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What’s the matter in the system? 

•  Hadronic phase:  statistical models, hadron cascade, PDG for decays. 

•  Partonic phase :  
 

– Bulk hadrons may constrain space-time evolution.  

– How and when QGP forms, and hadronization are unknown.  

– Monitor the contents of the system with EM probes. 
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Outline 
•  Photon production in AA 

     Pt spectra and v2 of direct photons  
     Au+Au at 200 GeV 
     Pb+Pb  at 2.76TeV 

•  Photon production in pp 

               Ridge in p+p at 7TeV  

               Construct p+p collision system 

               photons,  flow, QGP? 
 

     
    3 



AuAuè photons,  Pt spectra 
PHENIX,  Phys. Rev. Lett. 104, 132301 (2010) 
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PHENIX,  Phys. Rev. C81, 034911 (2010) 



Puzzle: Large v2 observed 
PHENIX, Phys. Rev. Lett. 109, 122302 (2012) 
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FML  et al.  Phys.Rev.C80:034905,2009 Chatterjee et al, arXiv:1305.6443 



Large v2 of direct photons at LHC! 

extracted using Eq. (1) and shown in Fig. 6. Fig. 6 also shows a direct-photon NLO calculation
for pp at

p
s = 2.76 TeV scaled by Ncoll [10] and an exponential fit to the low momentum part of

the spectrum. The inverse slope parameter of the exponential for 0.8 GeV/c < pT < 2.2 GeV/c
is extracted as:

TLHC = 304 ± 51syst+stat MeV. (5)

In a similar analysis, PHENIX measures an inverse slope parameter of TRHIC = 221 ± 19stat ±
19syst MeV for 0-20% Au-Au collisions at psNN = 200 GeV. In hydrodynamic models describing
the PHENIX data, the inverse slope of 220 MeV indicates an initial temperature of the QGP
above the critical temperature TC for the transition to the QGP [12, 13]. The ALICE result shows
an expected increase in the extracted temperature. This is the first measurement of a direct-
photon signal at low pT with real photons.
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Figure 5: (color online) Direct-photon double
ratio in Pb-Pb collisions at psNN = 2.76 TeV
for 0-40% centrality with NLO pQCD predic-
tions
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Figure 6: (color online) Direct-photon in-
variant yield in Pb-Pb collisions at psNN =
2.76 TeV for 0-40% centrality with NLO
pQCD predictions and exponential fit
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contribution of systematic uncertainty of the v!,dir2 measurement.91

Figure 5 shows the first measurement of v!,dir2 in 0–40% Pb-Pb collisions at
!
sNN = 2.76TeV.92

4. Summary and Conclusions93

The results provide evidence for a non-zero v!,dir2 for 1 < pT < 3GeV/c with a magnitude94

similar to the observed charged pion v"
±

2 [11]. Similar results were reported by the PHENIX95

collaboration [12]. Recent hydrodynamical calculations [8, 9] include a substantial portion of96

thermal photons from the hot plasma phase and also a sizable fraction from other sources in97

order to describe the observed direct-photon spectra. However, the emission from early stages of98

the system evolution yields a small v!,dir2 compared to hadrons. Thus, the observed large v!,dir299

might lend support for a significant emission from late stages of the system evolution where the100

hadron flow has build up.101

Figure 4: Inclusive photon v!,inc2 and decay

photon v!,bg2 in 0–40% Pb-Pb collisions.
Figure 5: Direct-photon v!,dir2 in 0–40%
Pb-Pb collisions.
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Quark Matter 2012          ArXiv: 1212.3995   
 Raa =1  at high pt !  
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Dileptons, also puzzling   
STAR: arXiv:1305.5447 

Rupa Chatterjee, et al., 
 
Phys ReV C 75, 054909 (2007) 



 
    Check photon calculation  

1. Sources of direct photons 
2. Photon emission rates 
3. Hydro evolution & QGP formation time 

          4. E-b-E fluctuation and high order harmonics  
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PHENIX,   Phys. Rev. Lett.  
 109, 152302 (2012) 
 

Sources of Direct photons 
F.M. Liu, T.Hirano, K.Werner, Y. Zhu, Phys.Rev.C79:014905,(2009)          



Main sources of Direct photons 

 

1.  Prompt photons at the early stage   è   zero  v2    

2. Thermal photons from the plasma   

P 

P 

dσ Prompt

dyd 2 pt
=  dxadxbGa/ p (xa ,M

2 )
ab
∑ Gb/ p (xb ,M

2 ) ŝ
π
dσ
dt̂

(ab→ cd )δ(ŝ+ t̂ + û)

+ dzc∫
c=q,g
∑ dσ c

dyd 2 pt

1
zc

2
Dγ /c

0 (zc ,Q
2 )

dN thermal

dyd 2 pt
= d 4∫ xΓ thermal (E

*,T ),    E* = pµuµ

2. Thermal photons from the plasma   è  v2,  later and outer makes bigger  

. 
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Γ thermal(E
*,T ) = fQGPΓ QGP→γ + (1− fQGP )Γ HG→γ

: QGP fraction fQGP



Space-time evolution ),,,,...(,,, zyxBsu τε µ

Initial condition:   Glauber model or event generator:   

0=∂ µν
µT

30.08GeV / fm     or     ~ 100MeVth the T=Freeze-out: 

Evolution: EoS: 1st -order phase transition 

EoS: Lattice QCD  (S. Borsanyi,  arXiv: 1007.2580) 

Thydro
µν (τ 0,

r ) τ 0
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AuAu at 200 GeV, T.Hirano, et al, PRC77, 044909(2008)   PbPb at 2.76 TeV,  EPOS,       pp at 7TeV,   EPOS,   
 

K.Werner, et al, PRC85, 064907 (2012) 

K.Werner, et al. Phys. Rev. Lett. 106(2011) 122004. 



