large gluon energies 3T-1 GeV)&m„ it is not ob-
vious that s quarks are as numerous as u, d ones: qq pro-
duction is dominated by the small-angle process, so one
should compare m, to the "thermal mass, " used as a
cutoA'. Only in our scenario the latter is large enough, so
that there should be no signt'ftcant difference between u,
d, and s quarks produced (at time -2 fm/c).
Spectra of the produced photons and dileptons should

also be significantly modified in this scenario: During the
"transitory period" (rs ( r & rq) one has smaller num-
ber of quarks, but those are hotter. The reason is again
that gg qq is dominated by small angles, so the pro-
duced quarks have the same momentum distribution as
gluons. As most photons and dileptons to be observed ac-
tually correspond to the tails of the distribution func
tions, it is important that their relaxation happens from
abo(e.
The author benefited from discussion of perturbative

scattering in QGP with K. Eskola, M. Gyulassy, A.
Makhlin, and R. Pisarski. This work is partially support-
ed by DOE Grant No. DE-F602-88ER40388.
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Using the (lowest-order) perturbative QCD, we argue that high energy heavy ion collisions proceed
via two stages: equilibration of gluons takes time ts——, fm/c, while production and equilibration of
quarks needs time at least rq —2 fm/c. If so, the initial gluon plasma is much hotter than usually es-
timated, T~-400 MeV, which leads to enhanced charm production and significant modifications of oth-
er proposed signals.

PACS nulnbers: 25.75.+r, 12.38.Bx, 24.60.Ky, 24.85.+p

The main objective of the future experimental heavy
ion program at the BNL Relativistic Heavy Ion Collider
(RHIC) and the CERN Large Hadron Collider (LHC)
is production of a new form of matter, the so-called
quark gluon -plasma (QGP) [1-3]. Dynamics of these
collisions during the first few fm/c remains very uncer-
tain. One approach is based on "soft" processes (e.grr the
dual string model), extrapolating properties of the pp and
pA collisions to the AA case [4]. Another approach
focuses at the "semihard" processes, with momenta trans-
fer —1-3 GeV, which can in principle be described by
perturbative QCD (PQCD). The relatively large gg cross
section leads to the idea [5] that it is the gluonic com-
ponent of the hadrons which intersect the most, and that
was supplemented by the proposal [6] that it should also
lead to very "hot glue. " In the present paper we specify
some details of this scenario.
During the last decade, scattering of few-GeV partons

(the "minijets") was related to spectra observed in pp
collisions [7,8], producing evidence that this component
of the collision processes is indeed reproduced by pertur-
bative QCD. For nuclear collisions the picture obtained
depends on the boundary of the perturbative description.
If it is set at p ) 2 GeV [8,9], then even a central Au-Au
collision produces a dilute system of partons. Recupera-
tion of their color field (or "gluonic branching") multi-
plies their number by about a factor of 3 until time -0.4
fm/c [9], when the system becomes dense and interacting.
Another (and more optimistic) scenario [10] appears if
the parton cutoff is set by the Gribov-Levin-Ryskin "sat-
uration condition. " This leads to a dense cloud of partons
with p ) I GeV: so even without scattering one produces
enough gluons for the total entropy needed. "Partonic
cascades" [11]can provide more details, but it seems very
plausible that (i) entropy is produced very early and (ii)
it appears mainly as few-GeV gluons [12]. With these
assumptions, we discuss below the issue of partonie
equilibration, in terms of both their momentum distribu-
tion and composition.
First, let us recall the standard scenario a la Bjorken

[13], used as a benchmark. For central AA collisions in
the central region we take [14]

=8 0.8lnE,
dy

with [15] a =1.1 and F., m being the center-of-mass ener-
gy per nucleon. Using entropy conserve ation one evaluates
the entropy density at time ro as

3.6 dN/dy
st =

zRg ro

where Rq is the nuclear radius and 3.6 comes from the
entropy/number density ratio for the pion gas. If one
simply takes rtl=f fm/c, for central collisions at RHIC
(Au-Au, Js =200A GeV) and LHC (Pb-Pb, Js
=6300A GeV), one gets the initial entropy s; = 35 and
60 fm, corresponding for equilibrated QGP to the fol-
lowing initial temperatures:

T; = 240 MeV (RHIC), T; = 290 MeV (LHC) . (2)

Second, let us recall the relevant cross sections. In the
lowest order [16] the matrix elements squared M [de-
fined by do/dt = (tra, /s )M ] are

442
fR

ut us3 2 t 2

(u'+t')

st
u

3 u +t
8ut

(3)
4 u +s u +s

VE

4s+u
q IV 2 q lq2

large angle) 5 2T (4)

(ii) The small-angle scattering leads to divergent cross
sections, which are finite in QGP due to finite "Debye
mass" t;„=ktl =g T [171. The effective sma)1-angle

Each process has (i) large- and (ii) small angle parts, -
which we discuss subsequently.
(i) The large-angle cross sections are very difTerent: at

90' the M are related as 30.4/0. 14/5. 4/2. 2, thus the gg
scattering is by far the most important. (Note, however,
that in the gg case integrating over t one should not take
into account the same final state twice. )
For the ideal gas of gluons at temperature T the mean

kinematical invariants are —u =—t =s/2 —(3T), lead-2

ing to an

effective

large angle scattering rate -at least
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FIG. 1. The number of charmed pairs per unit rapidity,
d/V/dy, in the central region for Au-Au central collisions at
RHIC, according to the quark-gluon plasma model (the solid
line), vs the initial temperature To The re.gion between the two
dashed lines corresponds to direct charm production, evaluated
in the parton model.
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vious that s quarks are as numerous as u, d ones: qq pro-
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should compare m, to the "thermal mass, " used as a
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that there should be no signt'ftcant difference between u,
d, and s quarks produced (at time -2 fm/c).
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Second, let us recall the relevant cross sections. In the
lowest order [16] the matrix elements squared M [de-
fined by do/dt = (tra, /s )M ] are
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(ii) The small-angle scattering leads to divergent cross
sections, which are finite in QGP due to finite "Debye
mass" t;„=ktl =g T [171. The effective sma)1-angle

Each process has (i) large- and (ii) small angle parts, -
which we discuss subsequently.
(i) The large-angle cross sections are very difTerent: at

90' the M are related as 30.4/0. 14/5. 4/2. 2, thus the gg
scattering is by far the most important. (Note, however,
that in the gg case integrating over t one should not take
into account the same final state twice. )
For the ideal gas of gluons at temperature T the mean

kinematical invariants are —u =—t =s/2 —(3T), lead-2

ing to an

effective

large angle scattering rate -at least
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Using the (lowest-order) perturbative QCD, we argue that high energy heavy ion collisions proceed
via two stages: equilibration of gluons takes time ts——, fm/c, while production and equilibration of
quarks needs time at least rq —2 fm/c. If so, the initial gluon plasma is much hotter than usually es-
timated, T~-400 MeV, which leads to enhanced charm production and significant modifications of oth-
er proposed signals.
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quark gluon -plasma (QGP) [1-3]. Dynamics of these
collisions during the first few fm/c remains very uncer-
tain. One approach is based on "soft" processes (e.grr the
dual string model), extrapolating properties of the pp and
pA collisions to the AA case [4]. Another approach
focuses at the "semihard" processes, with momenta trans-
fer —1-3 GeV, which can in principle be described by
perturbative QCD (PQCD). The relatively large gg cross
section leads to the idea [5] that it is the gluonic com-
ponent of the hadrons which intersect the most, and that
was supplemented by the proposal [6] that it should also
lead to very "hot glue. " In the present paper we specify
some details of this scenario.
During the last decade, scattering of few-GeV partons

(the "minijets") was related to spectra observed in pp
collisions [7,8], producing evidence that this component
of the collision processes is indeed reproduced by pertur-
bative QCD. For nuclear collisions the picture obtained
depends on the boundary of the perturbative description.
If it is set at p ) 2 GeV [8,9], then even a central Au-Au
collision produces a dilute system of partons. Recupera-
tion of their color field (or "gluonic branching") multi-
plies their number by about a factor of 3 until time -0.4
fm/c [9], when the system becomes dense and interacting.
Another (and more optimistic) scenario [10] appears if
the parton cutoff is set by the Gribov-Levin-Ryskin "sat-
uration condition. " This leads to a dense cloud of partons
with p ) I GeV: so even without scattering one produces
enough gluons for the total entropy needed. "Partonic
cascades" [11]can provide more details, but it seems very
plausible that (i) entropy is produced very early and (ii)
it appears mainly as few-GeV gluons [12]. With these
assumptions, we discuss below the issue of partonie
equilibration, in terms of both their momentum distribu-
tion and composition.
First, let us recall the standard scenario a la Bjorken

[13], used as a benchmark. For central AA collisions in
the central region we take [14]

=8 0.8lnE,
dy

with [15] a =1.1 and F., m being the center-of-mass ener-
gy per nucleon. Using entropy conserve ation one evaluates
the entropy density at time ro as

3.6 dN/dy
st =

zRg ro

where Rq is the nuclear radius and 3.6 comes from the
entropy/number density ratio for the pion gas. If one
simply takes rtl=f fm/c, for central collisions at RHIC
(Au-Au, Js =200A GeV) and LHC (Pb-Pb, Js
=6300A GeV), one gets the initial entropy s; = 35 and
60 fm, corresponding for equilibrated QGP to the fol-
lowing initial temperatures:

T; = 240 MeV (RHIC), T; = 290 MeV (LHC) . (2)

Second, let us recall the relevant cross sections. In the
lowest order [16] the matrix elements squared M [de-
fined by do/dt = (tra, /s )M ] are

442
fR

ut us3 2 t 2

(u'+t')

st
u

3 u +t
8ut

(3)
4 u +s u +s

VE

4s+u
q IV 2 q lq2

large angle) 5 2T (4)

(ii) The small-angle scattering leads to divergent cross
sections, which are finite in QGP due to finite "Debye
mass" t;„=ktl =g T [171. The effective sma)1-angle

Each process has (i) large- and (ii) small angle parts, -
which we discuss subsequently.
(i) The large-angle cross sections are very difTerent: at

90' the M are related as 30.4/0. 14/5. 4/2. 2, thus the gg
scattering is by far the most important. (Note, however,
that in the gg case integrating over t one should not take
into account the same final state twice. )
For the ideal gas of gluons at temperature T the mean

kinematical invariants are —u =—t =s/2 —(3T), lead-2

ing to an

effective

large angle scattering rate -at least

3270 1992 The American Physical Society

charm contribution needs 
to be subtracted to test

 early dileptons M=1..3 GeV

Friday, December 7, 12



M.Heller et al
arXiv:1103.3452 2

investigation of the influence of the initial conditions on
thermalization and entropy production that we are inter-
ested in.

Motivated by this, we developed a new numerical
framework using the ADM formalism of numerical rel-
ativity and analyzed the evolution of the plasma sys-
tem starting from a range of initial conditions. These
correspond, in our setup, to specifying a single metric
coe�cient function (‘initial profile’) for the initial geom-
etry on the hypersurface ⌧ = 0. The initial hypersur-
face is the same as in [8], however without any spuri-
ous coordinate singularities. Subsequently we solve nu-
merically 5-dimensional Einstein’s equations and obtain
plasma energy-momentum tensor from the asymptotics
of the solution at the AdS boundary. The details of this
setup can be found in a companion article [11], while
in the present letter we will concentrate on the physical
questions mentioned above.

Boost-invariant plasma and hydrodynamics. The
traceless and conserved energy-momentum tensor of a
boost-invariant conformal plasma system with no trans-
verse coordinate dependence is uniquely determined in
terms of a single function hT⌧⌧ i – the energy density at
mid-rapidity "(⌧). The longitudinal and transverse pres-
sure are consequently given by

pL = �"� ⌧
d

d⌧
" and pT = "+

1

2
⌧
d

d⌧
" . (1)

It is quite convenient to eliminate explicit dependence
on the number of colors Nc and degrees of freedom by
introducing an e↵ective temperature Teff through

hT⌧⌧ i ⌘ "(⌧) ⌘ N2
c · 3

8
⇡2 · T 4

eff . (2)

Let us emphasize that Teff does not imply in any way
thermalization. It just measures the temperature of a
thermal system with an identical energy density as "(⌧).

All order viscous hydrodynamics amounts to present-
ing the energy-momentum tensor as a series of terms ex-
pressed in terms of flow velocities uµ and their deriva-
tives with coe�cients being proportional to appropriate
powers of Teff , the proportionality constants being the
transport coe�cients. For the case of N = 4 plasma,
the above mentioned form of Tµ⌫ is not an assumption
but a result of a derivation from AdS/CFT [7]. Hydro-
dynamic equations are just the conservation equations
@µTµ⌫ = 0, which are by construction first-order di↵er-
ential equations for Teff .

In the case of boost-invariant conformal plasma this
leads to a universal form of first order dynamical equa-
tions for the scale invariant quantity w = Teff · ⌧ namely

⌧

w

d

d⌧
w =

Fhydro(w)

w
, (3)

where Fhydro(w) is completely determined in terms of the
transport coe�cients of the theory, much in the spirit of

FIG. 1. a) F (w)/w versus w for all 29 initial data. b) Pressure
anisotropy 1� 3pL

" for a selected profile. Red, blue and green

curves represent 1st, 2nd and 3rd order hydrodynamics fit.

[12]. For N = 4 plasma at strong coupling Fhydro(w)/w
is known explicitly up to terms corresponding to 3rd order
hydrodynamics [13]

2

3
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9⇡w
+
1� log 2

27⇡2w2
+
15� 2⇡2 � 45 log 2 + 24 log2 2

972⇡3w3
+. . .

(4)
The importance of formula (3) lies in the fact that if the
plasma dynamics would be governed entirely by (even
resummed) hydrodynamics including dissipative terms
of arbitrarily high degree, then on a plot of ⌧

w
d
d⌧w ⌘

F (w)/w as a function of w trajectories for all initial con-
ditions would lie on a single curve given by Fhydro(w)/w.
If, on the other hand, genuine non-equilibrium processes
would intervene we would observe a wide range of curves
which would merge for su�ciently large w when thermal-
ization and transition to hydrodynamics would occur.
In Figure 1a we present this plot for 29 trajectories cor-

responding to di↵erent initial states. It is clear from the
plot that non-hydrodynamic modes are very important in
the initial stage of plasma evolution, yet for all the sets
of initial data, for w > 0.7 the curves merge into a single
curve characteristic of hydrodynamics. In Figure 1b we
show a plot of pressure anisotropy 1� 3pL

" ⌘ 12F (w)
w � 8

for a selected profile and compare this with the corre-
sponding curves for 1st, 2nd and 3rd order hydrodynam-
ics. We observe, on the one hand, a perfect agreement
with hydrodynamics for w > 0.63 and, on the other hand,
a quite sizable pressure anisotropy in that regime which
is nevertheless completely explained by dissipative hy-
drodynamics (see [10] for similar conclusion).
In order to study the transition to hydrodynamics in

more detail, we will adopt a numerical criterion for ther-
malization which is the deviation of ⌧ d

d⌧w from the 3rd

order hydro expression (4)
�

�

�

�

�

⌧ d
d⌧w

F 3rd order
hydro (w)

� 1

�

�

�

�

�

< 0.005. (5)

Despite the bewildering variety of the non-equilibrium
evolution, we will show below that there exist, however,
some surprising regularities in the dynamics.
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In this note we discuss how angular distribution of the dileptons produced in heavy ion collisions
at RHIC/LHC energies can provide an information about a degree of local equilibration of the
quark-gluon plasma produced at di↵erent invariant mass regions.

PACS numbers:

I. INTRODUCTION

The issue of parton equilibration in heavy ion collisions
is an area of very active research. As it is well known, suc-
cessful hydrodynamical description of the elliptic flows
[1–4] implies that the beginning of (transverse) hydrody-
namical expansion cannot start later than⇠ 1/2 fm/c af-
ter the collision moment. Perturbative mechanisms such
as e.g. “bottom-up” equilibration discussed in [5] have
di�culties explaining how can it happen so rapidly. On
the other hand, applications of the AdS/CFT language
[6–9] naturally ascribe the thermalization time to the “in-
fall time” into an emerging black hole horizon, which is
of the order of its position in the holographic coordinate
⇠ 1/⇡T

i

⇠ 0.2fm/c.

Recent studies [8, 9] have followed a set of arbitrar-
ily chosen initial conditions through numerical solution
of the Einstein equations. At late time a convergence
with a hydrodynamical description is observed, as ex-
pected. A somewhat surprising finding is that agree-
ment with viscous hydrodynamics is reached when the
anisotropy is still quite large. We would like therefore
to distinguish the “hydronization” [12] time, at which
local stress tensor T

µ⌫ agrees with hydrodynamical one
and the “anisotropization” time, at which all distribu-
tions become local (independent on gradients) and thus
isotropic. (Both with a prescribed accuracy, of course.)

This letter is not however about theory of equilibra-
tion, but about experimental ways to monitor it in ex-
periment. Its idea is known in general, but in this short
note i would like to provide some numerical illustrations
of the magnitude of the e↵ect which can be observed in
RHIC/LHC heavy ion experiments.

Let us on the onset remind standard terminology to be
used below. The sources of the dileptons are split into
three categories:
(i) instantaneous parton annihilation, known as the
Drell-Yan process;
(ii) the pre-equilibrium stage, after the nuclei pass each
other;
(iii) equilibrated stage, in which matter is assumed to be
local and isotropic.

II. ANGULAR ANISOTROPY

It is well known that when spin-1/2 particles (such as
quarks) annihilate and produce lepton pairs, the cross
section is not isotropic but has the following form

d�

d⌦
k

⇠ (1 + cos

2
✓

k

) (2.1)

where the subscript correspond to a momentum k of,say,
the positively charged lepton. This distribution is, or
example, observed in the so called Drell-Yan pairs from
stage (i), produced by the instantaneous annihilation of
the quark-antiquark partons into dileptons. At high en-
ergies the partons naturally are collinear to the beams.
For illustration, let us take a particularly simple one-

parameter angular distribution

W ⇠ exp[�↵cos

2
✓

p

] (2.2)

with one parameter ↵. The subscript p reminds us that
this angle is of the colliding partons, not final leptons.
Fig.1 shows two opposite examples of (normalized) dis-
tributions.
Let us now calculate the distribution of the dileptons

corresponding to he distribution (2.2)
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p
↵)↵)] ⇠ 1 + a(↵)cos2✓

k

(2.3)

The last expression is a definition of the e↵ective parame-
ter a(↵), which we plot in Fig.1. Note that large negative
values of the ↵, corresponding to partons collimated near
the beam direction and Drell-Yan process a ⇡ 1, as al-
ready noticed.
On the other hand, the second stage of the collision

(ii) is characterized by the longitudinal pressure smaller
than the transverse one. One may understand that be-
cause such anisotropic parton distribution with small dif-
ferences in longitudinal momenta is produced by a “self-
sorting” process, in which partons with di↵erent rapidi-
ties get spatially separated after the collision. We thus
expect at this stage large negative ↵, in terms of the
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investigation of the influence of the initial conditions on
thermalization and entropy production that we are inter-
ested in.

Motivated by this, we developed a new numerical
framework using the ADM formalism of numerical rel-
ativity and analyzed the evolution of the plasma sys-
tem starting from a range of initial conditions. These
correspond, in our setup, to specifying a single metric
coe�cient function (‘initial profile’) for the initial geom-
etry on the hypersurface ⌧ = 0. The initial hypersur-
face is the same as in [8], however without any spuri-
ous coordinate singularities. Subsequently we solve nu-
merically 5-dimensional Einstein’s equations and obtain
plasma energy-momentum tensor from the asymptotics
of the solution at the AdS boundary. The details of this
setup can be found in a companion article [11], while
in the present letter we will concentrate on the physical
questions mentioned above.

Boost-invariant plasma and hydrodynamics. The
traceless and conserved energy-momentum tensor of a
boost-invariant conformal plasma system with no trans-
verse coordinate dependence is uniquely determined in
terms of a single function hT⌧⌧ i – the energy density at
mid-rapidity "(⌧). The longitudinal and transverse pres-
sure are consequently given by

pL = �"� ⌧
d

d⌧
" and pT = "+

1

2
⌧
d

d⌧
" . (1)

It is quite convenient to eliminate explicit dependence
on the number of colors Nc and degrees of freedom by
introducing an e↵ective temperature Teff through

hT⌧⌧ i ⌘ "(⌧) ⌘ N2
c · 3

8
⇡2 · T 4

eff . (2)

Let us emphasize that Teff does not imply in any way
thermalization. It just measures the temperature of a
thermal system with an identical energy density as "(⌧).

All order viscous hydrodynamics amounts to present-
ing the energy-momentum tensor as a series of terms ex-
pressed in terms of flow velocities uµ and their deriva-
tives with coe�cients being proportional to appropriate
powers of Teff , the proportionality constants being the
transport coe�cients. For the case of N = 4 plasma,
the above mentioned form of Tµ⌫ is not an assumption
but a result of a derivation from AdS/CFT [7]. Hydro-
dynamic equations are just the conservation equations
@µTµ⌫ = 0, which are by construction first-order di↵er-
ential equations for Teff .

In the case of boost-invariant conformal plasma this
leads to a universal form of first order dynamical equa-
tions for the scale invariant quantity w = Teff · ⌧ namely

⌧

w

d

d⌧
w =

Fhydro(w)

w
, (3)

where Fhydro(w) is completely determined in terms of the
transport coe�cients of the theory, much in the spirit of

FIG. 1. a) F (w)/w versus w for all 29 initial data. b) Pressure
anisotropy 1� 3pL

" for a selected profile. Red, blue and green

curves represent 1st, 2nd and 3rd order hydrodynamics fit.

[12]. For N = 4 plasma at strong coupling Fhydro(w)/w
is known explicitly up to terms corresponding to 3rd order
hydrodynamics [13]
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+
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+
15� 2⇡2 � 45 log 2 + 24 log2 2

972⇡3w3
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(4)
The importance of formula (3) lies in the fact that if the
plasma dynamics would be governed entirely by (even
resummed) hydrodynamics including dissipative terms
of arbitrarily high degree, then on a plot of ⌧

w
d
d⌧w ⌘

F (w)/w as a function of w trajectories for all initial con-
ditions would lie on a single curve given by Fhydro(w)/w.
If, on the other hand, genuine non-equilibrium processes
would intervene we would observe a wide range of curves
which would merge for su�ciently large w when thermal-
ization and transition to hydrodynamics would occur.
In Figure 1a we present this plot for 29 trajectories cor-

responding to di↵erent initial states. It is clear from the
plot that non-hydrodynamic modes are very important in
the initial stage of plasma evolution, yet for all the sets
of initial data, for w > 0.7 the curves merge into a single
curve characteristic of hydrodynamics. In Figure 1b we
show a plot of pressure anisotropy 1� 3pL

" ⌘ 12F (w)
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for a selected profile and compare this with the corre-
sponding curves for 1st, 2nd and 3rd order hydrodynam-
ics. We observe, on the one hand, a perfect agreement
with hydrodynamics for w > 0.63 and, on the other hand,
a quite sizable pressure anisotropy in that regime which
is nevertheless completely explained by dissipative hy-
drodynamics (see [10] for similar conclusion).
In order to study the transition to hydrodynamics in

more detail, we will adopt a numerical criterion for ther-
malization which is the deviation of ⌧ d

d⌧w from the 3rd

order hydro expression (4)
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< 0.005. (5)

Despite the bewildering variety of the non-equilibrium
evolution, we will show below that there exist, however,
some surprising regularities in the dynamics.
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tion, but about experimental ways to monitor it in ex-
periment. Its idea is known in general, but in this short
note i would like to provide some numerical illustrations
of the magnitude of the e↵ect which can be observed in
RHIC/LHC heavy ion experiments.

Let us on the onset remind standard terminology to be
used below. The sources of the dileptons are split into
three categories:
(i) instantaneous parton annihilation, known as the
Drell-Yan process;
(ii) the pre-equilibrium stage, after the nuclei pass each
other;
(iii) equilibrated stage, in which matter is assumed to be
local and isotropic.

II. ANGULAR ANISOTROPY

It is well known that when spin-1/2 particles (such as
quarks) annihilate and produce lepton pairs, the cross
section is not isotropic but has the following form
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where the subscript correspond to a momentum k of,say,
the positively charged lepton. This distribution is, or
example, observed in the so called Drell-Yan pairs from
stage (i), produced by the instantaneous annihilation of
the quark-antiquark partons into dileptons. At high en-
ergies the partons naturally are collinear to the beams.
For illustration, let us take a particularly simple one-

parameter angular distribution

W ⇠ exp[�↵cos
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] (2.2)

with one parameter ↵. The subscript p reminds us that
this angle is of the colliding partons, not final leptons.
Fig.1 shows two opposite examples of (normalized) dis-
tributions.
Let us now calculate the distribution of the dileptons

corresponding to he distribution (2.2)
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The last expression is a definition of the e↵ective parame-
ter a(↵), which we plot in Fig.1. Note that large negative
values of the ↵, corresponding to partons collimated near
the beam direction and Drell-Yan process a ⇡ 1, as al-
ready noticed.
On the other hand, the second stage of the collision

(ii) is characterized by the longitudinal pressure smaller
than the transverse one. One may understand that be-
cause such anisotropic parton distribution with small dif-
ferences in longitudinal momenta is produced by a “self-
sorting” process, in which partons with di↵erent rapidi-
ties get spatially separated after the collision. We thus
expect at this stage large negative ↵, in terms of the
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I. INTRODUCTION

The issue of parton equilibration in heavy ion collisions
is an area of very active research. As it is well known, suc-
cessful hydrodynamical description of the elliptic flows
[1–4] implies that the beginning of (transverse) hydrody-
namical expansion cannot start later than⇠ 1/2 fm/c af-
ter the collision moment. Perturbative mechanisms such
as e.g. “bottom-up” equilibration discussed in [5] have
di�culties explaining how can it happen so rapidly. On
the other hand, applications of the AdS/CFT language
[6–9] naturally ascribe the thermalization time to the “in-
fall time” into an emerging black hole horizon, which is
of the order of its position in the holographic coordinate
⇠ 1/⇡T

i

⇠ 0.2fm/c.

Recent studies [8, 9] have followed a set of arbitrar-
ily chosen initial conditions through numerical solution
of the Einstein equations. At late time a convergence
with a hydrodynamical description is observed, as ex-
pected. A somewhat surprising finding is that agree-
ment with viscous hydrodynamics is reached when the
anisotropy is still quite large. We would like therefore
to distinguish the “hydronization” [12] time, at which
local stress tensor T

µ⌫ agrees with hydrodynamical one
and the “anisotropization” time, at which all distribu-
tions become local (independent on gradients) and thus
isotropic. (Both with a prescribed accuracy, of course.)

This letter is not however about theory of equilibra-
tion, but about experimental ways to monitor it in ex-
periment. Its idea is known in general, but in this short
note i would like to provide some numerical illustrations
of the magnitude of the e↵ect which can be observed in
RHIC/LHC heavy ion experiments.

Let us on the onset remind standard terminology to be
used below. The sources of the dileptons are split into
three categories:
(i) instantaneous parton annihilation, known as the
Drell-Yan process;
(ii) the pre-equilibrium stage, after the nuclei pass each
other;
(iii) equilibrated stage, in which matter is assumed to be
local and isotropic.

II. ANGULAR ANISOTROPY

It is well known that when spin-1/2 particles (such as
quarks) annihilate and produce lepton pairs, the cross
section is not isotropic but has the following form
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where the subscript correspond to a momentum k of,say,
the positively charged lepton. This distribution is, or
example, observed in the so called Drell-Yan pairs from
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ergies the partons naturally are collinear to the beams.
For illustration, let us take a particularly simple one-
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with one parameter ↵. The subscript p reminds us that
this angle is of the colliding partons, not final leptons.
Fig.1 shows two opposite examples of (normalized) dis-
tributions.
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The last expression is a definition of the e↵ective parame-
ter a(↵), which we plot in Fig.1. Note that large negative
values of the ↵, corresponding to partons collimated near
the beam direction and Drell-Yan process a ⇡ 1, as al-
ready noticed.
On the other hand, the second stage of the collision

(ii) is characterized by the longitudinal pressure smaller
than the transverse one. One may understand that be-
cause such anisotropic parton distribution with small dif-
ferences in longitudinal momenta is produced by a “self-
sorting” process, in which partons with di↵erent rapidi-
ties get spatially separated after the collision. We thus
expect at this stage large negative ↵, in terms of the
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investigation of the influence of the initial conditions on
thermalization and entropy production that we are inter-
ested in.

Motivated by this, we developed a new numerical
framework using the ADM formalism of numerical rel-
ativity and analyzed the evolution of the plasma sys-
tem starting from a range of initial conditions. These
correspond, in our setup, to specifying a single metric
coe�cient function (‘initial profile’) for the initial geom-
etry on the hypersurface ⌧ = 0. The initial hypersur-
face is the same as in [8], however without any spuri-
ous coordinate singularities. Subsequently we solve nu-
merically 5-dimensional Einstein’s equations and obtain
plasma energy-momentum tensor from the asymptotics
of the solution at the AdS boundary. The details of this
setup can be found in a companion article [11], while
in the present letter we will concentrate on the physical
questions mentioned above.

Boost-invariant plasma and hydrodynamics. The
traceless and conserved energy-momentum tensor of a
boost-invariant conformal plasma system with no trans-
verse coordinate dependence is uniquely determined in
terms of a single function hT⌧⌧ i – the energy density at
mid-rapidity "(⌧). The longitudinal and transverse pres-
sure are consequently given by

pL = �"� ⌧
d

d⌧
" and pT = "+

1

2
⌧
d

d⌧
" . (1)

It is quite convenient to eliminate explicit dependence
on the number of colors Nc and degrees of freedom by
introducing an e↵ective temperature Teff through

hT⌧⌧ i ⌘ "(⌧) ⌘ N2
c · 3

8
⇡2 · T 4

eff . (2)

Let us emphasize that Teff does not imply in any way
thermalization. It just measures the temperature of a
thermal system with an identical energy density as "(⌧).

All order viscous hydrodynamics amounts to present-
ing the energy-momentum tensor as a series of terms ex-
pressed in terms of flow velocities uµ and their deriva-
tives with coe�cients being proportional to appropriate
powers of Teff , the proportionality constants being the
transport coe�cients. For the case of N = 4 plasma,
the above mentioned form of Tµ⌫ is not an assumption
but a result of a derivation from AdS/CFT [7]. Hydro-
dynamic equations are just the conservation equations
@µTµ⌫ = 0, which are by construction first-order di↵er-
ential equations for Teff .

In the case of boost-invariant conformal plasma this
leads to a universal form of first order dynamical equa-
tions for the scale invariant quantity w = Teff · ⌧ namely

⌧

w

d

d⌧
w =

Fhydro(w)

w
, (3)

where Fhydro(w) is completely determined in terms of the
transport coe�cients of the theory, much in the spirit of

FIG. 1. a) F (w)/w versus w for all 29 initial data. b) Pressure
anisotropy 1� 3pL

" for a selected profile. Red, blue and green

curves represent 1st, 2nd and 3rd order hydrodynamics fit.

[12]. For N = 4 plasma at strong coupling Fhydro(w)/w
is known explicitly up to terms corresponding to 3rd order
hydrodynamics [13]
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972⇡3w3
+. . .

(4)
The importance of formula (3) lies in the fact that if the
plasma dynamics would be governed entirely by (even
resummed) hydrodynamics including dissipative terms
of arbitrarily high degree, then on a plot of ⌧

w
d
d⌧w ⌘

F (w)/w as a function of w trajectories for all initial con-
ditions would lie on a single curve given by Fhydro(w)/w.
If, on the other hand, genuine non-equilibrium processes
would intervene we would observe a wide range of curves
which would merge for su�ciently large w when thermal-
ization and transition to hydrodynamics would occur.
In Figure 1a we present this plot for 29 trajectories cor-

responding to di↵erent initial states. It is clear from the
plot that non-hydrodynamic modes are very important in
the initial stage of plasma evolution, yet for all the sets
of initial data, for w > 0.7 the curves merge into a single
curve characteristic of hydrodynamics. In Figure 1b we
show a plot of pressure anisotropy 1� 3pL

" ⌘ 12F (w)
w � 8

for a selected profile and compare this with the corre-
sponding curves for 1st, 2nd and 3rd order hydrodynam-
ics. We observe, on the one hand, a perfect agreement
with hydrodynamics for w > 0.63 and, on the other hand,
a quite sizable pressure anisotropy in that regime which
is nevertheless completely explained by dissipative hy-
drodynamics (see [10] for similar conclusion).
In order to study the transition to hydrodynamics in

more detail, we will adopt a numerical criterion for ther-
malization which is the deviation of ⌧ d

d⌧w from the 3rd

order hydro expression (4)
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⌧ d
d⌧w
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hydro (w)
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�
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�

�

< 0.005. (5)

Despite the bewildering variety of the non-equilibrium
evolution, we will show below that there exist, however,
some surprising regularities in the dynamics.
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I. INTRODUCTION

The issue of parton equilibration in heavy ion collisions
is an area of very active research. As it is well known, suc-
cessful hydrodynamical description of the elliptic flows
[1–4] implies that the beginning of (transverse) hydrody-
namical expansion cannot start later than⇠ 1/2 fm/c af-
ter the collision moment. Perturbative mechanisms such
as e.g. “bottom-up” equilibration discussed in [5] have
di�culties explaining how can it happen so rapidly. On
the other hand, applications of the AdS/CFT language
[6–9] naturally ascribe the thermalization time to the “in-
fall time” into an emerging black hole horizon, which is
of the order of its position in the holographic coordinate
⇠ 1/⇡T

i

⇠ 0.2fm/c.

Recent studies [8, 9] have followed a set of arbitrar-
ily chosen initial conditions through numerical solution
of the Einstein equations. At late time a convergence
with a hydrodynamical description is observed, as ex-
pected. A somewhat surprising finding is that agree-
ment with viscous hydrodynamics is reached when the
anisotropy is still quite large. We would like therefore
to distinguish the “hydronization” [12] time, at which
local stress tensor T

µ⌫ agrees with hydrodynamical one
and the “anisotropization” time, at which all distribu-
tions become local (independent on gradients) and thus
isotropic. (Both with a prescribed accuracy, of course.)

This letter is not however about theory of equilibra-
tion, but about experimental ways to monitor it in ex-
periment. Its idea is known in general, but in this short
note i would like to provide some numerical illustrations
of the magnitude of the e↵ect which can be observed in
RHIC/LHC heavy ion experiments.

Let us on the onset remind standard terminology to be
used below. The sources of the dileptons are split into
three categories:
(i) instantaneous parton annihilation, known as the
Drell-Yan process;
(ii) the pre-equilibrium stage, after the nuclei pass each
other;
(iii) equilibrated stage, in which matter is assumed to be
local and isotropic.

II. ANGULAR ANISOTROPY

It is well known that when spin-1/2 particles (such as
quarks) annihilate and produce lepton pairs, the cross
section is not isotropic but has the following form
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where the subscript correspond to a momentum k of,say,
the positively charged lepton. This distribution is, or
example, observed in the so called Drell-Yan pairs from
stage (i), produced by the instantaneous annihilation of
the quark-antiquark partons into dileptons. At high en-
ergies the partons naturally are collinear to the beams.
For illustration, let us take a particularly simple one-

parameter angular distribution

W ⇠ exp[�↵cos

2
✓
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] (2.2)

with one parameter ↵. The subscript p reminds us that
this angle is of the colliding partons, not final leptons.
Fig.1 shows two opposite examples of (normalized) dis-
tributions.
Let us now calculate the distribution of the dileptons

corresponding to he distribution (2.2)
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The last expression is a definition of the e↵ective parame-
ter a(↵), which we plot in Fig.1. Note that large negative
values of the ↵, corresponding to partons collimated near
the beam direction and Drell-Yan process a ⇡ 1, as al-
ready noticed.
On the other hand, the second stage of the collision

(ii) is characterized by the longitudinal pressure smaller
than the transverse one. One may understand that be-
cause such anisotropic parton distribution with small dif-
ferences in longitudinal momenta is produced by a “self-
sorting” process, in which partons with di↵erent rapidi-
ties get spatially separated after the collision. We thus
expect at this stage large negative ↵, in terms of the
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[1–4] implies that the beginning of (transverse) hydrody-
namical expansion cannot start later than⇠ 1/2 fm/c af-
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[6–9] naturally ascribe the thermalization time to the “in-
fall time” into an emerging black hole horizon, which is
of the order of its position in the holographic coordinate
⇠ 1/⇡T
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⇠ 0.2fm/c.

Recent studies [8, 9] have followed a set of arbitrar-
ily chosen initial conditions through numerical solution
of the Einstein equations. At late time a convergence
with a hydrodynamical description is observed, as ex-
pected. A somewhat surprising finding is that agree-
ment with viscous hydrodynamics is reached when the
anisotropy is still quite large. We would like therefore
to distinguish the “hydronization” [12] time, at which
local stress tensor T

µ⌫ agrees with hydrodynamical one
and the “anisotropization” time, at which all distribu-
tions become local (independent on gradients) and thus
isotropic. (Both with a prescribed accuracy, of course.)

This letter is not however about theory of equilibra-
tion, but about experimental ways to monitor it in ex-
periment. Its idea is known in general, but in this short
note i would like to provide some numerical illustrations
of the magnitude of the e↵ect which can be observed in
RHIC/LHC heavy ion experiments.

Let us on the onset remind standard terminology to be
used below. The sources of the dileptons are split into
three categories:
(i) instantaneous parton annihilation, known as the
Drell-Yan process;
(ii) the pre-equilibrium stage, after the nuclei pass each
other;
(iii) equilibrated stage, in which matter is assumed to be
local and isotropic.
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It is well known that when spin-1/2 particles (such as
quarks) annihilate and produce lepton pairs, the cross
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the positively charged lepton. This distribution is, or
example, observed in the so called Drell-Yan pairs from
stage (i), produced by the instantaneous annihilation of
the quark-antiquark partons into dileptons. At high en-
ergies the partons naturally are collinear to the beams.
For illustration, let us take a particularly simple one-
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The last expression is a definition of the e↵ective parame-
ter a(↵), which we plot in Fig.1. Note that large negative
values of the ↵, corresponding to partons collimated near
the beam direction and Drell-Yan process a ⇡ 1, as al-
ready noticed.
On the other hand, the second stage of the collision

(ii) is characterized by the longitudinal pressure smaller
than the transverse one. One may understand that be-
cause such anisotropic parton distribution with small dif-
ferences in longitudinal momenta is produced by a “self-
sorting” process, in which partons with di↵erent rapidi-
ties get spatially separated after the collision. We thus
expect at this stage large negative ↵, in terms of the
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investigation of the influence of the initial conditions on
thermalization and entropy production that we are inter-
ested in.

Motivated by this, we developed a new numerical
framework using the ADM formalism of numerical rel-
ativity and analyzed the evolution of the plasma sys-
tem starting from a range of initial conditions. These
correspond, in our setup, to specifying a single metric
coe�cient function (‘initial profile’) for the initial geom-
etry on the hypersurface ⌧ = 0. The initial hypersur-
face is the same as in [8], however without any spuri-
ous coordinate singularities. Subsequently we solve nu-
merically 5-dimensional Einstein’s equations and obtain
plasma energy-momentum tensor from the asymptotics
of the solution at the AdS boundary. The details of this
setup can be found in a companion article [11], while
in the present letter we will concentrate on the physical
questions mentioned above.

Boost-invariant plasma and hydrodynamics. The
traceless and conserved energy-momentum tensor of a
boost-invariant conformal plasma system with no trans-
verse coordinate dependence is uniquely determined in
terms of a single function hT⌧⌧ i – the energy density at
mid-rapidity "(⌧). The longitudinal and transverse pres-
sure are consequently given by

pL = �"� ⌧
d

d⌧
" and pT = "+
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⌧
d

d⌧
" . (1)

It is quite convenient to eliminate explicit dependence
on the number of colors Nc and degrees of freedom by
introducing an e↵ective temperature Teff through

hT⌧⌧ i ⌘ "(⌧) ⌘ N2
c · 3

8
⇡2 · T 4

eff . (2)

Let us emphasize that Teff does not imply in any way
thermalization. It just measures the temperature of a
thermal system with an identical energy density as "(⌧).

All order viscous hydrodynamics amounts to present-
ing the energy-momentum tensor as a series of terms ex-
pressed in terms of flow velocities uµ and their deriva-
tives with coe�cients being proportional to appropriate
powers of Teff , the proportionality constants being the
transport coe�cients. For the case of N = 4 plasma,
the above mentioned form of Tµ⌫ is not an assumption
but a result of a derivation from AdS/CFT [7]. Hydro-
dynamic equations are just the conservation equations
@µTµ⌫ = 0, which are by construction first-order di↵er-
ential equations for Teff .

In the case of boost-invariant conformal plasma this
leads to a universal form of first order dynamical equa-
tions for the scale invariant quantity w = Teff · ⌧ namely

⌧

w

d

d⌧
w =

Fhydro(w)

w
, (3)

where Fhydro(w) is completely determined in terms of the
transport coe�cients of the theory, much in the spirit of

FIG. 1. a) F (w)/w versus w for all 29 initial data. b) Pressure
anisotropy 1� 3pL

" for a selected profile. Red, blue and green

curves represent 1st, 2nd and 3rd order hydrodynamics fit.