Thermal photon emission rates 
qq→ gγ,qg→ γq,LPM

2004 al,et   Rapp R.                        
1991 al,et  Kapusta:),( *HG TEγ→Γ

AMY/
2

2
*QGP

1
1

2
)(

9
6),( * C

e
TTTE

TE
s

+
=Γ →

π
ααγ
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Hadronic form factor 



Thermal photon emission rates 
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Hadronic form factor is a delicate issue.  



Effect of Hadonic FF  

14 

No need FF.  v2 is still too small! 



Space-time evolution 

15 

Prompt  γ  like in pp, zero v2 

ξ : Quark fugacity     Γγ = ξΓComp +ξ
2Γanni ε ~ dgT

4 +ξdqT
4

  
 

Shuryak, PRL (1992).   Start from glue-dominate sys.  PDF           
F.M. Liu, arXiv: 1212.6587            longitudinal color tubes   

ΓHG→γ (E*,T ) : R. Rapp  et al, 2004, no FF

ΓQGP→γ (E*,T ) :  AMY rate

τ 0 local thermalization 

 Take photon data to estimate  τQGP

tim
eTim

e
 

τ g
τQGP

0 



 QGP formation time   

16 

τQGP



What do we learn 

•  Pt spectrum of direct photons are not sensitive  
 
    either to hadronic form factor or to QGP formation time. 
 
•  Elliptic flow is more sensitive. 

•  For                 fm/c,              is later than 1fm/c. 

•  Other     ?  Fluctuation effect?   
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τ 0 = 0.6 τQGP
τ 0



Pb+Pb at 2.76TeV with EPOS 

•  E-by-E initial condition •  Averaged initial conditon

18K.Werner, et al, PRC85, 064907 (2012) 



EPOS hydro for PbPb 2.76TeV 

                     

19 

•  Averaged initial condition,   fixed EP  

•  E-by-E case 

Hot spots 

v2 = cos2φ

vn = cosnφ 2
+ sinnφ 2



High order Flow harmonic 
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•  E-by-E fluctuation 



Summery: AAè photons 
•  The large elliptic flow of directons looks explainable.  
 
•  Partonic phase:  earlier (local) thermal equilibrium & later chemical equilibrium 
             There is a stage dominant by gluons with little photon emission, before tau0. 
 
•  Hadronic phase: more work is needed for emission rate   
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•  PP   è  photons   

 ( motivated by ridge in pp and ppb) 

 

Can we see photons from QGP in pp? 
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Ridge in pp at 7TeV 
CMS Collab./ JHEP 1009:091,2010.  



Modeling pp collisions 

P 

P 

24 

Hard sector: 
 
 
 
 
 
 
Soft sector: 
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Multiple scattering in pp  (EPOS) 

x+x− s > E0 ～1GeV 

Condition of particle production: 
 
 Gluons at small x become active! 

 
Many secondary interactions!  TeV7=s

NeXuS: 
H.J.Drescher   et al,  Phys.Rept.350,93 (2001); 
F.M.Liu  et al,   PRD 67, 034011 (2003).   

Energy conservation    Flavour conservation  Pomeron number has a distribution   
 

Multiple elementary interactions (Pomerons) happen in parallel!  
Both soft and hard strings are accommodated in Pomerons! 
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Similarity between pp and AA 
Multiple elementary interactions (Pomerons) happen in parallel! 

R
ap

id
ity

 

Centrality in AA: Glauber model 
                 in pp:  Gribov-like theory 
Pomerons 
Strings in pp makes the initial condition for hydro!  
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Constrain plasma with hadron data  
K.Werner, Iu.Karpenko, T.Pierog, Phy.Rev.Lett.106, (2011) 122004. 

Without hydro With hydro 

K.Werner, Iu.Karpenko, T.Pierog, Phy.Rev.Lett.106, (2011) 122004. 



Direct photon production in pp 

 

1.  Prompt photons at the early stage 

   2. Thermal photons 
s from the plasma   

P 

P 

dσ Prompt

dyd 2 pt
=  dxadxbGa/ p (xa ,M

2 )
ab
∑ Gb/ p (xb ,M

2 ) ŝ
π
dσ
dt̂

(ab→ cd )δ(ŝ+ t̂ + û)

+ dzc∫
c=q,g
∑ dσ c

dyd 2 pt

1
zc

2
Dγ /c

0 (zc ,Q
2 )

thermal
4 * *

thermal2 ( ) ( , ),    
t

dN d x E T E p u
dyd p

µ
µν = Γ =∫

thermal thermal
inel

2 2(MB) ( ) Prob( )pp
t t

d dN
dyd p dyd pν

σ
σ ν ν= ⋅ ⋅∑
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Direct photons from pp 

Thermal photons 

The excess at low pt tells QGP formation!  

F.M.Liu, K.Werner,Phys.Rev.Lett.106:242301,(2011)        

 Flow  doesn’t mean   
QGP formation. 
 
Consistent with AA (big v2)! 

QM2012 



Conclusion 

•  A simple picture that                  doesn’t work. 

•  A gluon(-dominant) region appears in the early stage. 