[12]. For N = 4 plasma at strong coupling Fhydro(w)/w
is known explicitly up to terms corresponding to 3rd order
hydrodynamics [13]
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The importance of formula (3) lies in the fact that if the
plasma dynamics would be governed entirely by (even
resummed) hydrodynamics including dissipative terms
of arbitrarily high degree, then on a plot of ⌧

w
d
d⌧w ⌘

F (w)/w as a function of w trajectories for all initial con-
ditions would lie on a single curve given by Fhydro(w)/w.
If, on the other hand, genuine non-equilibrium processes
would intervene we would observe a wide range of curves
which would merge for su�ciently large w when thermal-
ization and transition to hydrodynamics would occur.
In Figure 1a we present this plot for 29 trajectories cor-

responding to di↵erent initial states. It is clear from the
plot that non-hydrodynamic modes are very important in
the initial stage of plasma evolution, yet for all the sets
of initial data, for w > 0.7 the curves merge into a single
curve characteristic of hydrodynamics. In Figure 1b we
show a plot of pressure anisotropy 1� 3pL
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for a selected profile and compare this with the corre-
sponding curves for 1st, 2nd and 3rd order hydrodynam-
ics. We observe, on the one hand, a perfect agreement
with hydrodynamics for w > 0.63 and, on the other hand,
a quite sizable pressure anisotropy in that regime which
is nevertheless completely explained by dissipative hy-
drodynamics (see [10] for similar conclusion).
In order to study the transition to hydrodynamics in

more detail, we will adopt a numerical criterion for ther-
malization which is the deviation of ⌧ d

d⌧w from the 3rd

order hydro expression (4)
�

�

�

�

�

⌧ d
d⌧w

F 3rd order
hydro (w)

� 1

�

�

�

�

�

< 0.005. (5)

Despite the bewildering variety of the non-equilibrium
evolution, we will show below that there exist, however,
some surprising regularities in the dynamics.
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I. INTRODUCTION

The issue of parton equilibration in heavy ion collisions
is an area of very active research. As it is well known, suc-
cessful hydrodynamical description of the elliptic flows
[1–4] implies that the beginning of (transverse) hydrody-
namical expansion cannot start later than⇠ 1/2 fm/c af-
ter the collision moment. Perturbative mechanisms such
as e.g. “bottom-up” equilibration discussed in [5] have
di�culties explaining how can it happen so rapidly. On
the other hand, applications of the AdS/CFT language
[6–9] naturally ascribe the thermalization time to the “in-
fall time” into an emerging black hole horizon, which is
of the order of its position in the holographic coordinate
⇠ 1/⇡T

i

⇠ 0.2fm/c.

Recent studies [8, 9] have followed a set of arbitrar-
ily chosen initial conditions through numerical solution
of the Einstein equations. At late time a convergence
with a hydrodynamical description is observed, as ex-
pected. A somewhat surprising finding is that agree-
ment with viscous hydrodynamics is reached when the
anisotropy is still quite large. We would like therefore
to distinguish the “hydronization” [12] time, at which
local stress tensor T

µ⌫ agrees with hydrodynamical one
and the “anisotropization” time, at which all distribu-
tions become local (independent on gradients) and thus
isotropic. (Both with a prescribed accuracy, of course.)

This letter is not however about theory of equilibra-
tion, but about experimental ways to monitor it in ex-
periment. Its idea is known in general, but in this short
note i would like to provide some numerical illustrations
of the magnitude of the e↵ect which can be observed in
RHIC/LHC heavy ion experiments.

Let us on the onset remind standard terminology to be
used below. The sources of the dileptons are split into
three categories:
(i) instantaneous parton annihilation, known as the
Drell-Yan process;
(ii) the pre-equilibrium stage, after the nuclei pass each
other;
(iii) equilibrated stage, in which matter is assumed to be
local and isotropic.

II. ANGULAR ANISOTROPY

It is well known that when spin-1/2 particles (such as
quarks) annihilate and produce lepton pairs, the cross
section is not isotropic but has the following form

d�

d⌦
k

⇠ (1 + cos

2
✓

k

) (2.1)

where the subscript correspond to a momentum k of,say,
the positively charged lepton. This distribution is, or
example, observed in the so called Drell-Yan pairs from
stage (i), produced by the instantaneous annihilation of
the quark-antiquark partons into dileptons. At high en-
ergies the partons naturally are collinear to the beams.
For illustration, let us take a particularly simple one-

parameter angular distribution

W ⇠ exp[�↵cos

2
✓

p

] (2.2)

with one parameter ↵. The subscript p reminds us that
this angle is of the colliding partons, not final leptons.
Fig.1 shows two opposite examples of (normalized) dis-
tributions.
Let us now calculate the distribution of the dileptons

corresponding to he distribution (2.2)
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(2.3)

The last expression is a definition of the e↵ective parame-
ter a(↵), which we plot in Fig.1. Note that large negative
values of the ↵, corresponding to partons collimated near
the beam direction and Drell-Yan process a ⇡ 1, as al-
ready noticed.
On the other hand, the second stage of the collision

(ii) is characterized by the longitudinal pressure smaller
than the transverse one. One may understand that be-
cause such anisotropic parton distribution with small dif-
ferences in longitudinal momenta is produced by a “self-
sorting” process, in which partons with di↵erent rapidi-
ties get spatially separated after the collision. We thus
expect at this stage large negative ↵, in terms of the
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conditions converge to the same hydro, and 

they do so when anisotropy is still 
large!

<= series in higher
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convergent:
Lublinsky,ES 2009
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• ultra-peripheral is 
coherent-coherent

• parton processes are 
incoherent-incoherent 
gq=>gamma q

• semi-coherent has 
coherent field with small 
q1 and incoherent one 
with large q2 (resolving 
protons)

2

dau and Lifshitz [11] calculated their total cross section
for nuclear collisions using Weizsacker-Williams (WW)
approximation. There have been extensive studies of the
so called ultraperipheral processes in RHIC environment,
for experimental results from STAR collaboration see
[15]. As the name suggests, those processes take place
at very large impact parameters b > 2R, at which no
nuclear interactions take place. For electron pair pro-
duction the characteristic b are related to the electron
mass,and are thus very high. Theory development in-
cluding all orders in Z↵ has been worked out in the last
decade.

However the contribution of such processes at near-
central collisions (when multiple hadronic production
does happen) and for the kinematical range of p

t

,M seen
by PHENIX and NA60 has not to our knowledge been
considered. This is what we are going to do in this work.

Additional motivation for looking at the two-photon
processes comes from the standard relations between on-
shell and slightly virtual photons �

⇤, which are seen as
small-mass dileptons. PHENIX has used such relations,
relating dileptons with masses M > 100MeV with real
photons. However, the two-photon collisions that we dis-
cuss do not obey it, producing only dileptons but not
photons, and the question is how important are those in
the kinematical range at hand.

II. THE FORMALISM

We use the Equivalent Photon Approximation
(EPA)[12, 13] to determine the di↵erential cross-section
for the production of dileptons in Au-Au collisions. Ac-
cording to this method the e↵ects of the electromagnetic
fields from the moving nuclei can be replaced by the
equivalent photon spectrum
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where Z

i

is the number of protons in the nucleus, F (q2)
is the form factor of the nucleus charge, q

i? is the
transverse momentum of the photon and w

i

is its energy.
The di↵erential cross-section for the gold-gold collision is
then given by the product between the photon spectrum
of each nucleus and the cross-section for the production
of dileptons from a 2-photon collision:

d� = �

��

dn1dn2 (2)

(3)

which can be written in terms of the total transverse
momentum ~

Q = ~q1 + ~q2 and integrated over ~q2 to give:
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Following [14] we see that the main contributions to the
cross-section come from the regions where q1 and q2 are
small (of the order of w

i

/�). If both of the momenta are
small then the total transverse momentum would also
have a small value and we are interested in studying the
dilepton production for total transverse momentum up to
about 0.7 GeV. This is why we work in a semi-coherent
approach, in which from one of the nuclei we will get a
coherent electric field, which will correspond to a photon
with small transverse momentum, while the momentum
from the other photon can have greater values. This
means that in this case we won’t be getting a coherent
field from all the nucleus, but that the protons that
compose it can have an individual e↵ect. For this case,
instead of using the form factor for a continuous charge
distribution we will use the one coming from considering
that the nucleus is composed of Z point particles.

p1

p2

q1

q2

Au

Au

FIG. 2: (Color online)Dilepton production from a semi-
coherent process.

For the case when q2? ⌧ Q? we can approximate
~

Q? � ~q2? ⇠ ~

Q? so that we can take all the terms with
Q? from the integral, to get:
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We calculate the contribution of the two photon production process into e

+
e

� spectra, and com-
pare the results with experimental data from the PHENIX detector at RHIC. We study the contribu-
tion given by “semi-coherent” kinematics, in which one photon is relatively hard and is incoherently
emitted by participating protons, while another can be soft enough to be in a coherent domain.

I. INTRODUCTION

Thirty years ago one of us [1, 2] had suggested to use
dileptons and photons as “penetrating probes” for dense
hadronic matter created in ultrarelativisitc heavy ion col-
lisions, which – unlike hadrons – are observable from all
stages of the collisions and thus can tell us what the ini-
tial hottest temperature reached can be. It is a very
challenging task for experiments, as one has to remove
hadronic backgrounds orders of magnitude larger than
the photon or dilepton signal. And yet, over the years
there were successful measurements, both at CERN SPS
(muon pairs by NA50/NA60, electron pairs in CERES,
photons in WA98) and RHIC (photons,muons and elec-
trons in PHENIX, electrons in STAR). We will not go
into details of these works, just make few general com-
ments.

Already the above mentioned papers from 1970’s have
singled out the so called intermediate mass dileptons
(IMD’s), with the mass 1-3 GeV or between � and J/ 

resonances, as the window for observing the thermal
QGP radiation. More detailed predictions have been
made in Ref. [4], where it has also been predicted that
most of those pairs observed are not from charm decays,
as was widely believed at the time. Only with success-
ful completion of the NA60 experiment, with its sophis-
ticated charm tracking, this collaboration had recently
confirmed that they do indeed observe thermal radiation
from QGP [5] and not just charm decays. For summary
of other NA60 results see e.g.[7]: those include dileptons
with small masses which come from resonances ⇢ mesons
decaying in hadronic and near-T

c

region. Although still
far from being perfect, the existing theory provides a rea-
sonable overall description of the NA60, see e.g. [3, 9].
Important recent observation of thermal photon radia-
tion from hadronic gas and QGP has been also made by
PHENIX collaboration [6], which is also in overall fair
agreement with the current theory and the hydrodynam-
ical picture of the collision.

And yet, some aspects of the experimental data at
RHIC remain puzzling. Dilepton results from PHENIX
show production rate of small mass M ⇠ 500MeV dilep-
tons few times above theory predictions. Another puzzle
is the presence of the so called “cold” component in the
dilepton spectrum for p

t

< 500MeV , which is shown in

FIG. 1: (Color online) Acceptance corrected invariant e

+
e

�

yield versus total transverse momentum of the dilepton pair,
for pp collisions (left) and AuAu collisions (right), from
PHENIX publication [10]. The solid curves show the expec-
tation from the sum of the so called hadronic cocktail contri-
bution plus charm decays.

Fig.1. While the pp data (points in the l.h.s.) agree
rather well with “hadronic cocktail” (curves), in AuAu
data (r.h.s.) one finds systematic upward deviations of
the data from from similar curves, at small p

t

(the left
side of the AuAu plot). If fitted with exponential, the
data have a slope T

eff

⇡ 100MeV , which is about twice
smaller than the typical slope of the main “hot” com-
ponent. What is especially strange about it is that this
slope seems to be the same for di↵erent dilepton mass
bins, see the three lowest curves on the right hand side in.
This is in contrast to the “hot” component, which shows
T

eff

increasing with M , in good agreement with expec-
tations based on hydrodynamical picture of expanding
matter. It is a presence of such “cold” component which
originally motivated us to have a look at some dilepton
production mechanisms which are not included in the
“standard” theory toolbox.

Small mass component is another puzzle, it has un-
usual centrality dependence.

Coherent two-photon processes are a well-known
source of small mass and small p

t

dileptons. Their basic
theory had been developed already in 1930’s, when Lan-
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The factor 2 in front comes from summing the two cases:
when q1? is small and when q2? is small. Now, using

w1 + w2 = m

t

cosh y

q1z + q2z = m
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sinh y, (6)
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?, we make a change of variables

from the photon longitudinal momenta q1z and q2z to
the invariant mass M and the rapidity y. Then, putting
y = 0 we get:
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Finally taking the integral over the invariant mass M , we
get the cross-section as a function of the total transverse
momentum Q? and the rapidity y.
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Since we work in the semi-coherent approach the cross-
section �

��

is calculated using q1 = (w1,
~

Q?, qz) and q2 =

(q
z

,

~0,�q

z

). This gives as a result �

��

(M,

~

Q?,�1, ✓1).
The angle �

Q

is integrated over 2⇡. The PHENIX de-
tector covers |⌘| < 0.35 and a total of 180o in azimuth,
but the data has been acceptance corrected to include
electrons and positrons from all directions. The only re-
striction that we must impose is due to the single track
acceptance condition that p? > 0.2GeV .

III. FORM FACTORS

The charge distribution of the nucleus can be well
parameterized by the Woods-Saxon expression

⇢(r) / 1

e

r�R

a + 1
(9)

with two parameters, the nuclear radius R (6.55 fm for
Au)and the width of the nuclear edge which is typically
about a = 0.5 fm [16]. Starting from this charge distri-
bution it is not possible to get an analytical expression
for the form factor, but the integrals of the fourier trans-
formation can be done numerically, to get a form factor
of the shape seen in FIG. 3.

FIG. 3: (Color online)The square of the form factors plotted
on a logarithmic scale. The (blue) dashed line corresponds
to smooth Woods-Saxon charge distribution, the (red) con-
tinuous line corresponds to resolved discrete protons (but not
quarks), as explained in the text.)

As it has been stated previously, we are working in a
semi-coherent approach. This means that while one of
the photons is soft and thus sees the nucleus as a uniform
charge distribution (with the Woods-Saxon shape), the
other can have a large transverse momenta and thus
resolve individual protons. For this later case we will use
the picture of instantaneously frozen nucleons, which
just means that at any given moment the protons are
randomly distributed in the nucleus according to some
weight and frozen in these positions x

m

, where x is in
the direction where the momentum Q? is directed. So
the form factor can be written as:
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In the amplitude we have the square of the form factor,
so what we need is:
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dau and Lifshitz [11] calculated their total cross section
for nuclear collisions using Weizsacker-Williams (WW)
approximation. There have been extensive studies of the
so called ultraperipheral processes in RHIC environment,
for experimental results from STAR collaboration see
[15]. As the name suggests, those processes take place
at very large impact parameters b > 2R, at which no
nuclear interactions take place. For electron pair pro-
duction the characteristic b are related to the electron
mass,and are thus very high. Theory development in-
cluding all orders in Z↵ has been worked out in the last
decade.

However the contribution of such processes at near-
central collisions (when multiple hadronic production
does happen) and for the kinematical range of p

t

,M seen
by PHENIX and NA60 has not to our knowledge been
considered. This is what we are going to do in this work.

Additional motivation for looking at the two-photon
processes comes from the standard relations between on-
shell and slightly virtual photons �

⇤, which are seen as
small-mass dileptons. PHENIX has used such relations,
relating dileptons with masses M > 100MeV with real
photons. However, the two-photon collisions that we dis-
cuss do not obey it, producing only dileptons but not
photons, and the question is how important are those in
the kinematical range at hand.

II. THE FORMALISM

We use the Equivalent Photon Approximation
(EPA)[12, 13] to determine the di↵erential cross-section
for the production of dileptons in Au-Au collisions. Ac-
cording to this method the e↵ects of the electromagnetic
fields from the moving nuclei can be replaced by the
equivalent photon spectrum
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where Z

i

is the number of protons in the nucleus, F (q2)
is the form factor of the nucleus charge, q

i? is the
transverse momentum of the photon and w

i

is its energy.
The di↵erential cross-section for the gold-gold collision is
then given by the product between the photon spectrum
of each nucleus and the cross-section for the production
of dileptons from a 2-photon collision:
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which can be written in terms of the total transverse
momentum ~
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Following [14] we see that the main contributions to the
cross-section come from the regions where q1 and q2 are
small (of the order of w

i

/�). If both of the momenta are
small then the total transverse momentum would also
have a small value and we are interested in studying the
dilepton production for total transverse momentum up to
about 0.7 GeV. This is why we work in a semi-coherent
approach, in which from one of the nuclei we will get a
coherent electric field, which will correspond to a photon
with small transverse momentum, while the momentum
from the other photon can have greater values. This
means that in this case we won’t be getting a coherent
field from all the nucleus, but that the protons that
compose it can have an individual e↵ect. For this case,
instead of using the form factor for a continuous charge
distribution we will use the one coming from considering
that the nucleus is composed of Z point particles.

p1
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q1

q2

Au

Au

FIG. 2: (Color online)Dilepton production from a semi-
coherent process.

For the case when q2? ⌧ Q? we can approximate
~

Q? � ~q2? ⇠ ~

Q? so that we can take all the terms with
Q? from the integral, to get:
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We calculate the contribution of the two photon production process into e
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� spectra, and com-
pare the results with experimental data from the PHENIX detector at RHIC. We study the contribu-
tion given by “semi-coherent” kinematics, in which one photon is relatively hard and is incoherently
emitted by participating protons, while another can be soft enough to be in a coherent domain.

I. INTRODUCTION

Thirty years ago one of us [1, 2] had suggested to use
dileptons and photons as “penetrating probes” for dense
hadronic matter created in ultrarelativisitc heavy ion col-
lisions, which – unlike hadrons – are observable from all
stages of the collisions and thus can tell us what the ini-
tial hottest temperature reached can be. It is a very
challenging task for experiments, as one has to remove
hadronic backgrounds orders of magnitude larger than
the photon or dilepton signal. And yet, over the years
there were successful measurements, both at CERN SPS
(muon pairs by NA50/NA60, electron pairs in CERES,
photons in WA98) and RHIC (photons,muons and elec-
trons in PHENIX, electrons in STAR). We will not go
into details of these works, just make few general com-
ments.

Already the above mentioned papers from 1970’s have
singled out the so called intermediate mass dileptons
(IMD’s), with the mass 1-3 GeV or between � and J/ 

resonances, as the window for observing the thermal
QGP radiation. More detailed predictions have been
made in Ref. [4], where it has also been predicted that
most of those pairs observed are not from charm decays,
as was widely believed at the time. Only with success-
ful completion of the NA60 experiment, with its sophis-
ticated charm tracking, this collaboration had recently
confirmed that they do indeed observe thermal radiation
from QGP [5] and not just charm decays. For summary
of other NA60 results see e.g.[7]: those include dileptons
with small masses which come from resonances ⇢ mesons
decaying in hadronic and near-T

c

region. Although still
far from being perfect, the existing theory provides a rea-
sonable overall description of the NA60, see e.g. [3, 9].
Important recent observation of thermal photon radia-
tion from hadronic gas and QGP has been also made by
PHENIX collaboration [6], which is also in overall fair
agreement with the current theory and the hydrodynam-
ical picture of the collision.

And yet, some aspects of the experimental data at
RHIC remain puzzling. Dilepton results from PHENIX
show production rate of small mass M ⇠ 500MeV dilep-
tons few times above theory predictions. Another puzzle
is the presence of the so called “cold” component in the
dilepton spectrum for p

t

< 500MeV , which is shown in

FIG. 1: (Color online) Acceptance corrected invariant e

+
e

�

yield versus total transverse momentum of the dilepton pair,
for pp collisions (left) and AuAu collisions (right), from
PHENIX publication [10]. The solid curves show the expec-
tation from the sum of the so called hadronic cocktail contri-
bution plus charm decays.

Fig.1. While the pp data (points in the l.h.s.) agree
rather well with “hadronic cocktail” (curves), in AuAu
data (r.h.s.) one finds systematic upward deviations of
the data from from similar curves, at small p

t

(the left
side of the AuAu plot). If fitted with exponential, the
data have a slope T

eff

⇡ 100MeV , which is about twice
smaller than the typical slope of the main “hot” com-
ponent. What is especially strange about it is that this
slope seems to be the same for di↵erent dilepton mass
bins, see the three lowest curves on the right hand side in.
This is in contrast to the “hot” component, which shows
T

eff

increasing with M , in good agreement with expec-
tations based on hydrodynamical picture of expanding
matter. It is a presence of such “cold” component which
originally motivated us to have a look at some dilepton
production mechanisms which are not included in the
“standard” theory toolbox.

Small mass component is another puzzle, it has un-
usual centrality dependence.

Coherent two-photon processes are a well-known
source of small mass and small p

t

dileptons. Their basic
theory had been developed already in 1930’s, when Lan-
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I. INTRODUCTION

Thirty years ago one of us [1, 2] had suggested to use
dileptons and photons as “penetrating probes” for dense
hadronic matter created in ultrarelativisitc heavy ion col-
lisions, which – unlike hadrons – are observable from all
stages of the collisions and thus can tell us what the ini-
tial hottest temperature reached can be. It is a very
challenging task for experiments, as one has to remove
hadronic backgrounds orders of magnitude larger than
the photon or dilepton signal. And yet, over the years
there were successful measurements, both at CERN SPS
(muon pairs by NA50/NA60, electron pairs in CERES,
photons in WA98) and RHIC (photons,muons and elec-
trons in PHENIX, electrons in STAR). We will not go
into details of these works, just make few general com-
ments.

Already the above mentioned papers from 1970’s have
singled out the so called intermediate mass dileptons
(IMD’s), with the mass 1-3 GeV or between � and J/ 

resonances, as the window for observing the thermal
QGP radiation. More detailed predictions have been
made in Ref. [4], where it has also been predicted that
most of those pairs observed are not from charm decays,
as was widely believed at the time. Only with success-
ful completion of the NA60 experiment, with its sophis-
ticated charm tracking, this collaboration had recently
confirmed that they do indeed observe thermal radiation
from QGP [5] and not just charm decays. For summary
of other NA60 results see e.g.[7]: those include dileptons
with small masses which come from resonances ⇢ mesons
decaying in hadronic and near-T
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region. Although still
far from being perfect, the existing theory provides a rea-
sonable overall description of the NA60, see e.g. [3, 9].
Important recent observation of thermal photon radia-
tion from hadronic gas and QGP has been also made by
PHENIX collaboration [6], which is also in overall fair
agreement with the current theory and the hydrodynam-
ical picture of the collision.

And yet, some aspects of the experimental data at
RHIC remain puzzling. Dilepton results from PHENIX
show production rate of small mass M ⇠ 500MeV dilep-
tons few times above theory predictions. Another puzzle
is the presence of the so called “cold” component in the
dilepton spectrum for p

t

< 500MeV , which is shown in
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yield versus total transverse momentum of the dilepton pair,
for pp collisions (left) and AuAu collisions (right), from
PHENIX publication [10]. The solid curves show the expec-
tation from the sum of the so called hadronic cocktail contri-
bution plus charm decays.

Fig.1. While the pp data (points in the l.h.s.) agree
rather well with “hadronic cocktail” (curves), in AuAu
data (r.h.s.) one finds systematic upward deviations of
the data from from similar curves, at small p

t

(the left
side of the AuAu plot). If fitted with exponential, the
data have a slope T

eff

⇡ 100MeV , which is about twice
smaller than the typical slope of the main “hot” com-
ponent. What is especially strange about it is that this
slope seems to be the same for di↵erent dilepton mass
bins, see the three lowest curves on the right hand side in.
This is in contrast to the “hot” component, which shows
T

eff

increasing with M , in good agreement with expec-
tations based on hydrodynamical picture of expanding
matter. It is a presence of such “cold” component which
originally motivated us to have a look at some dilepton
production mechanisms which are not included in the
“standard” theory toolbox.

Small mass component is another puzzle, it has un-
usual centrality dependence.

Coherent two-photon processes are a well-known
source of small mass and small p
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dileptons. Their basic
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The factor 2 in front comes from summing the two cases:
when q1? is small and when q2? is small. Now, using
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Finally taking the integral over the invariant mass M , we
get the cross-section as a function of the total transverse
momentum Q? and the rapidity y.
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Since we work in the semi-coherent approach the cross-
section �

��

is calculated using q1 = (w1,
~

Q?, qz) and q2 =

(q
z

,

~0,�q

z

). This gives as a result �

��

(M,

~

Q?,�1, ✓1).
The angle �

Q

is integrated over 2⇡. The PHENIX de-
tector covers |⌘| < 0.35 and a total of 180o in azimuth,
but the data has been acceptance corrected to include
electrons and positrons from all directions. The only re-
striction that we must impose is due to the single track
acceptance condition that p? > 0.2GeV .

III. FORM FACTORS

The charge distribution of the nucleus can be well
parameterized by the Woods-Saxon expression

⇢(r) / 1

e

r�R

a + 1
(9)

with two parameters, the nuclear radius R (6.55 fm for
Au)and the width of the nuclear edge which is typically
about a = 0.5 fm [16]. Starting from this charge distri-
bution it is not possible to get an analytical expression
for the form factor, but the integrals of the fourier trans-
formation can be done numerically, to get a form factor
of the shape seen in FIG. 3.

FIG. 3: (Color online)The square of the form factors plotted
on a logarithmic scale. The (blue) dashed line corresponds
to smooth Woods-Saxon charge distribution, the (red) con-
tinuous line corresponds to resolved discrete protons (but not
quarks), as explained in the text.)

As it has been stated previously, we are working in a
semi-coherent approach. This means that while one of
the photons is soft and thus sees the nucleus as a uniform
charge distribution (with the Woods-Saxon shape), the
other can have a large transverse momenta and thus
resolve individual protons. For this later case we will use
the picture of instantaneously frozen nucleons, which
just means that at any given moment the protons are
randomly distributed in the nucleus according to some
weight and frozen in these positions x

m

, where x is in
the direction where the momentum Q? is directed. So
the form factor can be written as:
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In the amplitude we have the square of the form factor,
so what we need is:

we did this calculation
to explain the low-pt

dilepton yield at PHENIX
but the calculation showed

that it gives dileptons outside
of Phenix acceptance
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dau and Lifshitz [11] calculated their total cross section
for nuclear collisions using Weizsacker-Williams (WW)
approximation. There have been extensive studies of the
so called ultraperipheral processes in RHIC environment,
for experimental results from STAR collaboration see
[15]. As the name suggests, those processes take place
at very large impact parameters b > 2R, at which no
nuclear interactions take place. For electron pair pro-
duction the characteristic b are related to the electron
mass,and are thus very high. Theory development in-
cluding all orders in Z↵ has been worked out in the last
decade.

However the contribution of such processes at near-
central collisions (when multiple hadronic production
does happen) and for the kinematical range of p

t

,M seen
by PHENIX and NA60 has not to our knowledge been
considered. This is what we are going to do in this work.

Additional motivation for looking at the two-photon
processes comes from the standard relations between on-
shell and slightly virtual photons �

⇤, which are seen as
small-mass dileptons. PHENIX has used such relations,
relating dileptons with masses M > 100MeV with real
photons. However, the two-photon collisions that we dis-
cuss do not obey it, producing only dileptons but not
photons, and the question is how important are those in
the kinematical range at hand.

II. THE FORMALISM

We use the Equivalent Photon Approximation
(EPA)[12, 13] to determine the di↵erential cross-section
for the production of dileptons in Au-Au collisions. Ac-
cording to this method the e↵ects of the electromagnetic
fields from the moving nuclei can be replaced by the
equivalent photon spectrum
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where Z

i

is the number of protons in the nucleus, F (q2)
is the form factor of the nucleus charge, q

i? is the
transverse momentum of the photon and w

i

is its energy.
The di↵erential cross-section for the gold-gold collision is
then given by the product between the photon spectrum
of each nucleus and the cross-section for the production
of dileptons from a 2-photon collision:
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which can be written in terms of the total transverse
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Following [14] we see that the main contributions to the
cross-section come from the regions where q1 and q2 are
small (of the order of w

i

/�). If both of the momenta are
small then the total transverse momentum would also
have a small value and we are interested in studying the
dilepton production for total transverse momentum up to
about 0.7 GeV. This is why we work in a semi-coherent
approach, in which from one of the nuclei we will get a
coherent electric field, which will correspond to a photon
with small transverse momentum, while the momentum
from the other photon can have greater values. This
means that in this case we won’t be getting a coherent
field from all the nucleus, but that the protons that
compose it can have an individual e↵ect. For this case,
instead of using the form factor for a continuous charge
distribution we will use the one coming from considering
that the nucleus is composed of Z point particles.
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FIG. 2: (Color online)Dilepton production from a semi-
coherent process.

For the case when q2? ⌧ Q? we can approximate
~

Q? � ~q2? ⇠ ~

Q? so that we can take all the terms with
Q? from the integral, to get:
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I. INTRODUCTION

Thirty years ago one of us [1, 2] had suggested to use
dileptons and photons as “penetrating probes” for dense
hadronic matter created in ultrarelativisitc heavy ion col-
lisions, which – unlike hadrons – are observable from all
stages of the collisions and thus can tell us what the ini-
tial hottest temperature reached can be. It is a very
challenging task for experiments, as one has to remove
hadronic backgrounds orders of magnitude larger than
the photon or dilepton signal. And yet, over the years
there were successful measurements, both at CERN SPS
(muon pairs by NA50/NA60, electron pairs in CERES,
photons in WA98) and RHIC (photons,muons and elec-
trons in PHENIX, electrons in STAR). We will not go
into details of these works, just make few general com-
ments.

Already the above mentioned papers from 1970’s have
singled out the so called intermediate mass dileptons
(IMD’s), with the mass 1-3 GeV or between � and J/ 

resonances, as the window for observing the thermal
QGP radiation. More detailed predictions have been
made in Ref. [4], where it has also been predicted that
most of those pairs observed are not from charm decays,
as was widely believed at the time. Only with success-
ful completion of the NA60 experiment, with its sophis-
ticated charm tracking, this collaboration had recently
confirmed that they do indeed observe thermal radiation
from QGP [5] and not just charm decays. For summary
of other NA60 results see e.g.[7]: those include dileptons
with small masses which come from resonances ⇢ mesons
decaying in hadronic and near-T

c

region. Although still
far from being perfect, the existing theory provides a rea-
sonable overall description of the NA60, see e.g. [3, 9].
Important recent observation of thermal photon radia-
tion from hadronic gas and QGP has been also made by
PHENIX collaboration [6], which is also in overall fair
agreement with the current theory and the hydrodynam-
ical picture of the collision.

And yet, some aspects of the experimental data at
RHIC remain puzzling. Dilepton results from PHENIX
show production rate of small mass M ⇠ 500MeV dilep-
tons few times above theory predictions. Another puzzle
is the presence of the so called “cold” component in the
dilepton spectrum for p

t

< 500MeV , which is shown in

FIG. 1: (Color online) Acceptance corrected invariant e

+
e

�

yield versus total transverse momentum of the dilepton pair,
for pp collisions (left) and AuAu collisions (right), from
PHENIX publication [10]. The solid curves show the expec-
tation from the sum of the so called hadronic cocktail contri-
bution plus charm decays.

Fig.1. While the pp data (points in the l.h.s.) agree
rather well with “hadronic cocktail” (curves), in AuAu
data (r.h.s.) one finds systematic upward deviations of
the data from from similar curves, at small p

t

(the left
side of the AuAu plot). If fitted with exponential, the
data have a slope T

eff

⇡ 100MeV , which is about twice
smaller than the typical slope of the main “hot” com-
ponent. What is especially strange about it is that this
slope seems to be the same for di↵erent dilepton mass
bins, see the three lowest curves on the right hand side in.
This is in contrast to the “hot” component, which shows
T

eff

increasing with M , in good agreement with expec-
tations based on hydrodynamical picture of expanding
matter. It is a presence of such “cold” component which
originally motivated us to have a look at some dilepton
production mechanisms which are not included in the
“standard” theory toolbox.

Small mass component is another puzzle, it has un-
usual centrality dependence.

Coherent two-photon processes are a well-known
source of small mass and small p

t

dileptons. Their basic
theory had been developed already in 1930’s, when Lan-
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We calculate the contribution of the two photon production process into e

+
e

� spectra, and com-
pare the results with experimental data from the PHENIX detector at RHIC. We study the contribu-
tion given by “semi-coherent” kinematics, in which one photon is relatively hard and is incoherently
emitted by participating protons, while another can be soft enough to be in a coherent domain.

I. INTRODUCTION

Thirty years ago one of us [1, 2] had suggested to use
dileptons and photons as “penetrating probes” for dense
hadronic matter created in ultrarelativisitc heavy ion col-
lisions, which – unlike hadrons – are observable from all
stages of the collisions and thus can tell us what the ini-
tial hottest temperature reached can be. It is a very
challenging task for experiments, as one has to remove
hadronic backgrounds orders of magnitude larger than
the photon or dilepton signal. And yet, over the years
there were successful measurements, both at CERN SPS
(muon pairs by NA50/NA60, electron pairs in CERES,
photons in WA98) and RHIC (photons,muons and elec-
trons in PHENIX, electrons in STAR). We will not go
into details of these works, just make few general com-
ments.

Already the above mentioned papers from 1970’s have
singled out the so called intermediate mass dileptons
(IMD’s), with the mass 1-3 GeV or between � and J/ 

resonances, as the window for observing the thermal
QGP radiation. More detailed predictions have been
made in Ref. [4], where it has also been predicted that
most of those pairs observed are not from charm decays,
as was widely believed at the time. Only with success-
ful completion of the NA60 experiment, with its sophis-
ticated charm tracking, this collaboration had recently
confirmed that they do indeed observe thermal radiation
from QGP [5] and not just charm decays. For summary
of other NA60 results see e.g.[7]: those include dileptons
with small masses which come from resonances ⇢ mesons
decaying in hadronic and near-T

c

region. Although still
far from being perfect, the existing theory provides a rea-
sonable overall description of the NA60, see e.g. [3, 9].
Important recent observation of thermal photon radia-
tion from hadronic gas and QGP has been also made by
PHENIX collaboration [6], which is also in overall fair
agreement with the current theory and the hydrodynam-
ical picture of the collision.

And yet, some aspects of the experimental data at
RHIC remain puzzling. Dilepton results from PHENIX
show production rate of small mass M ⇠ 500MeV dilep-
tons few times above theory predictions. Another puzzle
is the presence of the so called “cold” component in the
dilepton spectrum for p

t

< 500MeV , which is shown in

FIG. 1: (Color online) Acceptance corrected invariant e
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yield versus total transverse momentum of the dilepton pair,
for pp collisions (left) and AuAu collisions (right), from
PHENIX publication [10]. The solid curves show the expec-
tation from the sum of the so called hadronic cocktail contri-
bution plus charm decays.

Fig.1. While the pp data (points in the l.h.s.) agree
rather well with “hadronic cocktail” (curves), in AuAu
data (r.h.s.) one finds systematic upward deviations of
the data from from similar curves, at small p

t

(the left
side of the AuAu plot). If fitted with exponential, the
data have a slope T

eff

⇡ 100MeV , which is about twice
smaller than the typical slope of the main “hot” com-
ponent. What is especially strange about it is that this
slope seems to be the same for di↵erent dilepton mass
bins, see the three lowest curves on the right hand side in.
This is in contrast to the “hot” component, which shows
T

eff

increasing with M , in good agreement with expec-
tations based on hydrodynamical picture of expanding
matter. It is a presence of such “cold” component which
originally motivated us to have a look at some dilepton
production mechanisms which are not included in the
“standard” theory toolbox.

Small mass component is another puzzle, it has un-
usual centrality dependence.

Coherent two-photon processes are a well-known
source of small mass and small p

t

dileptons. Their basic
theory had been developed already in 1930’s, when Lan-
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The factor 2 in front comes from summing the two cases:
when q1? is small and when q2? is small. Now, using
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?, we make a change of variables

from the photon longitudinal momenta q1z and q2z to
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y = 0 we get:
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Finally taking the integral over the invariant mass M , we
get the cross-section as a function of the total transverse
momentum Q? and the rapidity y.
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Since we work in the semi-coherent approach the cross-
section �

��

is calculated using q1 = (w1,
~

Q?, qz) and q2 =

(q
z

,

~0,�q

z

). This gives as a result �

��

(M,

~

Q?,�1, ✓1).
The angle �

Q

is integrated over 2⇡. The PHENIX de-
tector covers |⌘| < 0.35 and a total of 180o in azimuth,
but the data has been acceptance corrected to include
electrons and positrons from all directions. The only re-
striction that we must impose is due to the single track
acceptance condition that p? > 0.2GeV .

III. FORM FACTORS

The charge distribution of the nucleus can be well
parameterized by the Woods-Saxon expression

⇢(r) / 1

e

r�R

a + 1
(9)

with two parameters, the nuclear radius R (6.55 fm for
Au)and the width of the nuclear edge which is typically
about a = 0.5 fm [16]. Starting from this charge distri-
bution it is not possible to get an analytical expression
for the form factor, but the integrals of the fourier trans-
formation can be done numerically, to get a form factor
of the shape seen in FIG. 3.

FIG. 3: (Color online)The square of the form factors plotted
on a logarithmic scale. The (blue) dashed line corresponds
to smooth Woods-Saxon charge distribution, the (red) con-
tinuous line corresponds to resolved discrete protons (but not
quarks), as explained in the text.)

As it has been stated previously, we are working in a
semi-coherent approach. This means that while one of
the photons is soft and thus sees the nucleus as a uniform
charge distribution (with the Woods-Saxon shape), the
other can have a large transverse momenta and thus
resolve individual protons. For this later case we will use
the picture of instantaneously frozen nucleons, which
just means that at any given moment the protons are
randomly distributed in the nucleus according to some
weight and frozen in these positions x

m

, where x is in
the direction where the momentum Q? is directed. So
the form factor can be written as:

F (k) =
1

Z

Z
e

ikx

ZX

m=1

�(x� x

m

)dx

=
1

Z

ZX

m=1

e

ikx

m (10)

In the amplitude we have the square of the form factor,
so what we need is:

we did this calculation
to explain the low-pt

dilepton yield at PHENIX
but the calculation showed

that it gives dileptons outside
of Phenix acceptance

M=.5..0.75 GeV

``exotic”

q1 small
q2 large

coherent  Z^2 incoherent P’s Z
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• ultra-peripheral is 
coherent-coherent

• parton processes are 
incoherent-incoherent 
gq=>gamma q

• semi-coherent has 
coherent field with small 
q1 and incoherent one 
with large q2 (resolving 
protons)
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dau and Lifshitz [11] calculated their total cross section
for nuclear collisions using Weizsacker-Williams (WW)
approximation. There have been extensive studies of the
so called ultraperipheral processes in RHIC environment,
for experimental results from STAR collaboration see
[15]. As the name suggests, those processes take place
at very large impact parameters b > 2R, at which no
nuclear interactions take place. For electron pair pro-
duction the characteristic b are related to the electron
mass,and are thus very high. Theory development in-
cluding all orders in Z↵ has been worked out in the last
decade.

However the contribution of such processes at near-
central collisions (when multiple hadronic production
does happen) and for the kinematical range of p

t

,M seen
by PHENIX and NA60 has not to our knowledge been
considered. This is what we are going to do in this work.

Additional motivation for looking at the two-photon
processes comes from the standard relations between on-
shell and slightly virtual photons �

⇤, which are seen as
small-mass dileptons. PHENIX has used such relations,
relating dileptons with masses M > 100MeV with real
photons. However, the two-photon collisions that we dis-
cuss do not obey it, producing only dileptons but not
photons, and the question is how important are those in
the kinematical range at hand.

II. THE FORMALISM

We use the Equivalent Photon Approximation
(EPA)[12, 13] to determine the di↵erential cross-section
for the production of dileptons in Au-Au collisions. Ac-
cording to this method the e↵ects of the electromagnetic
fields from the moving nuclei can be replaced by the
equivalent photon spectrum
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where Z

i

is the number of protons in the nucleus, F (q2)
is the form factor of the nucleus charge, q

i? is the
transverse momentum of the photon and w

i

is its energy.
The di↵erential cross-section for the gold-gold collision is
then given by the product between the photon spectrum
of each nucleus and the cross-section for the production
of dileptons from a 2-photon collision:
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which can be written in terms of the total transverse
momentum ~

Q = ~q1 + ~q2 and integrated over ~q2 to give:
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Following [14] we see that the main contributions to the
cross-section come from the regions where q1 and q2 are
small (of the order of w

i

/�). If both of the momenta are
small then the total transverse momentum would also
have a small value and we are interested in studying the
dilepton production for total transverse momentum up to
about 0.7 GeV. This is why we work in a semi-coherent
approach, in which from one of the nuclei we will get a
coherent electric field, which will correspond to a photon
with small transverse momentum, while the momentum
from the other photon can have greater values. This
means that in this case we won’t be getting a coherent
field from all the nucleus, but that the protons that
compose it can have an individual e↵ect. For this case,
instead of using the form factor for a continuous charge
distribution we will use the one coming from considering
that the nucleus is composed of Z point particles.

p1

p2

q1

q2

Au

Au

FIG. 2: (Color online)Dilepton production from a semi-
coherent process.

For the case when q2? ⌧ Q? we can approximate
~

Q? � ~q2? ⇠ ~

Q? so that we can take all the terms with
Q? from the integral, to get:

5

we ignore all interferences and consider collisions of pro-
tons each on each. We see that the semi-coherent case
lies in between. It starts, for low transverse momentum,
overlapping with the totally coherent curve and as the
momentum increases it drops, but it never reaches the
incoherent curve because we let one of the photon trans-
verse momentum be small, so that one of the nuclei is
always giving a coherent contribution.
For di↵erent mass bins the shape of the yield as a func-

FIG. 5: (Color online)Yield versus total transverse momen-
tum for di↵erent invariant mass ranges. Open (red) symbols
are the two-photon contribution, compared with PHENIX
data (black closed points, taken from Fig.1). From top to bot-
tom: M=300-500,500-750, 810-990 MeV. For the lower mass
range the single track acceptance was relaxed from p? > 0.2
to p? > 0.1 in our calculations.

tion of the transverse momentum is the same. In Fig.5
the yield for three mass ranges is presented and it can
be seen that the lowest the invariant mass the higher
the yield, as expected. In order to include the upper
plot, which is in the mass range 300 � 500MeV , the
single track acceptance constraint has been relaxed to
p? > 0.1GeV for this case. We compare our results with
experimental data from PHENIX, which is given by the
filled black dots in the plot. We see that the contribution

from the semi-coherent production of dileptons is about
two orders of magnitude smaller than the experimental
results. From this we conclude that in the momentum
ranges explored the dilepton production from two pho-
ton collisions doesn’t contribute significantly to the total
production of electron-positron pairs in Au-Au collisions,
but this mechanism is important for smaller transverse
momenta, when the two photons are a result of the co-
herent interaction of the nuclear electromagnetic fields.
The applicability of the EPA requires that the photon

transverse momenta are small in respect to all other in-
variants. Therefore, in Fig.5 we stop our curves when Q

2
?

reaches the dilepton mass squared, where this condition
is not fulfilled. Note however that in the region where
the two-photon production has chances to be observed,
this condition is rather accurate.
For completeness, we also calculated a contribution of

this semi-coherent approach for the LHC energy range,
where � ⇠ 3400. In the unrestricted case, when the
photon with small transverse momentum is in the range
0 < q2?<min(Q?,1/R), the integral over q2? gives the
usual ln(�q2?max

w

), so the increase in gamma implies a fur-
ther “ultraperipheral” enhancement of the process. Us-
ing the ALICE detector acceptance of |⌘| < 0.9 with
full range in azimuth and a single track acceptance of
p? > 0.1 [18] and allowing q2? to be integrated in the
region just described, there is an enhancement of one or-
der of magnitude in comparison to our results for the
PHENIX acceptance and with q2? in the same range.
However, when we restrict q2? to be between 1/3R and
min(Q?, 1/R) and in this way don’t consider ultrape-
ripheral collisions, the results for the yields that we cal-
culate for PHENIX and ALICE are very similar and the
small di↵erence between them (about a factor 2 for small
transverse momentum) is due to the greater acceptance
of the latter and also to the di↵erent elements used (Z=79
for RHIC and Z=82 for LHC).