•  Ridge in pp and pA tells something.  
   To get known, we’d better check spontenously  
      photons, identified hadrons, jet quenching ,… 
 
  
     

30 

τ 0 = τQGP

Thank you! 
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High order harmonics in E-b-E 

•  In E-b-E case,      vary. 

    However, it is easy to show 
 
 
 
 
  So without known       , we  
  can get  for each event, 
 
 
 
 then event average. 
 Easy for both exp. and theo.! 

•  Experimentally, usually obtained via 
– RP, SP, PP,…. (planes) 
– Particle correlation  (comulants) 
 

•  Averaged IC with  
 
 
  
      
      : average over all particles  
       in single event 
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dN
dφ

=
N
2π

1+ 2vn cosn(φ −ψn )
n
∑

#

$
%

&

'
(

ψ2 = 0

v2 =
1
N

dN
dφ
cos2φ dφ

0

2π
∫ = cos2φ



cosnφ = vn cosnψn

sinnφ = vn sinnψn

ψn

vn = cosnφ 2
+ sinnφ 2

ψn



thermal photon v2 
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Figure 1: (Color Online) Direct photons from PbPb colli-
sions at

!
sNN = 2.76 TeV, centrality 0-40%. Four choices of

the beginning time for thermal photon emission, 0.35, 0.75,
1.15 and 1.55 fm/c, correspond to four types of curves, solid,
dashed, dotted dashed and dotted, respectively. Full squares
are ALICE data [1, 4]. (a): Transverse momentum spectrum
of direct photons. (b): Transverse momentum spectrum of
thermal photons and prompt photons. (c) The elliptic flow of
direct photons. (d) The elliptic flow of thermal photons.

pp collisions with direct photons [16]. Now we should in-
clude nuclear shadowing e!ect and EMC e!ect as in [10].

Conventionally, thermal photon production is an inte-
gration of photon emission rate over the whole space and
time of the system evolution, c.f. [10], so that the time
integral begins at the !0. In this paper, we will take some
later choices.

The elliptic flow of thermal photons comes from the
Lorentz boost from the local rest frame to the lab frame.
In the former frame, photons are emitted isotropically.
The connection of the two frames is flow velocity uµ. So
both its strength and asymmetry in the non-central colli-
sions, are crucial for the elliptic flow of thermal photons.
More details can be seen in [17] where we made some in-
vestigation on the elliptic flow of thermal photons based
on the same hydrodynamical model used here for AuAu
collisions at

!
sNN = 200 GeV.

For AuAu collision we still take the same hydro evo-
lution as previous work [10, 17], which was constrained
with hadronic data and the initial time tau0 = 0.6 fm/c.
The hydrodynamical evolution of PbPb collisions at
!
sNN = 2.76 TeV has been constrained with rapid-

ity distribution, transverse momentum spectrum and el-
liptic flow of charged hadrons [18] and the initial time
tau0 = 0.35 fm/c.

In Fig. 1(a) is shown the pt spectrum of direct pho-
tons at midrapidity y = 0 from PbPb collisions of 0-40%
centrality at

!
sNN = 2.76 TeV, where ALICE data are

shown as squared points. Results from di!erent choices
of beginning thermal photon emission are presented as
di!erent type of curves in Fig. 1, ie, ! =0.35 fm/c (solid
line), 0.75 fm/c (dashed line), 1.15 fm/c (dotted dashed
line) and 1.55 fm/c (dotted line), respectively. Except

the choice of !0 = 0.35 fm/c, all the rest three curves
are within the error of ALICE data. Clearly, too early
photon emission time can not work, but the observed pt
spectrum can not distinguish the three later choices.

In Fig. 1(b), the calculated pt spectrum of direct
photons is decomposed into two parts, prompt photons
(black dashed line) and thermal photons (solid line). All
the four thermal curves meet each other and together
with ALICE data points at pt " 1 GeV/c. Why? Be-
cause the four curves have the same final state of the
collision system, such as system size, the distribution of
temperature and flow velocity, and so on. And those
quantities are constrained by the freeze-out of hadrons
from the bulk, with hadronic data such as rapidity dis-
tribution, pt spectra and v2 of changed hadrons.

The solid thermal line is higher than the ALICE data
for a wide pt region, because the energy density at core
region at !0 = 0.35 fm/c is so high that the corresponding
temperature is above 900 MeV when the system is inter-
rupted as QGP, much higher than 304 MeV, the temper-
ature obtained by ALICE fitting the measured pt spec-
trum. Thus the earlier thermal photon emission is ruled
out by the pt spectrum observed by ALICE.

The pt spectrum observed by ALICE can not distin-
guish the later three choices. So we check the elliptic flow.
In Fig. 1(d) is shown the elliptic flow of thermal pho-
tons. The elliptic flow of thermal emission begins from
0.35 fm/c is lowest and vanishes at high pt. Because the
photons emitted during ! # [0.35, 0.75] fm/c, c.f. the dif-
ference between the solid line and dashed line in Fig. 1(b),
are almost isotropically. This isotropic emission doesn’t
contribute later curves. Instead, the emission from the
last moment takes a bigger and bigger fraction when ther-
mal photon emission begins later and later. With the
growth of expansion velocity of the little bang, and the
asymmetry of flow velocity, bigger and bigger elliptic flow
of thermal photons appears, as seen in Fig. 1(d).