V. RESOLVING QUARKS

To end this study of dilepton production in heavy ion
collisions, we consider the structure of the nucleons, this
is we resolve partons such that, as before, from one of the
nuclei we get a coherent contribution (small momenta)
while from the other one we get the e↵ect from partons
acting individually. To determine the parton contribu-
tion we must turn to use the parton distribution func-
tions (PDF’s).
The nucleons are composed of quarks and gluons and

the probability that a given nucleon contains a con-
stituent particle with x momentum fraction of the total
momentum of the nucleon corresponds to f

i

(x)dx, where
the functions f

i

are the PDF’s for the i type constituent
(i = u, ū, d, d̄, s, s̄, c, c̄, b, b̄, t, t̄, gluon) for a proton.
In our calculations we use data from the CTEQ col-

laboration [19] and we only consider the three lightest
quarks: u and d valence quarks and u,d and s sea quarks.
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pare the results with experimental data from the PHENIX detector at RHIC. We study the contribu-
tion given by “semi-coherent” kinematics, in which one photon is relatively hard and is incoherently
emitted by participating protons, while another can be soft enough to be in a coherent domain.

I. INTRODUCTION

Thirty years ago one of us [1, 2] had suggested to use
dileptons and photons as “penetrating probes” for dense
hadronic matter created in ultrarelativisitc heavy ion col-
lisions, which – unlike hadrons – are observable from all
stages of the collisions and thus can tell us what the ini-
tial hottest temperature reached can be. It is a very
challenging task for experiments, as one has to remove
hadronic backgrounds orders of magnitude larger than
the photon or dilepton signal. And yet, over the years
there were successful measurements, both at CERN SPS
(muon pairs by NA50/NA60, electron pairs in CERES,
photons in WA98) and RHIC (photons,muons and elec-
trons in PHENIX, electrons in STAR). We will not go
into details of these works, just make few general com-
ments.

Already the above mentioned papers from 1970’s have
singled out the so called intermediate mass dileptons
(IMD’s), with the mass 1-3 GeV or between � and J/ 

resonances, as the window for observing the thermal
QGP radiation. More detailed predictions have been
made in Ref. [4], where it has also been predicted that
most of those pairs observed are not from charm decays,
as was widely believed at the time. Only with success-
ful completion of the NA60 experiment, with its sophis-
ticated charm tracking, this collaboration had recently
confirmed that they do indeed observe thermal radiation
from QGP [5] and not just charm decays. For summary
of other NA60 results see e.g.[7]: those include dileptons
with small masses which come from resonances ⇢ mesons
decaying in hadronic and near-T

c

region. Although still
far from being perfect, the existing theory provides a rea-
sonable overall description of the NA60, see e.g. [3, 9].
Important recent observation of thermal photon radia-
tion from hadronic gas and QGP has been also made by
PHENIX collaboration [6], which is also in overall fair
agreement with the current theory and the hydrodynam-
ical picture of the collision.

And yet, some aspects of the experimental data at
RHIC remain puzzling. Dilepton results from PHENIX
show production rate of small mass M ⇠ 500MeV dilep-
tons few times above theory predictions. Another puzzle
is the presence of the so called “cold” component in the
dilepton spectrum for p

t

< 500MeV , which is shown in

FIG. 1: (Color online) Acceptance corrected invariant e

+
e

�

yield versus total transverse momentum of the dilepton pair,
for pp collisions (left) and AuAu collisions (right), from
PHENIX publication [10]. The solid curves show the expec-
tation from the sum of the so called hadronic cocktail contri-
bution plus charm decays.

Fig.1. While the pp data (points in the l.h.s.) agree
rather well with “hadronic cocktail” (curves), in AuAu
data (r.h.s.) one finds systematic upward deviations of
the data from from similar curves, at small p

t

(the left
side of the AuAu plot). If fitted with exponential, the
data have a slope T

eff

⇡ 100MeV , which is about twice
smaller than the typical slope of the main “hot” com-
ponent. What is especially strange about it is that this
slope seems to be the same for di↵erent dilepton mass
bins, see the three lowest curves on the right hand side in.
This is in contrast to the “hot” component, which shows
T

eff

increasing with M , in good agreement with expec-
tations based on hydrodynamical picture of expanding
matter. It is a presence of such “cold” component which
originally motivated us to have a look at some dilepton
production mechanisms which are not included in the
“standard” theory toolbox.

Small mass component is another puzzle, it has un-
usual centrality dependence.

Coherent two-photon processes are a well-known
source of small mass and small p

t

dileptons. Their basic
theory had been developed already in 1930’s, when Lan-

ar
X

iv
:1

00
5.

35
31

v1
  [

nu
cl

-th
]  

19
 M

ay
 2

01
0

Production of soft e+e� Pairs in Heavy Ion Collisions at RHIC
by Semi-coherent Two Photon Processes

Pilar Staig and Edward Shuryak
Department of Physics and Astronomy

Stony Brook University, Stony Brook NY 11794 USA
(Dated: May 20, 2010)

We calculate the contribution of the two photon production process into e

+
e

� spectra, and com-
pare the results with experimental data from the PHENIX detector at RHIC. We study the contribu-
tion given by “semi-coherent” kinematics, in which one photon is relatively hard and is incoherently
emitted by participating protons, while another can be soft enough to be in a coherent domain.

I. INTRODUCTION

Thirty years ago one of us [1, 2] had suggested to use
dileptons and photons as “penetrating probes” for dense
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lisions, which – unlike hadrons – are observable from all
stages of the collisions and thus can tell us what the ini-
tial hottest temperature reached can be. It is a very
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resonances, as the window for observing the thermal
QGP radiation. More detailed predictions have been
made in Ref. [4], where it has also been predicted that
most of those pairs observed are not from charm decays,
as was widely believed at the time. Only with success-
ful completion of the NA60 experiment, with its sophis-
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from QGP [5] and not just charm decays. For summary
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Important recent observation of thermal photon radia-
tion from hadronic gas and QGP has been also made by
PHENIX collaboration [6], which is also in overall fair
agreement with the current theory and the hydrodynam-
ical picture of the collision.

And yet, some aspects of the experimental data at
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bution plus charm decays.

Fig.1. While the pp data (points in the l.h.s.) agree
rather well with “hadronic cocktail” (curves), in AuAu
data (r.h.s.) one finds systematic upward deviations of
the data from from similar curves, at small p
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side of the AuAu plot). If fitted with exponential, the
data have a slope T
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⇡ 100MeV , which is about twice
smaller than the typical slope of the main “hot” com-
ponent. What is especially strange about it is that this
slope seems to be the same for di↵erent dilepton mass
bins, see the three lowest curves on the right hand side in.
This is in contrast to the “hot” component, which shows
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increasing with M , in good agreement with expec-
tations based on hydrodynamical picture of expanding
matter. It is a presence of such “cold” component which
originally motivated us to have a look at some dilepton
production mechanisms which are not included in the
“standard” theory toolbox.

Small mass component is another puzzle, it has un-
usual centrality dependence.

Coherent two-photon processes are a well-known
source of small mass and small p

t

dileptons. Their basic
theory had been developed already in 1930’s, when Lan-
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The factor 2 in front comes from summing the two cases:
when q1? is small and when q2? is small. Now, using

w1 + w2 = m

t

cosh y
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sinh y, (6)
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Finally taking the integral over the invariant mass M , we
get the cross-section as a function of the total transverse
momentum Q? and the rapidity y.
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Since we work in the semi-coherent approach the cross-
section �

��

is calculated using q1 = (w1,
~

Q?, qz) and q2 =

(q
z

,

~0,�q

z

). This gives as a result �

��

(M,

~

Q?,�1, ✓1).
The angle �

Q

is integrated over 2⇡. The PHENIX de-
tector covers |⌘| < 0.35 and a total of 180o in azimuth,
but the data has been acceptance corrected to include
electrons and positrons from all directions. The only re-
striction that we must impose is due to the single track
acceptance condition that p? > 0.2GeV .

III. FORM FACTORS

The charge distribution of the nucleus can be well
parameterized by the Woods-Saxon expression

⇢(r) / 1

e

r�R

a + 1
(9)

with two parameters, the nuclear radius R (6.55 fm for
Au)and the width of the nuclear edge which is typically
about a = 0.5 fm [16]. Starting from this charge distri-
bution it is not possible to get an analytical expression
for the form factor, but the integrals of the fourier trans-
formation can be done numerically, to get a form factor
of the shape seen in FIG. 3.

FIG. 3: (Color online)The square of the form factors plotted
on a logarithmic scale. The (blue) dashed line corresponds
to smooth Woods-Saxon charge distribution, the (red) con-
tinuous line corresponds to resolved discrete protons (but not
quarks), as explained in the text.)

As it has been stated previously, we are working in a
semi-coherent approach. This means that while one of
the photons is soft and thus sees the nucleus as a uniform
charge distribution (with the Woods-Saxon shape), the
other can have a large transverse momenta and thus
resolve individual protons. For this later case we will use
the picture of instantaneously frozen nucleons, which
just means that at any given moment the protons are
randomly distributed in the nucleus according to some
weight and frozen in these positions x

m

, where x is in
the direction where the momentum Q? is directed. So
the form factor can be written as:

F (k) =
1

Z

Z
e

ikx

ZX

m=1

�(x� x

m

)dx

=
1

Z

ZX

m=1

e

ikx

m (10)

In the amplitude we have the square of the form factor,
so what we need is:

we did this calculation
to explain the low-pt

dilepton yield at PHENIX
but the calculation showed

that it gives dileptons outside
of Phenix acceptance

M=.5..0.75 GeV

``exotic”

q1 small
q2 large
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dau and Lifshitz [11] calculated their total cross section
for nuclear collisions using Weizsacker-Williams (WW)
approximation. There have been extensive studies of the
so called ultraperipheral processes in RHIC environment,
for experimental results from STAR collaboration see
[15]. As the name suggests, those processes take place
at very large impact parameters b > 2R, at which no
nuclear interactions take place. For electron pair pro-
duction the characteristic b are related to the electron
mass,and are thus very high. Theory development in-
cluding all orders in Z↵ has been worked out in the last
decade.

However the contribution of such processes at near-
central collisions (when multiple hadronic production
does happen) and for the kinematical range of p

t

,M seen
by PHENIX and NA60 has not to our knowledge been
considered. This is what we are going to do in this work.

Additional motivation for looking at the two-photon
processes comes from the standard relations between on-
shell and slightly virtual photons �

⇤, which are seen as
small-mass dileptons. PHENIX has used such relations,
relating dileptons with masses M > 100MeV with real
photons. However, the two-photon collisions that we dis-
cuss do not obey it, producing only dileptons but not
photons, and the question is how important are those in
the kinematical range at hand.

II. THE FORMALISM

We use the Equivalent Photon Approximation
(EPA)[12, 13] to determine the di↵erential cross-section
for the production of dileptons in Au-Au collisions. Ac-
cording to this method the e↵ects of the electromagnetic
fields from the moving nuclei can be replaced by the
equivalent photon spectrum
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where Z

i

is the number of protons in the nucleus, F (q2)
is the form factor of the nucleus charge, q

i? is the
transverse momentum of the photon and w

i

is its energy.
The di↵erential cross-section for the gold-gold collision is
then given by the product between the photon spectrum
of each nucleus and the cross-section for the production
of dileptons from a 2-photon collision:
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which can be written in terms of the total transverse
momentum ~

Q = ~q1 + ~q2 and integrated over ~q2 to give:
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Following [14] we see that the main contributions to the
cross-section come from the regions where q1 and q2 are
small (of the order of w

i

/�). If both of the momenta are
small then the total transverse momentum would also
have a small value and we are interested in studying the
dilepton production for total transverse momentum up to
about 0.7 GeV. This is why we work in a semi-coherent
approach, in which from one of the nuclei we will get a
coherent electric field, which will correspond to a photon
with small transverse momentum, while the momentum
from the other photon can have greater values. This
means that in this case we won’t be getting a coherent
field from all the nucleus, but that the protons that
compose it can have an individual e↵ect. For this case,
instead of using the form factor for a continuous charge
distribution we will use the one coming from considering
that the nucleus is composed of Z point particles.

p1

p2

q1

q2

Au

Au

FIG. 2: (Color online)Dilepton production from a semi-
coherent process.

For the case when q2? ⌧ Q? we can approximate
~

Q? � ~q2? ⇠ ~

Q? so that we can take all the terms with
Q? from the integral, to get:

5

we ignore all interferences and consider collisions of pro-
tons each on each. We see that the semi-coherent case
lies in between. It starts, for low transverse momentum,
overlapping with the totally coherent curve and as the
momentum increases it drops, but it never reaches the
incoherent curve because we let one of the photon trans-
verse momentum be small, so that one of the nuclei is
always giving a coherent contribution.
For di↵erent mass bins the shape of the yield as a func-

FIG. 5: (Color online)Yield versus total transverse momen-
tum for di↵erent invariant mass ranges. Open (red) symbols
are the two-photon contribution, compared with PHENIX
data (black closed points, taken from Fig.1). From top to bot-
tom: M=300-500,500-750, 810-990 MeV. For the lower mass
range the single track acceptance was relaxed from p? > 0.2
to p? > 0.1 in our calculations.

tion of the transverse momentum is the same. In Fig.5
the yield for three mass ranges is presented and it can
be seen that the lowest the invariant mass the higher
the yield, as expected. In order to include the upper
plot, which is in the mass range 300 � 500MeV , the
single track acceptance constraint has been relaxed to
p? > 0.1GeV for this case. We compare our results with
experimental data from PHENIX, which is given by the
filled black dots in the plot. We see that the contribution

from the semi-coherent production of dileptons is about
two orders of magnitude smaller than the experimental
results. From this we conclude that in the momentum
ranges explored the dilepton production from two pho-
ton collisions doesn’t contribute significantly to the total
production of electron-positron pairs in Au-Au collisions,
but this mechanism is important for smaller transverse
momenta, when the two photons are a result of the co-
herent interaction of the nuclear electromagnetic fields.
The applicability of the EPA requires that the photon

transverse momenta are small in respect to all other in-
variants. Therefore, in Fig.5 we stop our curves when Q

2
?

reaches the dilepton mass squared, where this condition
is not fulfilled. Note however that in the region where
the two-photon production has chances to be observed,
this condition is rather accurate.
For completeness, we also calculated a contribution of

this semi-coherent approach for the LHC energy range,
where � ⇠ 3400. In the unrestricted case, when the
photon with small transverse momentum is in the range
0 < q2?<min(Q?,1/R), the integral over q2? gives the
usual ln(�q2?max

w

), so the increase in gamma implies a fur-
ther “ultraperipheral” enhancement of the process. Us-
ing the ALICE detector acceptance of |⌘| < 0.9 with
full range in azimuth and a single track acceptance of
p? > 0.1 [18] and allowing q2? to be integrated in the
region just described, there is an enhancement of one or-
der of magnitude in comparison to our results for the
PHENIX acceptance and with q2? in the same range.
However, when we restrict q2? to be between 1/3R and
min(Q?, 1/R) and in this way don’t consider ultrape-
ripheral collisions, the results for the yields that we cal-
culate for PHENIX and ALICE are very similar and the
small di↵erence between them (about a factor 2 for small
transverse momentum) is due to the greater acceptance
of the latter and also to the di↵erent elements used (Z=79
for RHIC and Z=82 for LHC).

V. RESOLVING QUARKS

To end this study of dilepton production in heavy ion
collisions, we consider the structure of the nucleons, this
is we resolve partons such that, as before, from one of the
nuclei we get a coherent contribution (small momenta)
while from the other one we get the e↵ect from partons
acting individually. To determine the parton contribu-
tion we must turn to use the parton distribution func-
tions (PDF’s).
The nucleons are composed of quarks and gluons and

the probability that a given nucleon contains a con-
stituent particle with x momentum fraction of the total
momentum of the nucleon corresponds to f

i

(x)dx, where
the functions f

i

are the PDF’s for the i type constituent
(i = u, ū, d, d̄, s, s̄, c, c̄, b, b̄, t, t̄, gluon) for a proton.
In our calculations we use data from the CTEQ col-

laboration [19] and we only consider the three lightest
quarks: u and d valence quarks and u,d and s sea quarks.
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We calculate the contribution of the two photon production process into e

+
e

� spectra, and com-
pare the results with experimental data from the PHENIX detector at RHIC. We study the contribu-
tion given by “semi-coherent” kinematics, in which one photon is relatively hard and is incoherently
emitted by participating protons, while another can be soft enough to be in a coherent domain.

I. INTRODUCTION

Thirty years ago one of us [1, 2] had suggested to use
dileptons and photons as “penetrating probes” for dense
hadronic matter created in ultrarelativisitc heavy ion col-
lisions, which – unlike hadrons – are observable from all
stages of the collisions and thus can tell us what the ini-
tial hottest temperature reached can be. It is a very
challenging task for experiments, as one has to remove
hadronic backgrounds orders of magnitude larger than
the photon or dilepton signal. And yet, over the years
there were successful measurements, both at CERN SPS
(muon pairs by NA50/NA60, electron pairs in CERES,
photons in WA98) and RHIC (photons,muons and elec-
trons in PHENIX, electrons in STAR). We will not go
into details of these works, just make few general com-
ments.

Already the above mentioned papers from 1970’s have
singled out the so called intermediate mass dileptons
(IMD’s), with the mass 1-3 GeV or between � and J/ 

resonances, as the window for observing the thermal
QGP radiation. More detailed predictions have been
made in Ref. [4], where it has also been predicted that
most of those pairs observed are not from charm decays,
as was widely believed at the time. Only with success-
ful completion of the NA60 experiment, with its sophis-
ticated charm tracking, this collaboration had recently
confirmed that they do indeed observe thermal radiation
from QGP [5] and not just charm decays. For summary
of other NA60 results see e.g.[7]: those include dileptons
with small masses which come from resonances ⇢ mesons
decaying in hadronic and near-T

c

region. Although still
far from being perfect, the existing theory provides a rea-
sonable overall description of the NA60, see e.g. [3, 9].
Important recent observation of thermal photon radia-
tion from hadronic gas and QGP has been also made by
PHENIX collaboration [6], which is also in overall fair
agreement with the current theory and the hydrodynam-
ical picture of the collision.

And yet, some aspects of the experimental data at
RHIC remain puzzling. Dilepton results from PHENIX
show production rate of small mass M ⇠ 500MeV dilep-
tons few times above theory predictions. Another puzzle
is the presence of the so called “cold” component in the
dilepton spectrum for p

t

< 500MeV , which is shown in

FIG. 1: (Color online) Acceptance corrected invariant e

+
e

�

yield versus total transverse momentum of the dilepton pair,
for pp collisions (left) and AuAu collisions (right), from
PHENIX publication [10]. The solid curves show the expec-
tation from the sum of the so called hadronic cocktail contri-
bution plus charm decays.

Fig.1. While the pp data (points in the l.h.s.) agree
rather well with “hadronic cocktail” (curves), in AuAu
data (r.h.s.) one finds systematic upward deviations of
the data from from similar curves, at small p

t

(the left
side of the AuAu plot). If fitted with exponential, the
data have a slope T

eff

⇡ 100MeV , which is about twice
smaller than the typical slope of the main “hot” com-
ponent. What is especially strange about it is that this
slope seems to be the same for di↵erent dilepton mass
bins, see the three lowest curves on the right hand side in.
This is in contrast to the “hot” component, which shows
T

eff

increasing with M , in good agreement with expec-
tations based on hydrodynamical picture of expanding
matter. It is a presence of such “cold” component which
originally motivated us to have a look at some dilepton
production mechanisms which are not included in the
“standard” theory toolbox.

Small mass component is another puzzle, it has un-
usual centrality dependence.

Coherent two-photon processes are a well-known
source of small mass and small p

t

dileptons. Their basic
theory had been developed already in 1930’s, when Lan-
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PHENIX collaboration [6], which is also in overall fair
agreement with the current theory and the hydrodynam-
ical picture of the collision.

And yet, some aspects of the experimental data at
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for pp collisions (left) and AuAu collisions (right), from
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tation from the sum of the so called hadronic cocktail contri-
bution plus charm decays.

Fig.1. While the pp data (points in the l.h.s.) agree
rather well with “hadronic cocktail” (curves), in AuAu
data (r.h.s.) one finds systematic upward deviations of
the data from from similar curves, at small p
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(the left
side of the AuAu plot). If fitted with exponential, the
data have a slope T
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⇡ 100MeV , which is about twice
smaller than the typical slope of the main “hot” com-
ponent. What is especially strange about it is that this
slope seems to be the same for di↵erent dilepton mass
bins, see the three lowest curves on the right hand side in.
This is in contrast to the “hot” component, which shows
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increasing with M , in good agreement with expec-
tations based on hydrodynamical picture of expanding
matter. It is a presence of such “cold” component which
originally motivated us to have a look at some dilepton
production mechanisms which are not included in the
“standard” theory toolbox.

Small mass component is another puzzle, it has un-
usual centrality dependence.
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The factor 2 in front comes from summing the two cases:
when q1? is small and when q2? is small. Now, using

w1 + w2 = m

t

cosh y

q1z + q2z = m

t

sinh y, (6)
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2
1z), w2 = |q2z|and
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2
?, we make a change of variables

from the photon longitudinal momenta q1z and q2z to
the invariant mass M and the rapidity y. Then, putting
y = 0 we get:
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= J(M,Q?)dMdy (7)

Finally taking the integral over the invariant mass M , we
get the cross-section as a function of the total transverse
momentum Q? and the rapidity y.
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Since we work in the semi-coherent approach the cross-
section �

��

is calculated using q1 = (w1,
~

Q?, qz) and q2 =

(q
z

,

~0,�q

z

). This gives as a result �
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(M,

~

Q?,�1, ✓1).
The angle �

Q

is integrated over 2⇡. The PHENIX de-
tector covers |⌘| < 0.35 and a total of 180o in azimuth,
but the data has been acceptance corrected to include
electrons and positrons from all directions. The only re-
striction that we must impose is due to the single track
acceptance condition that p? > 0.2GeV .

III. FORM FACTORS

The charge distribution of the nucleus can be well
parameterized by the Woods-Saxon expression

⇢(r) / 1

e

r�R

a + 1
(9)

with two parameters, the nuclear radius R (6.55 fm for
Au)and the width of the nuclear edge which is typically
about a = 0.5 fm [16]. Starting from this charge distri-
bution it is not possible to get an analytical expression
for the form factor, but the integrals of the fourier trans-
formation can be done numerically, to get a form factor
of the shape seen in FIG. 3.

FIG. 3: (Color online)The square of the form factors plotted
on a logarithmic scale. The (blue) dashed line corresponds
to smooth Woods-Saxon charge distribution, the (red) con-
tinuous line corresponds to resolved discrete protons (but not
quarks), as explained in the text.)

As it has been stated previously, we are working in a
semi-coherent approach. This means that while one of
the photons is soft and thus sees the nucleus as a uniform
charge distribution (with the Woods-Saxon shape), the
other can have a large transverse momenta and thus
resolve individual protons. For this later case we will use
the picture of instantaneously frozen nucleons, which
just means that at any given moment the protons are
randomly distributed in the nucleus according to some
weight and frozen in these positions x

m

, where x is in
the direction where the momentum Q? is directed. So
the form factor can be written as:

F (k) =
1

Z

Z
e

ikx

ZX

m=1

�(x� x

m

)dx

=
1

Z

ZX

m=1

e

ikx

m (10)

In the amplitude we have the square of the form factor,
so what we need is:

we did this calculation
to explain the low-pt

dilepton yield at PHENIX
but the calculation showed

that it gives dileptons outside
of Phenix acceptance

M=.5..0.75 GeV

M=.81..0.99 GeV

``exotic”

q1 small
q2 large

coherent  Z^2 incoherent P’s Z
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New puzzle: large v2 of 
photons (Phenix)Direct photon v2 via external conversion   

11 

!  Independent analysis 

!  Different systematics 

!  pT range extended 
down to 0.5 GeV/c  

!  Two independent and consistent results 

!  Important confirmation of previous v2 results   

External conversions 
 (PHENIX preliminary) 
arXiv:1105.4126 

Poster 64, R. Petti 

=> v2 is as large as 
that for hadrons
=> seems to
persist even at large 
pt (?)
=> also seen by 
ALICE
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  q+(semi-coherent eff.photon)=>q+gamma 

  (with J-F. Liao)          (WW approximation)

    q+ (B-correlated gluon) =>q+gamma

Z↵ ⇠ ↵s
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  q+(semi-coherent eff.photon)=>q+gamma 

  (with J-F. Liao)          (WW approximation)

    q+ (B-correlated gluon) =>q+gamma

Z↵ ⇠ ↵swhile
effective gluon density is O(10) larger than equivalent 
photons, 

but photon’s momentum is strongly correlated with 
the impact  parameter b 

coherent E/B field of the photon extends
beyond the edge of the nuclei

even small effects need to be calculated!
Friday, December 7, 12
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FIG. 1: The coupling of the conformal anomaly to the ex-
ternal magnetic field resulting in photon production.

photon production mechanism stemming from the con-
formal anomaly of QCD⇥QED and the presence of a high
magnetic field in heavy ion collisions. We will demon-
strate that this mechanism results in a significant pho-
ton and dilepton yields that are comparable to the ones
from the “conventional” mechanism and may potentially
explain the v2 puzzle for soft direct photons.

Let us begin by reminding the basics of conformal
anomaly. In field theory the divergence of the dilatational
current S

µ

is equal to the trace of the energy-momentum
tensor. In QCD, this divergence does not vanish signal-
ing the breaking of scale invariance due to dimensional
transmutation and the running coupling:
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+
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(g)] q̄q,

(1)
where �(g) is the beta-function of QCD,m

q

are the quark
masses, and �

m

(g) are the corresponding anomalous di-
mensions. The current S

µ

acting on the vacuum produces
scalar color-singlet states � of mass m

�

with an ampli-
tude f

�

:

h0|Sµ|�i = iq

µ

f

�

; h0|@
µ

S

µ|�i = m

2
�

f

�

. (2)

Let us now consider the coupling of QCD scale
anomaly to electromagnetism. This coupling can lead
to the production of photons in external magnetic field
as described by the diagram of Fig. 1. To evaluate the
contribution of this diagram, we need to consider the
coupling of the scalar meson to photons. This coupling
is described by the triangle quark diagram, and leads to
the following e↵ective interaction [14–16]:

L
���

= g

���

� F

µ⌫

F

µ⌫

, (3)

where g

���

is related to the decay constant f
�

discussed
above and to the ratio of cross sections of e+e� annihi-
lation into hadrons and muons

R ⌘ �(e+e� ! �
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⇤ ! µ

+
µ

�)
(4)

by

f

�
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���

= ↵

R

6⇡
, (5)

where ↵ is the fine structure constant. The resulting
width of � decay into two photons is given by [14–16]

�(� ! ��) = g

2
���

m

3
�

4⇡
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✓
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3⇡f
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◆2
m

3
�

16⇡
. (6)

Using R = 5 for six quark flavors (all of which contribute
to the triangle diagram) and the values m

�

= 550 MeV,
f

�

= 100 MeV discussed above, we get from (6) the value
�(� ! ��) ' 5 KeV. This is in the middle of the range
(2÷ 10 KeV) for the two photon decay width of f0(600)
meson listed by PDG [30], supporting the identification
of the lightest � dilaton with this meson. This allows us
to fix the value g

���

' 0.02 GeV�1. Now we have all the
information necessary to evaluate the diagram of Fig. 1.

To compute the photon production rate from the di-
agram of Fig. 1, we evaluate the imaginary part for the
photon self-energy, see [31, 32]. A straightforward cal-
culation yields for the production rate at mid-rapidity
(q

z

= 0) the following expression:
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(q0 = |q|). (7)

Since we consider production of photons in the QCD
plasma, it is appropriate to use the hydrodynamic spec-
tral function of the bulk mode ✓ [33, 34]:
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Im[Gµµ,⌫⌫
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(q0, q)] = 9q0
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(q20 � c
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q2)2 + (q0�s

q2)2
, (8)

where �
s

= (4/3⌘ + ⇣)/(✏ + p) is the sound attenuation
length and ⌘ and ⇣ are shear and bulk viscosities. The
second term describes the sound peak at q0 = c

s

|q|. The
sound mode does not contribute to the production of real
photons since the width of the sound peak is not large
enough to reach the null dispersion of photons. Therefore
the photon production is dominated by the bulk viscosity
⇣:

⇢

✓

(q0 = |q|) ⇡ 9q0
⇡

⇣, (9)

In deriving Eq. (7) we neglected the z-component of
the magnetic field, because it is expected to be an order
of magnitude smaller than B

x

and B

y

(B
z

⇠ B

x,y

/�); we
also neglect the contribution of the electric field.
In what follows we will compare our result with the

baseline provided by the conventional photon production
rate [35]:

q0
d�

d

3
q

=
Cem↵em

4⇡2

⇢

V

(q0 = |q|)
exp(�q0)� 1

, (10)

(1)virtual quark loop
(2)coherent magnetic field
(3)B+photon mix with scalar  G2 
(4)Its correlators are related to 
bulk viscosity and correlators 
Spectral densities known from AdS/QCD 

models no effect along the B field!

⇠ (B
y

q�

x

)2

3
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v 2

FIG. 2: The azimuthal anisotropy v2 of the direct photons
for di↵erent values of bulk viscosity corresponding to C⇣ in
the range of 10 ÷ 15. The black dotes are the data from the
PHENIX collaboration [25] for minimum bias Au-Au colli-
sions at

p
s = 200 GeV.

where C

em

= e

2

3 R ⌘
P

f

Q

2
f

with Q

f

’s are the electric
charges of the quarks, and ⇢

V

is the vector current spec-
tral function that in the limit of q0 ! 0 and q ! 0 is
related to the electric conductivity:

�em =
Cem

6
lim
q0!0

⇢

V

(q0, |q| = 0)

q0
. (11)

The spectral function for ✓ and the bulk viscosity was
calculated in lattice QCD [19, 33]. However the extrac-
tion of bulk viscosity from the lattice data is notoriously
di�cult. To get an independent estimate of the bulk vis-
cosity we thus follow [36, 37] and assume that

⇣

⌘

=
C

⇣

4⇡

✓
1

3
� c

2
s

◆2

. (12)

In our calculations, we adopt the results of Ref. [37] with
an assumption ⌘/s = 1/4⇡ and vary the proportionality
factor C

⇣

in the range of 10 ÷ 15. Since it is expected
that the shear viscosity ⌘/s � 1/4⇡, our results provide
a lower bound for the photon production. Note that this
estimate is in line with the lattice result of Ref. [33] for
the bulk viscosity.

The magnetic field in heavy ion collisions was esti-
mated in Refs. [3] and [21]; the fluctuations of magnetic
field were evaluated in Refs. [38] and [39]. In this paper,
we neglect the spatial gradients of magnetic field and
estimate the time dependence in the eikonal approxima-
tion taking into account only the (leading at large times)
contribution from spectators:

eB

x,y

(t) '
eB

0
x,y

1 + (t/t
B

)2
, (13)
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FIG. 3: The transfers momentum spectra of the produced
direct photons for C⇣ = 10, see text for details.

where eB0
i

it the magnitude of the i-th component of the
magnetic field at t = 0 and t

B

is the characteristic decay
time. The x-component of magnetic field at t = 0, B0

x

,
is approximately independent of the impact parameter b,
while the y-component is linear in b. Both components
B

0
x,y

are linear as a function of the collision energy,
p
s;

the typical decay time is inversely proportional to
p
s.

Here we neglect the transverse expansion of the fire-
ball and assume that it has an almond shape with the
following characteristic sizes in x and y direction: l

x

=
(R

A

�b/2) and l

y

=
p

R

2
A

� b

2
/4, where R

A

is the radius
of the colliding nuclei. We approximate the time evolu-
tion of the temperature at early times using the Bjorken
hydrodynamics T/T0 = ⌧0/⌧ , where T0 is the initial tem-
perature and ⌧0 is the initial time (given by the charac-
teristic thermalization time of the gluons) that can be
estimated in terms of the saturation scale, Q

s

, and the
coupling constant, ↵

s

, see e.g. Ref. [22]. For Au-Au col-
lisions at

p
s = 200 GeV we use ⌧0 = 0.1 fm/c.

To evaluate the bulk viscosity (12) we need the speed
of sound, c

s

and the entropy, s; we use the model
parametrization [41] of lattice results for pure glue SU(3)
theory. Note that the transport coe�cients of the plasma
may be a↵ected by magnetic field; for recent examples,
see [42] and [43].
Our results for the azimuthal anisotropy of photons

calculated using both conventional production mecha-
nism and the one from the conformal anomaly are shown
in Fig. 2 for the minimum bias Au-Au collisions atp
s = 200 GeV. In our approximation (no transverse

flow), the conventional mechanism does not give any con-
tribution to the azimuthal anisotropy. The comparison
with the experimental data from PHENIX [25] indicates
that conformal anomaly could account for a large fraction
of the observed photon anisotropy.
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DIS on GLASMA      
The tensor channel 
• Why G2 and not Tµn? Fermionic loop couples 

to both, and 2+ has more components

• Formfactors? B has energy q0 of couple 
GeV, another photon can be virtual (=> 
dileptons)

• 2 OPE cases: (i) gg hard, gg soft; (ii) gg soft, gg 
hard. Calculation follows ES,Vainshtein Nucl.Phys. B201 
(1982) 141  and the result is not naive products of two stress tensors

Basar,Kharzeev,
ES, in progress

~E2 � ~B2 ~E2 + ~B2
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A(0)

A

A(x)

A

g

g

gg

Leff = ⇧µ⌫AµA⌫

⇧µ⌫ = Tr(�µS(q,G)�⌫S
+(q,G))

2

Product Expansion (OPE), expressing a bilocal
(non-local in general) expression as a series in
powers of x with coe�cients representing local
operators at point 0.

On general grounds, the polarization tensor
is transverse to vector qµ. This fact, as well as
the fact that matter has a rest frame, defined
by unit 4-vector nµ, allows for traditional de-
composition into two structure functions (anal-
ogous for DIS on a nucleon)

⇧µ⌫ = P 1
µ⌫W1 + P 2

µ⌫W2 (7)

P 1
µ⌫ = �(gµ⌫ � qµq⌫/q2)

P 2
µ⌫ =

✓
nµ �

(nq)
q2

qµ

◆ ✓
n⌫ �

(nq)
q2

q⌫

◆

Acting, as usual, by the tensor structures
P1, P2 on the definition of the polarization ten-
sor one finds that, since they are not mutually
orthogonal, a system of two linear equations

⇧1 = ⇧µ⌫P 1
µ⌫ = P 11W1 + P 12W2 (8)

⇧2 = ⇧µ⌫P 2
µ⌫ = P 12W1 + P 22W2

where (for simplicity) we give the coe�cients in
the rest frame of the matter, n0 = 1, n1 = n2 =
n3 = 0

P 11 = P 1
µ⌫P 1

µ⌫ = 3 (9)

P 22 = P 2
µ⌫P 2

µ⌫ =
~q4

(q2
0 � ~q2)2

P 12 = P 1
µ⌫P 2

µ⌫ = � ~q2

q2
0 � ~q2

The solution is obvious, we only note that in
order for it to exist the determinant of the sys-
tem

P 11P 22 � P 12P 12 = 2
~q4

(q2
0 � ~q2)2

6= 0 (10)

should be nonzero, thus the spatial part of the
vector q cannot vanish.

C. Operator product expansion

The first similar calculation in QCD has been
a celebrated derivation of the scalar gluon op-
erator G2 (known as the gluon condensate) cor-
rection

⇧µ⌫ = (11)

by Shifman,Vainshtein and Zakharov [? ], done
by rather complicated diagrammatic calcula-
tion. (Of course in vacuum there is no matter
and nµ vector, so there is only one structure
function W1.) We will however follow a di↵er-
ent path, developed by Vainshtein and Shuryak
[2] in connection to power corrections to DIS
on the (polarized) nucleon, for pedagogical in-
troduction see e.g. [? ]. One element of that is
the usage of the so called fixed-point gauge

xµAµ(x) = 0 (12)

invented by Fock, Schwinger and perhaps oth-
ers. In this gauge Aµ(0) = 0 and next order
terms in x expansion can be written as covari-
ant derivatives of the field strength

Aµ(x) =
X

k=0

1
k!(k + 2)

x⌫x↵1 . . . x↵k(D↵1 . . . D↵kGµ⌫(0))

(13)
The polarization operator is simply a fermion

loop

⇧µ⌫ = Tr(�µS�⌫S+) (14)

where the main ingredients – the propagators –
are also to be calculated in a background field
G. We will present calculation for one flavor of
charge-1 massless quark. The propagator in the
fixed-point gauge has been calculated in [2] in
momentum space to needed order. We will give
here only terms with one and two field strength,
ignoring covariant derivatives of the fields (be-
cause we assume it to be constant for now):

S(q) =
1
q̂
� g

2q4
q↵G̃↵����5

� g2

2q8
q̂q↵G↵�G��q� +

g2

4q8
q2q↵{G↵� , G��}+��

� g2

4q8
q2q↵[G↵� , G�� ]��� + O(

1
q6

) (15)

where the hat means a convolution with the
gamma matrix q̂ = qµ�µ and the gluon field
strength is asuumed to be a color matrix Gµ⌫ =
Ga

µ⌫ta, where ta are the SU(3) Gell-Mann ma-
trices.

Friday, December 7, 12



A(0)

A

A(x)

A

g

g

gg

Leff = ⇧µ⌫AµA⌫

⇧µ⌫ = Tr(�µS(q,G)�⌫S
+(q,G))

2

Product Expansion (OPE), expressing a bilocal
(non-local in general) expression as a series in
powers of x with coe�cients representing local
operators at point 0.

On general grounds, the polarization tensor
is transverse to vector qµ. This fact, as well as
the fact that matter has a rest frame, defined
by unit 4-vector nµ, allows for traditional de-
composition into two structure functions (anal-
ogous for DIS on a nucleon)

⇧µ⌫ = P 1
µ⌫W1 + P 2

µ⌫W2 (7)

P 1
µ⌫ = �(gµ⌫ � qµq⌫/q2)

P 2
µ⌫ =

✓
nµ �

(nq)
q2

qµ

◆ ✓
n⌫ �

(nq)
q2

q⌫

◆

Acting, as usual, by the tensor structures
P1, P2 on the definition of the polarization ten-
sor one finds that, since they are not mutually
orthogonal, a system of two linear equations

⇧1 = ⇧µ⌫P 1
µ⌫ = P 11W1 + P 12W2 (8)

⇧2 = ⇧µ⌫P 2
µ⌫ = P 12W1 + P 22W2

where (for simplicity) we give the coe�cients in
the rest frame of the matter, n0 = 1, n1 = n2 =
n3 = 0

P 11 = P 1
µ⌫P 1

µ⌫ = 3 (9)

P 22 = P 2
µ⌫P 2

µ⌫ =
~q4

(q2
0 � ~q2)2

P 12 = P 1
µ⌫P 2

µ⌫ = � ~q2

q2
0 � ~q2

The solution is obvious, we only note that in
order for it to exist the determinant of the sys-
tem

P 11P 22 � P 12P 12 = 2
~q4

(q2
0 � ~q2)2

6= 0 (10)

should be nonzero, thus the spatial part of the
vector q cannot vanish.

C. Operator product expansion

The first similar calculation in QCD has been
a celebrated derivation of the scalar gluon op-
erator G2 (known as the gluon condensate) cor-
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by rather complicated diagrammatic calcula-
tion. (Of course in vacuum there is no matter
and nµ vector, so there is only one structure
function W1.) We will however follow a di↵er-
ent path, developed by Vainshtein and Shuryak
[2] in connection to power corrections to DIS
on the (polarized) nucleon, for pedagogical in-
troduction see e.g. [? ]. One element of that is
the usage of the so called fixed-point gauge

xµAµ(x) = 0 (12)

invented by Fock, Schwinger and perhaps oth-
ers. In this gauge Aµ(0) = 0 and next order
terms in x expansion can be written as covari-
ant derivatives of the field strength

Aµ(x) =
X

k=0

1
k!(k + 2)

x⌫x↵1 . . . x↵k(D↵1 . . . D↵kGµ⌫(0))

(13)
The polarization operator is simply a fermion

loop

⇧µ⌫ = Tr(�µS�⌫S+) (14)

where the main ingredients – the propagators –
are also to be calculated in a background field
G. We will present calculation for one flavor of
charge-1 massless quark. The propagator in the
fixed-point gauge has been calculated in [2] in
momentum space to needed order. We will give
here only terms with one and two field strength,
ignoring covariant derivatives of the fields (be-
cause we assume it to be constant for now):

S(q) =
1
q̂
� g

2q4
q↵G̃↵����5

� g2

2q8
q̂q↵G↵�G��q� +

g2

4q8
q2q↵{G↵� , G��}+��

� g2

4q8
q2q↵[G↵� , G�� ]��� + O(

1
q6

) (15)

where the hat means a convolution with the
gamma matrix q̂ = qµ�µ and the gluon field
strength is asuumed to be a color matrix Gµ⌫ =
Ga

µ⌫ta, where ta are the SU(3) Gell-Mann ma-
trices.

2

Product Expansion (OPE), expressing a bilocal
(non-local in general) expression as a series in
powers of x with coe�cients representing local
operators at point 0.