In order to compare with the elliptic flow measure-
ment, we should take into account of prompt photon
production, though this part has zero v2. As plotted
in Fig. 1(c), ALICE data are shown as full squares, and
calculated elliptic flow of direct photons are shown with
di!erent types of curves for the four choices of beginning
time. Due to the competition between thermal photons
and prompt photons, it is nice to see that the calculated
elliptic flow increase with pt, then decrease at even higher
pt, and the highest value of v2 occurs at pt " 2 GeV/c
for all four beginning times. The increase and decrease,
and the turning point pt value, agree with ALICE data.
And the variation of beginning time, can change elliptic
flow much more than pt spectrum.

However, the calculated elliptic flow is still smaller
than the measurement. One may expect to delay the
thermal photon emission even more to meet the large el-
liptic flow observed by ALICE. But at one hand, a later
emission makes bigger v2 of thermal photons. At the
other hand, the percentage of thermal photons in direct
photons will decrease. So there is a limit of increasing
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Figure 1: (Color Online) Direct photons from PbPb colli-
sions at

!
sNN = 2.76 TeV, centrality 0-40%. Four choices of

the beginning time for thermal photon emission, 0.35, 0.75,
1.15 and 1.55 fm/c, correspond to four types of curves, solid,
dashed, dotted dashed and dotted, respectively. Full squares
are ALICE data [1, 4]. (a): Transverse momentum spectrum
of direct photons. (b): Transverse momentum spectrum of
thermal photons and prompt photons. (c) The elliptic flow of
direct photons. (d) The elliptic flow of thermal photons.

pp collisions with direct photons [16]. Now we should in-
clude nuclear shadowing e!ect and EMC e!ect as in [10].

Conventionally, thermal photon production is an inte-
gration of photon emission rate over the whole space and
time of the system evolution, c.f. [10], so that the time
integral begins at the !0. In this paper, we will take some
later choices.

The elliptic flow of thermal photons comes from the
Lorentz boost from the local rest frame to the lab frame.
In the former frame, photons are emitted isotropically.
The connection of the two frames is flow velocity uµ. So
both its strength and asymmetry in the non-central colli-
sions, are crucial for the elliptic flow of thermal photons.
More details can be seen in [17] where we made some in-
vestigation on the elliptic flow of thermal photons based
on the same hydrodynamical model used here for AuAu
collisions at

!
sNN = 200 GeV.

For AuAu collision we still take the same hydro evo-
lution as previous work [10, 17], which was constrained
with hadronic data and the initial time tau0 = 0.6 fm/c.
The hydrodynamical evolution of PbPb collisions at
!
sNN = 2.76 TeV has been constrained with rapid-

ity distribution, transverse momentum spectrum and el-
liptic flow of charged hadrons [18] and the initial time
tau0 = 0.35 fm/c.

In Fig. 1(a) is shown the pt spectrum of direct pho-
tons at midrapidity y = 0 from PbPb collisions of 0-40%
centrality at

!
sNN = 2.76 TeV, where ALICE data are

shown as squared points. Results from di!erent choices
of beginning thermal photon emission are presented as
di!erent type of curves in Fig. 1, ie, ! =0.35 fm/c (solid
line), 0.75 fm/c (dashed line), 1.15 fm/c (dotted dashed
line) and 1.55 fm/c (dotted line), respectively. Except

the choice of !0 = 0.35 fm/c, all the rest three curves
are within the error of ALICE data. Clearly, too early
photon emission time can not work, but the observed pt
spectrum can not distinguish the three later choices.

In Fig. 1(b), the calculated pt spectrum of direct
photons is decomposed into two parts, prompt photons
(black dashed line) and thermal photons (solid line). All
the four thermal curves meet each other and together
with ALICE data points at pt " 1 GeV/c. Why? Be-
cause the four curves have the same final state of the
collision system, such as system size, the distribution of
temperature and flow velocity, and so on. And those
quantities are constrained by the freeze-out of hadrons
from the bulk, with hadronic data such as rapidity dis-
tribution, pt spectra and v2 of changed hadrons.

The solid thermal line is higher than the ALICE data
for a wide pt region, because the energy density at core
region at !0 = 0.35 fm/c is so high that the corresponding
temperature is above 900 MeV when the system is inter-
rupted as QGP, much higher than 304 MeV, the temper-
ature obtained by ALICE fitting the measured pt spec-
trum. Thus the earlier thermal photon emission is ruled
out by the pt spectrum observed by ALICE.

The pt spectrum observed by ALICE can not distin-
guish the later three choices. So we check the elliptic flow.
In Fig. 1(d) is shown the elliptic flow of thermal pho-
tons. The elliptic flow of thermal emission begins from
0.35 fm/c is lowest and vanishes at high pt. Because the
photons emitted during ! # [0.35, 0.75] fm/c, c.f. the dif-
ference between the solid line and dashed line in Fig. 1(b),
are almost isotropically. This isotropic emission doesn’t
contribute later curves. Instead, the emission from the
last moment takes a bigger and bigger fraction when ther-
mal photon emission begins later and later. With the
growth of expansion velocity of the little bang, and the
asymmetry of flow velocity, bigger and bigger elliptic flow
of thermal photons appears, as seen in Fig. 1(d).

In order to compare with the elliptic flow measure-
ment, we should take into account of prompt photon
production, though this part has zero v2. As plotted
in Fig. 1(c), ALICE data are shown as full squares, and
calculated elliptic flow of direct photons are shown with
di!erent types of curves for the four choices of beginning
time. Due to the competition between thermal photons
and prompt photons, it is nice to see that the calculated
elliptic flow increase with pt, then decrease at even higher
pt, and the highest value of v2 occurs at pt " 2 GeV/c
for all four beginning times. The increase and decrease,
and the turning point pt value, agree with ALICE data.
And the variation of beginning time, can change elliptic
flow much more than pt spectrum.