On general grounds, the polarization tensor
is transverse to vector qµ. This fact, as well as
the fact that matter has a rest frame, defined
by unit 4-vector nµ, allows for traditional de-
composition into two structure functions (anal-
ogous for DIS on a nucleon)

⇧µ⌫ = P 1
µ⌫W1 + P 2

µ⌫W2 (7)

P 1
µ⌫ = �(gµ⌫ � qµq⌫/q2)

P 2
µ⌫ =

✓
nµ �

(nq)
q2

qµ

◆ ✓
n⌫ �

(nq)
q2

q⌫

◆

Acting, as usual, by the tensor structures
P1, P2 on the definition of the polarization ten-
sor one finds that, since they are not mutually
orthogonal, a system of two linear equations

⇧1 = ⇧µ⌫P 1
µ⌫ = P 11W1 + P 12W2 (8)

⇧2 = ⇧µ⌫P 2
µ⌫ = P 12W1 + P 22W2

where (for simplicity) we give the coe�cients in
the rest frame of the matter, n0 = 1, n1 = n2 =
n3 = 0

P 11 = P 1
µ⌫P 1

µ⌫ = 3 (9)

P 22 = P 2
µ⌫P 2

µ⌫ =
~q4

(q2
0 � ~q2)2

P 12 = P 1
µ⌫P 2

µ⌫ = � ~q2

q2
0 � ~q2

The solution is obvious, we only note that in
order for it to exist the determinant of the sys-
tem

P 11P 22 � P 12P 12 = 2
~q4

(q2
0 � ~q2)2

6= 0 (10)

should be nonzero, thus the spatial part of the
vector q cannot vanish.

C. Operator product expansion

The first similar calculation in QCD has been
a celebrated derivation of the scalar gluon op-
erator G2 (known as the gluon condensate) cor-
rection

⇧µ⌫ = (11)

by Shifman,Vainshtein and Zakharov [? ], done
by rather complicated diagrammatic calcula-
tion. (Of course in vacuum there is no matter
and nµ vector, so there is only one structure
function W1.) We will however follow a di↵er-
ent path, developed by Vainshtein and Shuryak
[2] in connection to power corrections to DIS
on the (polarized) nucleon, for pedagogical in-
troduction see e.g. [? ]. One element of that is
the usage of the so called fixed-point gauge

xµAµ(x) = 0 (12)

invented by Fock, Schwinger and perhaps oth-
ers. In this gauge Aµ(0) = 0 and next order
terms in x expansion can be written as covari-
ant derivatives of the field strength

Aµ(x) =
X

k=0

1
k!(k + 2)

x⌫x↵1 . . . x↵k(D↵1 . . . D↵kGµ⌫(0))

(13)
The polarization operator is simply a fermion

loop

⇧µ⌫ = Tr(�µS�⌫S+) (14)

where the main ingredients – the propagators –
are also to be calculated in a background field
G. We will present calculation for one flavor of
charge-1 massless quark. The propagator in the
fixed-point gauge has been calculated in [2] in
momentum space to needed order. We will give
here only terms with one and two field strength,
ignoring covariant derivatives of the fields (be-
cause we assume it to be constant for now):

S(q) =
1
q̂
� g

2q4
q↵G̃↵����5

� g2

2q8
q̂q↵G↵�G��q� +

g2

4q8
q2q↵{G↵� , G��}+��

� g2

4q8
q2q↵[G↵� , G�� ]��� + O(

1
q6

) (15)

where the hat means a convolution with the
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operators at point 0.

On general grounds, the polarization tensor
is transverse to vector qµ. This fact, as well as
the fact that matter has a rest frame, defined
by unit 4-vector nµ, allows for traditional de-
composition into two structure functions (anal-
ogous for DIS on a nucleon)
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Acting, as usual, by the tensor structures
P1, P2 on the definition of the polarization ten-
sor one finds that, since they are not mutually
orthogonal, a system of two linear equations

⇧1 = ⇧µ⌫P 1
µ⌫ = P 11W1 + P 12W2 (8)

⇧2 = ⇧µ⌫P 2
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The solution is obvious, we only note that in
order for it to exist the determinant of the sys-
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should be nonzero, thus the spatial part of the
vector q cannot vanish.

C. Operator product expansion

The first similar calculation in QCD has been
a celebrated derivation of the scalar gluon op-
erator G2 (known as the gluon condensate) cor-
rection

⇧µ⌫ = (11)

by Shifman,Vainshtein and Zakharov [? ], done
by rather complicated diagrammatic calcula-
tion. (Of course in vacuum there is no matter
and nµ vector, so there is only one structure
function W1.) We will however follow a di↵er-
ent path, developed by Vainshtein and Shuryak
[2] in connection to power corrections to DIS
on the (polarized) nucleon, for pedagogical in-
troduction see e.g. [? ]. One element of that is
the usage of the so called fixed-point gauge

xµAµ(x) = 0 (12)
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trices.

=> to x space
=> square (no

integrals!)
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we have local effective 
interaction GG AA/q4 which of course

preserve both gauge invariances
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PHENIX photons Thermal radiation from the QGP at RHIC 

"  NLO  pQCD consistent with p+p 
down to pT=1 GeV/c 

 
"  Excess of  photons (with 1<pT <3 

GeV/c) in Au+Au beyond the Ncoll 
scaled p+p yield. 

"  Interpreted as thermal radiation 
emitted by the medium 

NLO!pQCD!(W.!Vogelsang)!

Tave = 221 ± 19stat ± 19syst MeV   corresponds to   

Tini = 300 to 600 MeV  τ0 = 0.15 to 0.6 fm/c  

exp + ncoll scaled pp 

First information about the 
temperature of the system 
averaged over the space-time 
evolution of the collision  

Poster B. Bannier pQCD describes
the pp case
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temperature of the system 
averaged over the space-time 
evolution of the collision  

Poster B. Bannier 

 Note that Turbide et al miss a 
factor 2..3 in the rate.
 Hadronic rate is calculated 
from a gas of pions,K,rho,K*,
A1 plus baryons (rho-N 
resonances)
QGP rate is the HTL-corrected 
QCD Compton

pQCD describes
the pp case
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FIG. 9: Photon spectra at RHIC compared to the recent PHENIX data. The left plot is the

evolution set RHIC 1 and the right is for RHIC 2 (see Table I).

as an early time probe of the medium.

C. RHIC: low mass dileptons at PHENIX

We would now like to revisit our past analysis [41] of the measurement of dielectron

pairs by PHENIX [42, 43]. In our prior work we used the leading order Born contribution

(qq → γ∗) as the only reaction present in the QGP phase. While this is true at high mass

the naive perturbative expansion breaks down at low mass which might explain the missing

low mass yield from theoretical models [44]. We have therefore included in addition to the

Born contribution the next to leading order contribution. The rates used in this analysis

were summarized at the end of Section IIC. For the analysis of the low mass dileptons we

have chosen to use the RHIC 2 evolution model. Even though this parameter set is for more

central collisions b = 4.5 fm we will make a direct comparison with the min. bias data. In

principal we could perform runs at various centralities and average accordingly in order to

make a more direct comparison but this is beyond the scope of this work.

In the left plot of Fig. 10 we show the individual contributions to the low mass dielectron

yield. New to this figure is the inclusion of the Wππ component in the hadronic phase. Even

though this component added a lot of strength to the low momentum photons the effect is

much less dramatic in the case of dileptons. There is a large enhancement in the dilepton

rates at low mass and low qT as demonstrated in [5]. By M ∼ 100 MeV almost all of the

19

seems OK in this work, but 
this is for alpha_s=0.75!
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FIG. 4: (Color online) Compilation of thermal photon production rates from hot and dense hadronic matter computed in
the present work at temperature T=200 MeV and baryonic chemical potential µB =220 MeV (translating into total-pion to
net-baryon ratio of ∼5). Dashed and dotted lines correspond to the non-/strange MYM meson gas emissivities of Sec. II B
using the parametrisations given in Appendix A, solid line to the ρ spectral function approach including baryons, and the
dashed-dotted line is solely due to ω t-channel exchange in πρ → πγ.

to πγ states. Its s-channel decays have indeed been calculated as early as in Ref. [25] (and are included above),
but its t-channel exchange in the reaction πρ → πγ has not. We here have calculated the pertinent contribution to
the thermal emission rate using Eqs. (5) and (11) with the same coupling and form factor type as for the s-channel
graph [26] (corresponding to Fig. 3), see below.

In Fig. 4 we summarise our results for the thermal photon emissivities from hadronic matter as evaluated in the
preceding Sections. At low energies, q0 ≤ 1GeV, the emission rate from the hadronic many-body approach (ρ spectral
function) [36], with major contributions from baryonic sources, dominates. Between energies of 1 and 2 GeV, meson
gas emissivities become competitive and eventually dominate the rates at high energies. Remarkably, the ω t-channel
exchange in πρ→ πγ is the single most important process beyond energies of q0#2 GeV. The strangeness component
in the production rate does not exceed 10-15% at any energy.

We finally have to address the question of how to combine the various hadronic sources, computed in two different
frameworks (cf. Sec. II A), into the total emission rate. Two issues arise when simply adding all of the emission rates
shown in Fig. 4: double-counting and coherence. The a1 s-channel graph is present in both ρ spectral function and the
MYM framework. We remove it from the former, where it plays a minor role, whereas it induces significant interference
effects in the πρa1 complex. If coherence is unimportant, t-channel contributions can be evaluated separately. It was
verified that this was the case for the ω exchange, so that the incoherent addition of the t-channel contribution is
justified.

We believe that it is fair to say that the enumeration of hadronic photons sources given in this Section, together
with form factor inclusions, currently represents the most realistic evaluation of the full hadron gas emissivity.

E. Comparison to QGP Emission

Before turning to applications in heavy-ion reactions, our estimates for hadronic production rates are confronted
with the ones from QGP emission, in particular with the simple lowest-order HTL-corrected pQCD result [25],

q0
dRγ

d3q
=

6

9

ααS

2π2
T 2e−q0/T ln

(

1 +
2.912

4παs

q0

T

)

, (14)

and (a parametrization of) the complete leading-order (in ααs) analysis [40], cf. Fig. 5. Clearly, due to the approx-
imations implied by each curve, none of them can be expected to be accurate under conditions arising in practice,
i.e. in the phase transition region. Nonetheless, the observation that the complete leading-order QGP calculation
(dashed-dotted curve) is similar to the full hadronic result (sum of solid and long-dashed curves) within a factor of

gq ! q�, qq ! g�

 (my original QGP paper, 1978) +HTL completion to 
it (Kapusta et al,PRD44,1991)
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In Fig. 4 we summarise our results for the thermal photon emissivities from hadronic matter as evaluated in the
preceding Sections. At low energies, q0 ≤ 1GeV, the emission rate from the hadronic many-body approach (ρ spectral
function) [36], with major contributions from baryonic sources, dominates. Between energies of 1 and 2 GeV, meson
gas emissivities become competitive and eventually dominate the rates at high energies. Remarkably, the ω t-channel
exchange in πρ→ πγ is the single most important process beyond energies of q0#2 GeV. The strangeness component
in the production rate does not exceed 10-15% at any energy.

We finally have to address the question of how to combine the various hadronic sources, computed in two different
frameworks (cf. Sec. II A), into the total emission rate. Two issues arise when simply adding all of the emission rates
shown in Fig. 4: double-counting and coherence. The a1 s-channel graph is present in both ρ spectral function and the
MYM framework. We remove it from the former, where it plays a minor role, whereas it induces significant interference
effects in the πρa1 complex. If coherence is unimportant, t-channel contributions can be evaluated separately. It was
verified that this was the case for the ω exchange, so that the incoherent addition of the t-channel contribution is
justified.

We believe that it is fair to say that the enumeration of hadronic photons sources given in this Section, together
with form factor inclusions, currently represents the most realistic evaluation of the full hadron gas emissivity.

E. Comparison to QGP Emission

Before turning to applications in heavy-ion reactions, our estimates for hadronic production rates are confronted
with the ones from QGP emission, in particular with the simple lowest-order HTL-corrected pQCD result [25],
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and (a parametrization of) the complete leading-order (in ααs) analysis [40], cf. Fig. 5. Clearly, due to the approx-
imations implied by each curve, none of them can be expected to be accurate under conditions arising in practice,
i.e. in the phase transition region. Nonetheless, the observation that the complete leading-order QGP calculation
(dashed-dotted curve) is similar to the full hadronic result (sum of solid and long-dashed curves) within a factor of
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the present work at temperature T=200 MeV and baryonic chemical potential µB =220 MeV (translating into total-pion to
net-baryon ratio of ∼5). Dashed and dotted lines correspond to the non-/strange MYM meson gas emissivities of Sec. II B
using the parametrisations given in Appendix A, solid line to the ρ spectral function approach including baryons, and the
dashed-dotted line is solely due to ω t-channel exchange in πρ → πγ.

to πγ states. Its s-channel decays have indeed been calculated as early as in Ref. [25] (and are included above),
but its t-channel exchange in the reaction πρ → πγ has not. We here have calculated the pertinent contribution to
the thermal emission rate using Eqs. (5) and (11) with the same coupling and form factor type as for the s-channel
graph [26] (corresponding to Fig. 3), see below.

In Fig. 4 we summarise our results for the thermal photon emissivities from hadronic matter as evaluated in the
preceding Sections. At low energies, q0 ≤ 1GeV, the emission rate from the hadronic many-body approach (ρ spectral
function) [36], with major contributions from baryonic sources, dominates. Between energies of 1 and 2 GeV, meson
gas emissivities become competitive and eventually dominate the rates at high energies. Remarkably, the ω t-channel
exchange in πρ→ πγ is the single most important process beyond energies of q0#2 GeV. The strangeness component
in the production rate does not exceed 10-15% at any energy.

We finally have to address the question of how to combine the various hadronic sources, computed in two different
frameworks (cf. Sec. II A), into the total emission rate. Two issues arise when simply adding all of the emission rates
shown in Fig. 4: double-counting and coherence. The a1 s-channel graph is present in both ρ spectral function and the
MYM framework. We remove it from the former, where it plays a minor role, whereas it induces significant interference
effects in the πρa1 complex. If coherence is unimportant, t-channel contributions can be evaluated separately. It was
verified that this was the case for the ω exchange, so that the incoherent addition of the t-channel contribution is
justified.

We believe that it is fair to say that the enumeration of hadronic photons sources given in this Section, together
with form factor inclusions, currently represents the most realistic evaluation of the full hadron gas emissivity.

E. Comparison to QGP Emission

Before turning to applications in heavy-ion reactions, our estimates for hadronic production rates are confronted
with the ones from QGP emission, in particular with the simple lowest-order HTL-corrected pQCD result [25],

q0
dRγ

d3q
=

6

9

ααS

2π2
T 2e−q0/T ln

(

1 +
2.912

4παs

q0

T

)

, (14)

and (a parametrization of) the complete leading-order (in ααs) analysis [40], cf. Fig. 5. Clearly, due to the approx-
imations implied by each curve, none of them can be expected to be accurate under conditions arising in practice,
i.e. in the phase transition region. Nonetheless, the observation that the complete leading-order QGP calculation
(dashed-dotted curve) is similar to the full hadronic result (sum of solid and long-dashed curves) within a factor of

gq ! q�, qq ! g�

... ... p’i

t=x0t=0t=0 t=x

K

i p p’f pi fp f

0 (b)(a)

K

p’

FIG. 7. Two diagrams, time ordered from left to right, whose interference contributes to the rate of
bremsstrahlung. The first diagram represents photon emission at time zero, and the second at time x0, and
in both cases the diagrams show the evolution between these two times.

FIG. 8. A time-ordered Z diagram.
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FIG. 9. A single diagram depicting the interference of the two diagrams of Fig. 7. The interactions
along top and bottom lines are independently time ordered from left to right.

where U(t′, t) is the time evolution operator in the background field. As usual, the spatial
Fourier transform in (2.6) combines with translation invariance (of the statistically averaged
matrix elements) to enforce total momentum conservation:

k = pi − pf = p′i − p′f . (2.8)

Diagrammatically, this contribution represents the interference in the evolution of the
particle from time 0 to x0 depending on whether the photon is emitted at time 0 or at time
x0, as depicted in Figs. 7a and b. These diagrams can be considered as time ordered (with
time running from left to right) because each individual Q ∼ gT momentum transfer is
not enough to create or destroy a (nearly on-shell) particle/anti-particle pair. That is, in
a time-ordered Z contribution like Fig. 8, the three-particle intermediate state would have
to be so far off shell that its contribution is suppressed compared to the time ordering of
Fig. 7a. It is convenient to put the interference of the evolutions of Figs. 7 together into
the single diagram depicted by Fig. 9. The top line (or “rail”) represents 〈p′i|U(x0, 0)|pi〉
and the bottom line (rail) the complex conjugate of 〈p′f |U(x0, 0)|pf〉. This looks just like a
Feynman diagram for the current correlator, except with the added interpretation that each
rail of the diagram can be considered as time ordered from left to right.
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monopoles contribute to viscosities, via
large angle scattering

improvements. Appendix A supplements Section 3 by providing details of analytical
computations for the emission rate. Appendix B presents a calculation of the quark
density in the PNJL model, a result which is needed when we apply our calculations
to QGP.

2 Classical quark-monopole scattering

We consider the classical, non-relativistic motion of a charge in an external field
[18, 19, 20]. A pointlike magnetic charge g is the source of a Coulomb-like magnetic
field

~B = g
~r

r3
. (2)

The equation of motion of an electrically charged particle e in such a field is

m
d2~r

dt2
= e~v ⇥ ~B =

eg

r3

d~r

dt
⇥ ~r; (3)

the static monopole is located at the origin and the vector ~r defines the position of
the electric charge (see Fig. 1). In the following, we set c = 1 for simplicity. We
also use the convention e2 = ↵, and therefore eg = 1.

In this process, the kinetic energy of the electric charge is a constant:

E =
mv2

2
= const., (4)

as is the absolute value of the velocity vector v. There is no closed orbit in the
charge-monopole system: the electric charge is falling down from infinitely far away

4 1 Magnetic Monopole in Classical Theory
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Fig. 1.1. Motion of an electric charge in the monopole field

One could obtain the corresponding integrals of motion just by making
use of (1.2). Scalar multiplication of (1.2) by a vector of velocity v gives:

1
2

d

dt

�
mv2

�
= 0 , (1.3)

so that the kinetic energy of an electric charge in a monopole field is a con-
stant:

E =
mv2

2
= const. , (1.4)

as is the absolute value v of the velocity vector.
On the other hand, the scalar product of the equation of motion (1.2) and

the radius vector r gives:

r · d2r
dt2

⌘ 1
2

d2

dt2
r2 � v2 = 0 .

Taking into account the conservation of energy (1.3), one can write

r =
p

v2t2 + b2 , (1.5)

and therefore r · (dr/dt) = r · v = v2t. Thus, there is no closed orbit in the
charge-monopole system: the electric charge is falling down from infinitely
far away onto the monopole, approaching a minimal distance b and reflected
back to infinity (so-called “magnetic mirror” e�ect).

A very special feature of such a motion is that the conserved angular
momentum is di�erent from the ordinary case. Indeed, one can see that the
absolute value of the vector of ordinary angular momentum

Figure 1: The motion of an electric charge in the field of a magnetic monopole.
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Figure 2: Example of electric charge trajectory in the field of a magnetic monopole.
(a) x and z axes: the trajectories of the incoming particle (from t = �1 to t = 0)
and the outgoing particle (from t = 0 to t = +1) overlap in this case. (b) y and
z axes. Solid line: incoming particle (from t = �1 to t = 0). Dashed: outgoing
particle (from t = 0 to t = +1). (c) Three dimensional trajectory. For all plots we
use v = 0.5; b = 1 GeV�1, m = 0.3 GeV.

An example of trajectory is shown in Fig. 2.
The acceleration of the electric charge, ~a = d2~r

dt2
, follows from Eqs. (3) and (8):

~a =
eg

mr3
~v ⇥ ~r =

eg

mr3
(~v' ⇥ ~r)⇥ ~r. (13)

We recall that ~v' is directed along the z axis (the cone axis) so that:

~a =
eg

m

(v')z

r3

⇥
rxrz, ryrz,�(r2

x + r2
y)

⇤

=
eg

m2r3

p
(mvb)2 + (eg)2 sin ✓ cos ✓ [� cos ',� sin ',� tan ✓] . (14)

3 Radiation

Following Ref. [17] we define the intensity dI of radiation into the element of solid
angle d⌦ as the amount of energy passing in unit time through the element df =
R2

0d⌦ of the spherical surface with center at the origin and radius R0. This quantity
is equal to the energy flux density (~S = H2

4⇡
~n) multiplied by df :

dI =
H2

4⇡
R2

0d⌦. (15)
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We study the role of magnetic monopoles at high enough temperature T > 2Tc, when they can be

considered heavy, rare objects embedded into matter consisting mostly of the usual ‘‘electric’’ quasi-

particles, quarks, and gluons. We review available lattice results on monopoles at finite temperatures.