However, the calculated elliptic flow is still smaller
than the measurement. One may expect to delay the
thermal photon emission even more to meet the large el-
liptic flow observed by ALICE. But at one hand, a later
emission makes bigger v2 of thermal photons. At the
other hand, the percentage of thermal photons in direct
photons will decrease. So there is a limit of increasing

Flow generates with time, so does v2. 
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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 thermal photon
production rate recently calculated on lattice [35]:

q0
d�

d

3
q

=
Cem↵em

4⇡2

⇢

V

(q0 = |q|)
exp(�q0)� 1

, (10)

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)

Note that this conventional mechanism (10) is expected
to be the dominant one for low transverse momentum,
p?, photons. For photons with p? ⇠ 2 GeV and above
there will be additional contributions to the rate which
can be calculated perturbatively. However we did not
include these additional contributions as we are mainly
interested in low p? photons.

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

⇣

✓
1

3
� c

2
s

◆2

. (12)

Thus the bulk viscosity vanishes in the conformal limit,
c

2
s

= 1/3. In the relaxation time approximation, this ex-
pression is obtained in the kinetic theory with C

⇣

= 15
(see e.g. [40]). The paper [40] contains also a phenomeno-
logical estimate of the value of bulk viscosity inferred
from the comparison of viscous hydrodynamical compu-
tations with the data on the elliptic flow of mesons and
baryons. The resulting estimate is ⇣/s = 0.005 [40]. Us-
ing the lattice data for the speed of sound in the freeze-
out temperature range from Ref. [41], c2

s

= 0.175÷0.221,
we infer for the bulk viscosity from (12) the value of
C

⇣

= 2.5÷5. The leading log calculations in SU(3) Yang
Mills theory results in a much larger value C

⇣

' 48, see
Ref. [40]. In our calculations, we choose the lowest value
available in the literature, C

⇣

= 2.5÷5, with an assump-
tion ⌘/s = 1/4⇡.

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. 2: The azimuthal anisotropy v2 of the direct photons
for di↵erent values of bulk viscosity corresponding to C⇣ in the
range of 2.5÷5 calculated for minimum bias Au-Au collisions.
The dashed line represents the results with C⇣ = 4. The black
dotes are the data from the PHENIX collaboration [25] for
minimum bias Au-Au collisions at

p
s = 200 GeV.

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/⌧)1/3, where T0 is the initial
temperature and ⌧0 is the initial time (given by the char-
acteristic 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 [42] 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 [43] and [44].

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-
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FIG. 3: The transverse momentum spectra of the produced
direct photons for C⇣ = 2.5 calculated for minimum bias Au-
Au collsisions, see text for details.

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.

In Fig. 3 we show our result for the transverse mo-
mentum spectrum of direct photons. Due to the factor
of q2 in the production rate (7), the spectrum of pho-
tons produced due to conformal anomaly is enhanced in
comparison to the conventional one at transverse mo-
menta k? > 1 GeV. The factor of q2 in the rate hardens
the transverse momentum spectrum, and magnetic field
grows with the impact parameter of the collision; these
two e↵ects thus conspire in mimicking both the elliptic
and radial flow of photons in non-central collisions.

An interesting corollary of our mechanism is the po-
larization of the produced photons (and low-mass dilep-
ton pairs) relative to the reaction plane of the collision.
Other tests include the study of U-U collisions, where
the deformed shape of the U nucleus may allow to sepa-
rate [45] the eccentricity of the initial condition from the
magnitude of magnetic field that drives our e↵ect.

The calculations performed in the current paper are
quite schematic and rely on a number of crude approxi-
mations. The bulk viscosity and its temperature depen-
dence in SU(3) Yang-Mills theory are the major sources
of uncertainty in our calculations. Nevertheless, in this
letter we preferred to err on the side of caution and used
the most conservative estimates for the bulk viscosity and
other input parameters. In spite of this, we find that the
quantum anomaly is responsible for a very substantial
contribution to the overall soft photon yield. Realistic
calculations treating the 3D hydrodynamical expansion
and proper initial conditions are required to reach a defi-
nite conclusion, and to compare to the data on the trans-

verse momentum spectra of photons. These calculations
are in progress and will be presented elsewhere.
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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:

@

µ
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µ

= ✓

µ

µ

=
�(g)

2g
G

µ⌫a

G
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+
X

q
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[1 + �

m

(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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�(e+e� ! �

⇤ ! µ

+
µ

�)
(4)

by

f

�

g

���

= ↵

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⇡
=

✓
↵R

3⇡f
�

◆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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✓
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exp(�q0)� 1
⇢

✓

(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]:

⇢

✓

(q0, q) =
1

⇡

Im[Gµµ,⌫⌫

R

(q0, q)] = 9q0
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q4

(q20 � c

2
s

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
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Elliptic Flow from a Hybrid CGC, Full 3D Hydro and Hadronic Cascade Model 2
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Figure 1. Centrality dependence of charged particle multiplicity per number of
participant nucleons (left) and impact parameter dependence of the eccentricity of
the initial energy density distributions (right). The solid (dashed) line results from
Glauber-type (CGC) initial conditions. The dash-dotted line in the left figure results
from our hybrid model. Experimental data are from PHOBOS [8]. The dotted line in
the right figure assumes a box profile for the initial energy density distribution.

equilibrium is no longer maintained due to expansion and dilution of the matter. We

treat this gradual transition from a locally thermalised system to free-streaming hadrons

via a dilute interacting hadronic gas by employing a hadronic cascade model [7].

We first calculate the centrality dependence of the multiplicity to see that the

CGC indeed correctly describes the initial entropy production and gives proper initial

conditions for the fluid dynamical calculations. For reference we compare with
the conventional approach where the initial entropy density is parametrized as a

superposition of terms scaling with the densities of participant nucleons and binary

collisions from the Glauber model. Both CGC and Glauber model initial conditions,

propagated with ideal fluid dynamics, reproduce the observed centrality dependence of

the multiplicity [8], see Fig. 1 (left). This agreement with the data still holds when

the ideal fluid description is replaced by a more realistic hadronic cascade below a
switching temperature of T sw =169 MeV. In the right panel of Fig. 1 we show the impact

parameter dependence of the eccentricity of the initial energy density distributions. We

neglect event-by-event eccentricity fluctuations although these might be important for

very central and peripheral events [9]. Even though both models correctly describe

the centrality dependence of the multiplicity, they exhibit a significant di!erence: The

eccentricity from the CGC is 20-30% larger than that from the Glauber model [10]. The
initial eccentricity is thus quite sensitive to model assumptions about the initial energy

deposition which can be discriminated by the observation of elliptic flow.

With Glauber model initial conditions [11], the predicted v2 from ideal fluid

dynamics overshoots the peripheral collision data [12]. Hadronic dissipative e!ects

within hadron cascade model reduce v2 and, in the Glauber model case, are seen to

be su"cient to explain the data (Fig. 2 (left)) [3]. Initial conditions based on the
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FIG. 3: (Color online) Centrality dependences of the pT spectra for (a) pions, (b) kaons, and (c) protons obtained from our
hydro+cascade hybrid model, compared with data from the PHENIX Collaboration [48] for 200 A GeV Au+Au collisions.
Impact parameters are (from top to bottom) b = 2.0, 7.2, and 9.7 fm, corresponding to the 0-5%, 20-30%, and 30-40% centrality
ranges, respectively.

model. Again, a full understanding of these results may
require comparison with a viscous hydrodynamic treat-
ment [4, 5].

Figure 2 shows the pT dependence of v2 for pions and
protons in semi-central Au+Au collisions (b = 7.2 fm) at
midrapidity (|!|< 1.3), comparing results from the hy-
brid model with ideal hydrodynamics. Whereas, after
an initial quadratic rise which extends over a larger pT -
range for the heavier protons than the lighter pions [10],
the di!erential elliptic flow v2(pT ) from ideal hydrody-
namics increases almost linearly with pT , this increase is
tempered in the results from the hadronic cascade. The
di!erences between the two models is seen to grow with
increasing pT . Again, this is qualitatively just as ex-
pected from shear viscous e!ects [4, 5, 51]. Obviously,
the di!erent transport properties of the hadronic matter
in JAM and in hydrodynamics are seen more clearly in
the di!erential elliptic flow v2(pT ) than in the pT spectra.

B. Spectra and elliptic flow for !, K, and p

In this subsection, we compare our results from the hy-
brid model with experimental data for identified hadrons.
In Fig. 3, transverse momentum spectra for pions, kaons,
and protons from the hybrid model are compared with
PHENIX data [48], for three impact parameters (central-
ity classes) as shown in the figure. (The impact param-
eters are adjusted to give the correct average number of
participants for each centrality class, as quoted in [48].)
In all cases, the experimental data are reasonably well
reproduced by the hybrid model for low transverse mo-
menta to pT ! 1.5-2.0GeV/c. Additional components
(such as thermal quark recombination and jet fragmen-
tation, including energy loss of fast partons in the fireball

medium) would be required to reproduce the data above
pT ! 1.5 GeV/c. It should be emphasized that, unlike in
the purely hydrodynamic approach where the pT slope is
controlled by the choice of kinetic freeze-out temperature
and the correct hadron yields are ensured by appropriate
choice of non-equilibrium hadron chemical potentials (see
Sec. II B), the hybrid model has no adjustable parame-
ters to reproduce both slope and normalization of the
transverse momentum spectra. Hadronic cascade pro-
cesses automatically describe both chemical and kinetic
freeze-out.

In Figure 4, we compare the pT dependence of v2 for
pions, kaons, and protons with the STAR data for v2{2}
[54], for four centrality classes. For the 0-5% centrality
class we show only pions since the quality of the kaon
and proton data at this centrality is insu"cient for a
meaningful comparison with theory. The hybrid model
correctly describes the mass ordering of the di!erential el-
liptic flow, v!

2 (pT )> vK
2 (pT )> vp

2(pT ), as seen in the data
within the low-pT region covered by the figure. Quanti-
tatively, it provides a reasonable description up to 50%
centrality, except for the most central collisions: Our re-
sult for pions at b =2.0 fm is significantly smaller than
the data. This can be attributed to the absence of eccen-
tricity fluctuations in our model calculations [19, 55].

To better understand the origin of the mass ordering
in v2(pT ), we compare in Fig. 5, for a selected impact pa-
rameter of b =7.2 fm, the above hybrid model result with
a calculation where all hadronic rescattering is turned
o!, allowing only for decay of the unstable hadron reso-
nances. Whereas just after hadronization the di!erential
elliptic flow v2(pT ) for pions and protons looks very simi-
lar, the mass splitting gets strongly enhanced by hadronic
rescattering. The smallness of the pion-proton mass split-
ting at Tsw is partially accidental, because the splitting
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FIG. 4: (Color online) Transverse momentum dependence
of the elliptic flow coe!cient v2 for pions (dotted blue),
kaons (solid red), and protons (dashed green) from the hybrid
model, compared with STAR data for v2{2} from 200 AGeV
Au+Au collisions, in four centrality classes [54].

caused by the radial flow already established during the
hydrodynamic QGP phase [10] is significantly decreased
by the e!ect of resonance decays which reduces the pion
elliptic flow v!