Then we proceed to classical and quantum charge-monopole scattering, solving the problem of gluon-

monopole scattering for the first time. The explicit calculations are performed in the framework of the

Georgi-Glashow model; the results that we obtain are nevertheless quite general. Connections to QCD are

carefully discussed. We find that, while the gluon-monopole scattering hardly influences thermodynamic

quantities, it does produce a large transport cross section, significantly exceeding that for pQCD gluon-

gluon scattering up to quite high T. Thus, in spite of their relatively small density at high T, monopoles are

extremely important for quark-gluon plasma transport properties, keeping viscosity small enough for

hydrodynamics to work at the LHC.
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I. INTRODUCTION

A. Overview

As it is known from the 1970s, QCD at high temperature
T is weakly coupled [1] and provides perturbative screen-
ing of the charge [2], thus being called quark-gluon plasma
(QGP). Creating and studying this phase of matter in the
laboratory has been the goal of experiments at CERN
Super Proton Synchroton and recently at the Relativistic
Heavy Ion Collider (RHIC) facility in Brookhaven
National Laboratory, soon to be continued by the ALICE
Collaboration at the Large Hadron Collider (LHC). RHIC
experiments have revealed robust collective phenomena in
the form of radial and elliptic flows, which turned out to be
quite accurately described by near-ideal hydrodynamics.
QGP thus seems to be the most perfect liquid known, with
the smallest viscosity-to-entropy ratio !=s.

The theory of QGP has shifted from the perturbative-
based one, appropriate for a weakly coupled (gas) regime,
to the nonperturbative methods needed to address the
strongly coupled QGP (sQGP for short) regime. This
‘‘paradigm shift,’’ documented in Refs. [3,4], is still pro-
foundly affecting the developments. The methods address-
ing strongly coupled gauge theories include, in particular,
the so-called AdS/CFT correspondence, relating strongly
coupled gauge theory to weakly coupled string theory in a
particular setting. We will not discuss it in this paper; for a
recent review, see e.g. [5]. On pure phenomenological
grounds, it has been argued that, since many substances
exhibit a minimum of the viscosity at some phase transi-
tions, perhaps QGP is the ‘‘best liquid’’ at the QCD phase
transition as well, namely, at T ¼ Tc [6].

Another duality which has been used to explain unusual
properties of the sQGP is the electric-magnetic duality.
Liao and one of us have proposed the so-called ‘‘magnetic
scenario’’ [7], according to which the near-Tc region is
dominated by magnetic monopoles. This is not surprising,
if the deconfinement phase transition is basically inter-
preted as their Bose condensation. Based on molecular
dynamics of classical plasmas with both electric and mag-
netic quasiparticles, it has been further argued in that work
that the minimal viscosity/entropy ratio (the best liquid)
does not correspond to the phase transition point T ¼ Tc,
but rather to the ‘‘electric-magnetic equilibrium,’’ at T #
1:4Tc, where both components of QGP contribute about
equally to transport coefficients. We will review more
recent works on the subject in a later section.
One of the central questions is how sQGP with ‘‘near-

perfect fluidity’’ will change into a weakly coupled wQGP
with increasing T. In view of the next round of heavy-ion
experiments at LHC, a quite urgent question is what trans-
port properties are expected to be observed there, at tem-
peratures reaching about twice those reached at RHIC. In
order to answer this question, one of course has to under-
stand where the ‘‘perfect fluidity’’ property of QGP comes
from. As an important example of a perturbative point of
view, we mention the work by Xu, Greiner, and Stöcker [8]
who argued that the QGP is only moderately coupled, with
"s ¼ 0:3 $ $ $ 0:6, explaining the small viscosity by inclu-
sion of the next-order radiative processes, gg $ ggg. We
will discuss this issue partially in the next section, dealing
with parametric dependences of densities and scattering
rates, and also at the end of the paper in the Discussion
section. Here we only notice that, if this should be the
explanation, one would expect a very slow transition to
weakly coupled QGP, induced by the logarithmic running
of the coupling.*shuryak@tonic.physics.sunysb.edu
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between the Bogomol’nyi-Prasad-Sommerfield (BPS)
dyons and !QCD. The scattering of gluons on dyons is a
subleading effect with respect to gluon-monopole scatter-
ing, due to a factor e2, which is small in our temperature
regime. For this reason, we neglect this effect in the present
paper.

One more practical aspect of the issue comes from
heavy-ion phenomenology. Bazavov and collaborators
[42] used this form of the effective Lagrangian to study
the real-time evolution of A0. The main conclusion from
their work is that hA0i belongs to the class of so-called slow
variables, and its evolution in heavy-ion collisions has to
be treated separately from the overall equilibration. They
have numerically solved the equation of motion (EOM) for
A0, starting from the ‘‘suddenly quenched’’ value corre-
sponding to its vacuum form, moving toward its minimum
at the deconfined phase at T ¼ 2Tc. The main finding of
this work is that the relaxation of this variable is very slow,
taking approximately 40 fm=c. This time significantly ex-
ceeds the QGP lifetime at RHIC, which is only about
5 fm=c, which suggests that in real collisions we should
treat A0 essentially as a random variable frozen at some
value and color direction during hydro evolution. This
means that there is a chaotic out-of-equilibrium
Higgsing, slowly rolling down, like in cosmological infla-
tionary models: thus one would like to know as much as
possible about phase transitions and equation of state for
all values of the Higgs vacuum expectation value (VEV).
The results of Ref. [42] are obtained in the pure-gauge
sector of QCD, where Zð3Þ symmetry is exact. Since the
slow equilibration is related to domain formation, it is not
clear whether it will still hold in full QCD.

We continue this short introductory review on the main
issues and ideas related with magnetic monopoles in hot
QCD by starting a more quantitative discussion of the main
parameters and lattice results involved, which will be
needed for our discussion of transport cross sections.

In Fig. 1 we compile the lattice-based data on the
monopole density. Since we compare various theories,
SU(2) and SU(3) pure-gauge theories as well as those
with quarks, we need to explain the units. Following the
lattice tradition, physical units are defined by insisting that
the string tension is the same in all of them,

ffiffiffiffi
!

p ¼
426 MeV. We will always show the temperatures in units
of the corresponding deconfinement transition temperature
Tc.

In Fig. 1(a) the vacuum value of the density (snowflake
symbol) is taken from Bornyakov et al. [43],
ðnmÞT¼0=!

3=2 ¼ 0:5. The dots and crosses are from Liao
and Shuryak [44]: they correspond to ‘‘condensed’’ and
‘‘decondensed’’ monopoles, respectively.5

In Fig. 1(b) we summarize what is known about mono-
poles in the deconfined phase. The diamonds of different
colors show the direct lattice observation of monopole
density by D’Alessandro and D’Elia [24], scaled up by
the factor 2 which accounts for the transition from SU(2) to
SU(3) gauge group [in SU(2) there is one monopole spe-
cies, in SU(3) there are two, identified by two different
U(1) subgroups]. The best fit to the data of D’Alessandro
and D’Elia (not shown) is

nm=T
3 ¼ A= logðT=!effÞ" (13)

with A ¼ 0:48, " ¼ 1:89, and Tc=!eff ¼ 2:48: we discuss
the expected parametric dependence at high T below.
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FIG. 1 (color online). (a) The monopole density nm in units of
[fm$3] versus T=Tc for the confined phase T < Tc. The snow-
flake indicates the vacuum value of the density, taken from
Ref. [43]. Dots and crosses correspond to ‘‘condensed’’ and
‘‘decondensed’’ monopoles, respectively (adapted from
Ref. [44]). (b) The normalized density n=T3 versus T=Tc for
the deconfined phase T > Tc. Diamonds are lattice results taken
from Ref. [24], while crosses are from Ref. [44]. The solid line
represents the gluon density.

5These points are not lattice results, they are based on a model
(see Ref. [44]) which relates the density of monopoles in the
condensed and decondensed phases, to the string tension in the
free energy and potential energy, respectively.
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this reason, we have to split !gðk; TÞ into a ‘‘charge-neutral’’ part, which will be used as a weight for ð"tðkÞÞ0;1, and a
‘‘charged part,’’ which will be used to weight ð"tðkÞÞ1;0 and ð"tðkÞÞ1;2:

_wgm

T
¼ nmðTÞ

ngðTÞT
4#

ð2#Þ3
Z

k2dk
!

4ð"tðkÞÞ0;1
expð$%kÞ $ 1

þ ðð"tðkÞÞ1;0 þ ð"tðkÞÞ1;2Þ
"

2

expð$%kÞ expði$A3
0Þ $ 1

þ 2

expð$%kÞ expð$i$A3
0Þ $ 1

þ 1

expð$%kÞ expð2i$A3
0Þ $ 1

þ 1

expð$%kÞ expð$2i$A3
0Þ $ 1

#$
: (95)

We recall that the momentum dependence of the transport
cross section is trivially &1=k2, except for the case
ð"tðkÞÞ1;0 for which we have the exceptional case j ¼ 0,
with a momentum-dependent scattering phase &0ðkÞ. In the
above equation, nmðTÞ is the monopole density as a func-

tion of the temperature. We take this information from the
available lattice results for this quantity, plotted in Fig. 1.
We show _wgm=T in Fig. 15 (the red, solid line in the left
panel). Also shown is the same quantity for the gg scat-
tering process (black, dotted line), obtained through the
following equation:

_wgg

T
¼ 1

ng1

Z 4#k21dk1
ð2#Þ3

Z 2#k22dk2
ð2#Þ3

'
Z 1

$1
d cos'"t

ggðk1; k2; cos'Þ!gðk1; TÞ!gðk2; TÞ;

(96)

where "t
ggðk1; k2; cos'Þ was defined in Eq. (74), with

s ¼ 2k1k2ð1$ cos'Þ þ 2mgðTÞ2: (97)

VI. CONCLUSIONS AND DISCUSSION

In this paper we studied the role of magnetic monopoles
in the electric QGP phase. In distinction with papers by
Liao and Shuryak, we have not focused on the near-Tc

region, in which monopoles seem to be dominant over
gluons in number, and may even expel electric fields into
flux tubes as they do in the confined phase. Instead, we

gm

gg

1 2 3 4 5 6 7 8
0.0

0.5

1.0

1.5

2.0

T Tc

w
T

gm

tot

gg

1 2 3 4 5 6 7 8
0.0

0.2

0.4

0.6

0.8

1.0

T Tc

s

(a) (b)

FIG. 15 (color online). (a) gluon-monopole and gluon-gluon scattering rates. (b) gluon-monopole and gluon-gluon viscosity over
entropy ratio, (=s. The blue, dashed curve is the total (=s, which is evaluated from the gg and gm contributions. The green box
represents the present estimate of (=s in the RHIC temperature regime.
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0 as a function of T=Tc, obtained through a fit of
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Abstract
We consider the radiation of photons from quarks scattering on color-

magnetic monopoles in the Quark-Gluon Plasma. We consider a temperature
regime T ⇠> 2Tc, where monopoles can be considered as static, rare objects
embedded into matter consisting mostly of the usual “electric” quasiparti-
cles, quarks and gluons. The calculation is performed in the classical, non-
relativistic approximation and results are compared to photon emission from
Coulomb scattering of quarks, known to provide a significant contribution to
the photon emission rates from QGP. The present study is a first step towards
understanding whether this scattering process can give a sizeable contribution
to dilepton production in heavy-ion collisions. Our results are encouraging:
by comparing the magnitudes of the photon emission rate for the two pro-
cesses, we find a dominance in the case of quark-monopole scattering. Our
results display strong sensitivity to finite densities of quarks and monopoles.

1 Introduction

Creating and studying Quark-Gluon Plasma, the deconfined phase of QCD, in the
laboratory has been the goal of experiments at CERN SPS and at the Relativistic
Heavy Ion Collider (RHIC) facility in Brookhaven National Laboratory, soon to be
continued by the ALICE (and, to a smaller extent, by the two other collaborations)
at the Large Hadron Collider (LHC). Dileptons and photons are a particularly in-
teresting observable from heavy ion collisions, since electromagnetic probes do not
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Figure 6: Left column: ratio of d⌃/d! for Coulomb and quark-monopole scattering.
In both cases, the integral over b is taken up to 1. For these plots we use ↵s =
0.8, m = 0.3 GeV and: (a) v = 0.3, (c) v = 0.5, (e) v = 0.7. Right column: same
as in the left column, but the integral over b is taken up to the corresponding bmax.
For these plots we use ↵s = 0.8, m = 0.3 GeV and: (b) v = 0.3, (d) v = 0.5, (f)
v = 0.7.
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qM rate in RHIC condition
is about twice that for qq

 (=> qq gamma)

disclaimer:
only soft photons 

calculated classically 
from the trajectories
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comments about chiral 
symmetry restoration
• Kapusta+ES, 1993 Weiberg-type sum rules for 

<VV-AA> correlator (Rapp revived recently)

• yet it was unclear how pion,rho,A1,rho’ move as T 
grows (hard on the lattice as Matsubara box shrinks),    e.g. 
rho=>pi, rho’=>A1 (Brown-Rho);                       
or no pion, rho=>A1;    or nobody moves and 
all melt (???)

• lattice thermodynamics, especially mu-derivatives suggest BARYONS get 
heavier. The mass LR term disappears but energy (LL+RR) appear and 
compensates 

Friday, December 7, 12



chiral breaking is due to small subset of states, ZMZ 
and its width is small (ES,1982)

• people found it on the lattice and showed 
pions are completely described by ZMZ

• that is why quark mass dependence is 
nontrivial, and chiral perturbation 

TIĪ ⇠ ⇢2

R3
⇠ (0.3fm)2

(1fm)3
⇠ 20MeV

          given by the magnitude of the hopping 
from one instanton to the next
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recently the opposite exercise was done by the Graz 
group

Symmetries of hadrons after unbreaking the chiral symmetry

L. Ya. Glozman,⇤ C. B. Lang,† and M. Schröck‡

Institut für Physik, FB Theoretische Physik, Universität Graz, A–8010 Graz, Austria

(Dated: July 20, 2012)

We study hadron correlators upon artificial restoration of the spontaneously broken chiral symme-
try. In a dynamical lattice simulation we remove the lowest lying eigenmodes of the Dirac operator
from the valence quark propagators and study evolution of the hadron masses obtained. All mesons
and baryons in our study, except for a pion, survive unbreaking the chiral symmetry and their
exponential decay signals become essentially better. From the analysis of the observed spectro-
scopic patterns we conclude that confinement still persists while the chiral symmetry is restored.
All hadrons fall into di↵erent chiral multiplets. The broken U(1)A symmetry does not get restored
upon unbreaking the chiral symmetry. We also observe signals of some higher symmetry that in-
cludes chiral symmetry as a subgroup. Finally, from comparison of the � � N splitting before
and after unbreaking of the chiral symmetry we conclude that both the color-magnetic and the
flavor-spin quark-quark interactions are of equal importance.

PACS numbers: 11.15.Ha, 12.38.Gc

I. INTRODUCTION

Highly excited hadrons in the u, d sector reveal some
parity doubling [1–10] and possibly some higher symme-
try. It was conjectured that this parity doubling reflects
e↵ective restoration of chiral symmetry, i.e., insensitivity
of the hadron mass generation mechanism to the e↵ects of
chiral symmetry breaking in the vacuum [1–6]. Whether
this conjecture is correct or not can be answered exper-
imentally since the conjectured symmetry requires exis-
tence of some not yet observed states.

Recent and most complete experimental analysis on
highly excited nucleons that includes not only elastic ⇡N ,
but also the photoproduction data, does report evidence
for some of the missing states and the parity doubling
patterns look now even better than before [11].

The question of a possible symmetry in hadron spectra
is one of the central questions for QCD since it would
help to understand dynamics of confinement and chiral
symmetry breaking as well as their role for the hadron
mass generation.

Another “experimental” tool to address the issue of the
hadron mass generation is lattice QCD. Equipped with
the QCD Lagrangian and Monte-Carlo techniques, one
can calculate, at least in principle, hadron masses and
other hadron properties from first principles. Enormous
progress has been achieved for the hadron ground states.
The problem of excited states, especially above the mul-
tihadron thresholds like ⇡N , �⇡, ⇡⇡, ⇡⇢, . . . turns out
to be much more di�cult and demanding than was ini-
tially anticipated. When it is solved lattice results should
reproduce experimental patterns and possibly indicate
some still missing states.

⇤ leonid.glozman@uni-graz.at
† christian.lang@uni-graz.at
‡ mario.schroeck@uni-graz.at

Still, the mass of a hadron by itself, obtained from the
experiment or from the lattice simulations, tells us not so
much about the physics which is behind the mass gener-
ation. The pattern of all hadrons, on the contrary, could
shed some light on the underlying dynamics if there are
some obvious symmetries in the pattern or if its regular-
ities can be systematically explained.

The most interesting issue is to get some insight on
how QCD “works” in some important cases and under-
stand the underlying physical picture. In this sense one
can use lattice QCD as a tool to explore the interrela-
tions between confinement and chiral symmetry break-
ing. In particular, we can ask the question whether
hadrons and confinement will survive after having artifi-
cially removed the quark condensate of the vacuum. This
can be achieved via removal of the low-lying eigenmodes
of the Dirac operator, which is a well defined procedure
[12, 13].

In the past mainly the opposite was explored. After
suggestions within the instanton liquid model [14] the
e↵ect of the low-lying chiral modes on the ⇢ and other
correlators was studied on the lattice. In a series of pa-
pers [12, 15–17] it was shown that low modes saturate
the pseudoscalar and axial vector correlators at large dis-
tances and do not a↵ect the part where high-lying states
appear. In [12, 18] low mode saturation and also ef-
fects of low mode removal for mesons were studied for
quenched configurations with the overlap Dirac opera-
tor [19, 20]. Subsequently low modes were utilized to
improve the convergence of the determination of hadron
propagators [12, 18, 21–24] studying the e�ciency when
using the low modes of the Dirac operator or the Hermi-
tian Dirac operator.

We are studying the complementary case, i.e., removal
of the low modes and we will refer to this as “unbreak-
ing” the chiral symmetry. This issue has been addressed
in a recent paper [25, 26] where the low-lying eigenmodes
of the Dirac operator have been removed from the quark
Green’s function and masses of the lowest mesons ⇡, ⇢, a0
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FIG. 13. Summary plots: Baryon (l.h.s.) and meson (r.h.s.) masses as a function of the truncation level.
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FIG. 14. Summary plots: Baryons (l.h.s.) and mesons (r.h.s.) in units of the ⇢-mass at the corresponding truncation level.

D. Baryon chiral multiplets

If chiral symmetry is restored and baryons are still
there they have to fall into (some of) the possible bary-
onic parity-chiral multiplets. There are three di↵erent
irreducible representations of SU(2)L ⇥ SU(2)R ⇥Ci for
baryons of any fixed spin:

( 1
2 , 0) + (0, 1

2 ) , ( 3
2 , 0) + (0, 3

2 ) , ( 1
2 , 1) + (1, 1

2 ) . (7)

The first representation combines nucleons of positive
and negative parity into a parity doublet. The second
representation consists of both positive and negative par-
ity �’s of the same spin. Finally, the third representa-
tion, that is a quartet, includes one nucleon and one Delta
parity doublet with the same spin.

Extraction of the chiral eigenmodes of the Dirac oper-
ator leads to a systematic appearance of the parity dou-
blets, as it is clearly seen from Figs. 13 and 14. There
are two degenerate nucleon parity doublets with the same
mass. There are also two distinct � parity doublets, but
with di↵erent mass. Since our interpolators have spin
J = 1

2 for nucleons and J = 3
2 for Delta’s, we cannot see

possible quartets of the ( 1
2 , 1) + (1, 1

2 ) type.
It is very interesting that the two nucleon parity dou-

blets get degenerate, while the two Delta doublets are
well split. The former hints at a higher symmetry for the
J = I = 1

2 states, while this higher symmetry is absent
for the J = I = 3

2 states.

E. On the origin of the hyperfine splitting in QCD

The ��N splitting is usually attributed to the hyper-
fine spin-spin interaction between valence quarks. The
realistic candidates for this interaction are the spin-spin
color-magnetic interaction [53, 54] and the flavor-spin
interaction related to the spontaneous chiral symmetry
breaking [55]. It is an old debated issue which one is
really responsible for the hyperfine splittings in baryons.
Our results suggest some answer to this question. Once
chiral symmetry breaking is removed, which happens for
the ground N and � states after extraction of the 50–60
lowest eigenmodes, the��N splitting is reduced roughly
by the factor 2. With the restored chiral symmetry the
e↵ective flavor-spin quark-quark interaction is impossi-
ble. The color-magnetic interaction is still there. This
result suggests that in our real world the contribution of
both these mechanisms to the ��N splitting is of equal
importance.

VI. CONCLUSIONS

We have studied what happens with di↵erent mesons
and baryons upon modifying the valence quark propa-
gators by removing the lowest lying eigenmodes of the
Dirac operator. These eigenmodes are directly related
to the quark condensate of the vacuum via the Banks–
Casher relation. Consequently, upon removal of the low-
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basic QGP/hydro/rate scenario works, there is no shortage of experimental 
surprises and new ideas

• dileptons:      M is a clock, if 2-3 GeV early QGPif GLASMA perhaps 
suppression /higherT  polarization as measure of pressure 
isotropy

• photons: small (nonpert) viscosity=> large (nonpert)  gamma radiation rates.  

• v2 <= need to calculate all fermion loop effects

• example: interplay of strong coherent QED fields with partonic 
reactions, including virtual quark loops
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