2 (pT ) by about 15% [26, 52]. Hadronic evo-
lution below Tsw steepens the slope of v2(pT ) for pions
[14], due to the generation of additional (integrated) v2

and the reduction of their mean transverse momentum
!pT "! [3]. (Note that for pions the slope of v2(pT ) can
be simply approximated as dv2(pT )/dpT # v2/!pT " [3].)

For heavy hadrons, on the other hand, radial flow re-
duces v2 at low pT [10]. Assuming positive elliptic flow,
v!(!=0, ") > v!

!

!=!
2
, 3!

2

"

, the stronger transverse flow
v! in the reaction plane pushes heavy particles to larger
pT more e"ciently in the reaction plane than perpendic-
ular to it. In extreme cases [10] this can, for heavy parti-
cles, even lead to a depletion of low-pT emission into the
reaction plane when compared with out-of-plane emis-

 (GeV/c)
T

p
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

2v

0

0.05

0.1

0.15

0.2

0.25
,w rescatteringπ
,w/o rescatteringπ

p, w rescattering
p, w/o rescattering

FIG. 5: (Color online) Transverse momentum dependence
of the elliptic flow parameter for pions and protons. Solid
(dashed) lines are with (without) hadronic rescattering.

sion, i.e. to a negative v2(pT ) at low pT (even though
their pT -integrated total elliptic flow v2 is positive). But
even without going to extremes, this mechanism generi-
cally reduces v2(pT ) at low pT for heavy hadrons. So it
is the generation of additional radial flow in the hadronic
stage which is responsible for (most of) the mass-splitting
of v2(pT ) observed in the low pT region.

This mechanism works even if the (extra) radial flow is
not perfectly hydrodynamic, i.e. if (as is the case in the
hadron cascade) the system does not remain fully ther-
malized, with locally isotropic momentum distributions.
Any type of anisotropic collective transverse motion will
cause such a mass-splitting of v2(pT ) at low pT , as long
as the hadron in question participates in the flow. It
is worth mentioning that in hydrodynamic calculations
about half of the final radial flow in Au+Au collisions at
RHIC is generated during the hadronic stage (see Fig. 7
in [53] and Fig. 5 in [14]). A similar increase in radial
flow generated by the JAM cascade is documented in
Fig. 1(a).

From these observations we conclude that the large
magnitude of the integrated v2 and the strong mass or-
dering of the di!erential v2(pT ) observed at RHIC result
from a subtle interplay between perfect fluid dynamics
of the early QGP stage and dissipative dynamics of the
late hadronic stage: The large magnitude of v2 is due to
the large overall momentum anisotropy, generated pre-
dominantly in the early QGP stage, whereas the strong
mass-splitting between the slopes of v2(pT ) at low pT

reflects the redistribution of this momentum anisotropy
among the di!erent hadron species, driven by the contin-
uing radial acceleration and cooling of the matter during
the hadronic rescattering phase.

36 



8 K. Werner et al.

10
-1

1

0 2 4 6 8 10 12 14 16 18 20
 pt (GeV/c)

 R
A

A

PbPb 2.76 TeV 0-5%
  charged

soft

hard

Figure 14: (Color online) Nuclear modification factor RAA =
N!1

coll (dnAA/dpt) / (dnpp/dpt) vs transverse momentum pt,
showing the breaking of binary scaling at low pt (due to en-
ergy conservation). The resulting “approximate participant
scaling at low pt” is a pure coincidence!

at low pt, because it is simply an experimental fact. The
usual explanation is a two component picture: hard scat-
tering at high pt which shows binary scaling and a soft
component which scales as the number of participants In
our picture, binary collisions determine everything. But
certain binary collisions are suppressed due to energy con-
servation, leading to a deviation from RAA = 1.

We will discuss the pt dependence of RAA in the next
section. Here we present for completeness the pseudora-
pidity distributions of charged particles for di!erent cen-
tralities, see Fig. 15, where we compare our calculation
with data from ATLAS [25].

VII. TRANSVERSE MOMENTUM
DEPENDENCE OF PARTICLE YIELDS:

IMPORTANCE OF HADRONIC RESCATTERING
OF SOFT AND JET HADRONS

We first investigate particle production at low trans-
verse momenta. In figs. 16, 17, and 18, we show trans-
verse momentum distributions of pions, kaons, and pro-
tons, for central and semi-peripheral Pb-Pb collisions at
2.76 TeV. We compare the full calculation including hy-
drodynamic evolution and hadronic final state cascade
(solid lines) with the calculation without cascade (dashed
lines) and with data from ALICE [26].

In order to understand the results, one has to recall
that not only the “soft” particles produced from the fluid
may interact, but also the jet-particles having enough en-
ergy to escape the fluid may interact with these soft par-
ticles. In particular intermediate pt jet particles are can-
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Figure 15: (Color online) Pseudorapidity distributions of
charged particles for di!erent centralities. The lines are cal-
culations, the the circles are ATLAS data [25], see text.
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Figure 16: (Color online) Transverse momentum distributions
of (from top to bottom) negative pion, kaons, and protons, in
the 0–5% most central Pb-Pb collisions at 2.76 TeV. We show
the full calculation (solid lines) and the ones without hadronic
cascade (dashed lines), compared to ALICE data (circles) [26].

didates, because their formation time will produce them
just in the high density hadronic region. Let us discuss
the consequences of these interactions, by comparing the
solid and dashed curves in the figures.

• We see in particular in Fig. 16 a strong reduction
of protons at low pt due to hadronic rescattering,
which can be attributed to proton-antiproton anni-
hilation among the soft hadrons.

• We see also a sizable increase of pion production at
low pt, which is due to inelastic rescatterings of jet
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Figure 17: (Color online) Same as Fig. 16, but 20–30% most
central.
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Figure 18: (Color online) Same as Fig. 16, but 40–50% most
central.

hadrons with soft ones

In figs. 16, 17, and 18, we only show results up to 3
GeV/c, because this is the range where data on protons,
pions, and kaons are available. It is nevertheless inter-
esting to know the e!ect of jet-soft scattering beyond 3
GeV/c. We therefore plot in Fig. 19 the ratio of the
full calculation to the one without hadronic cascade, for
the pt spectra of charged particles (dominated by pions)
in central Pb-Pb collisions at 2.76 TeV, up to 20 GeV/c.
There is a big e!ect at intermediate values of pt – up to
20 GeV/c ! In other words, jet-soft rescattering is very
important in this range. Similar observation have already
been made in [27] for AuAu collisions at the RHIC.

The big e!ect of the jet-soft interaction can be under-
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Figure 19: (Color online) Transverse momentum dependence
of the ratio of the full calculation to the one without hadronic
cascade, for charged particle production in the 0–5% most
central Pb-Pb collisions at 2.76 TeV.
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Figure 20: (Color online) Transverse momentum dependence
of 1 ! R (red dots), with R being the ratio plotted in Fig.
19. The dashed line is the estimate Pinsideof the probability
to produce a jet hadron inside the fluid.

stood by plotting 1 ! R, with R being the ratio (with /
without cascade) plotted in Fig. 19, together with the
probability estimate Pinside to produce a jet (pre)hadron
inside the fluid, see fig. 20. These early produced hadrons
go through the dense hadronic phase (of soft hadrons),
and Pinside is therefore also a measure of the probability
of having a jet-soft interaction. We see indeed

1!R = Pinside, (10)

at large pt (in absolute terms, without adding factors).
Even though we are running out of statistics, it is clear
from the above discussion that the e!ect goes well beyond
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Figure 32: (Color online) pt dependence of elliptical flow (de-
fined with respect to the opposite hemisphere sub-event plane)
for di!erent centralities in Pb-Pb collisions at 2.76 TeV. We
compare the ATLAS data [6] (circles) with calculations (red
lines).

Having a finite Pinside is a necessary condition to get a
substantial v2 at some large value of pt, but not a su!-
cient one. Let us therefore estimate the e"ect of the fluid-
jet interaction on v2. One may consider a toy model, with
soft particle emission due to flow into some preferred az-
imuthal direction, say !flow. Let us assume a jet hadron
getting pushed by the fluid in the direction of !flow, which
corresponds to adding some "p soft

t to the “hard” transverse
momentum "p hard

t of the flux-tube segment. Without loss
of generality, we may set !flow = 0. The total transverse
momentum of the jet hadron is

"p soft
t + "p hard

t =

!

psoftt + phardt cos(!)
phardt sin(!)

"

= pjett

!

cos#
sin#

"

,

(17)
where # is the jet hadron direction with respect to the
flow direction !flow = 0. We have

tan# =
phardt sin(!)

psoftt + phardt cos(!)
. (18)

0

0.05

0.1

0.15

0.2

0.25

0 2 4 6 8 10 12
 pt (GeV/c)

 v
2

   Pinside

  50-60%

Figure 33: (Color online) Same data and model calculation as
shown in Fig. 32 for the case of 50-60% most central collisions,
together with Pinside.

Assuming a flat ! distribution, the probability distri-
bution for # is (2$)!1d!/d#, which is in the case of
psoftt ! phardt given as

1 +
psoftt

phardt

cos(#), (19)

which should only be considered for "$/2 < # < $/2,
since # and !flow have to correspond to the same hemi-
sphere. We get anisotropies of the order of psoftt /phardt ,
which means at transverse momenta around 10 GeV/c, a
soft push as little as 1 GeV/c can produce anisotropies of
the order of 10%.

X. COALESCENCE

For many years, di"erent models have been employed
to treat particle production at di"erent transverse mo-
mentum scales. The so-called intermediate range from
2 to 6 GeV/c has been the domain of coalescence mod-
els [29–33], where hadrons are produced by recombining
quarks from the plasma, to be distinguished from “frag-
mentation” of partons.

In our picture, there are certain aspects which give sim-
ilar results as coalescence, but it is not a coalescence ap-
proach. Already the notion “intermediate pt” extends to
say 20 GeV/c and not 6. The corresponding transverse
momentum of hadrons does not originate from plasma
quarks and antiquarks – the main part is coming from
the original flux tube. Whereas usual flux tube breaking
in vacuum creates quark-antiquark pairs via a tunnel-
ing process, the fluid-jet interaction amounts to replacing
these quark-antiquark pairs by partons from the plasma.

0=∂ µν
µTHydro equation:  

 Parameters fixed with hadron data 
 

Tau0=0.35 fm/c.   
Hadron data is more sensitive to freeze-out than to initialization.  
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