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Non-centeral heavy-ion collisions and elliptic flow

Observables will become azimuthally dependent if they are sensitive to the
density and size of system → A good test of many features of QGP
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Outstanding questions yet at RHIC:

Which microscopic interaction mechanism is responsible for the large
observed elliptic flow?

1: What is the origin of Fast thermalization.

2: Why Hydrodynamics with η = 0.

3: Initial conditions for Hydro (τ,T , s) are yet to be understood.

4: Elliptic flow at non-zero rapidity and for more prepherial need to
be described.
➤ Hydrodynamics breakdown for more prepherial collisions.
➤ Do longitudinal boost invariance and local thermal equilibrium

breakdown away from midrapidity?

5: What is the fate of elliptic flow at high pT .

6: Need to understand scaling properites of azimuthal anisotropy:
mass ordering, eccentricity scaling, valence quark number scaling
(where are gluons?)...

7: v2 for direct photon.
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Azimuthal asymmetry and color dipole orientation
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The main idea: An azimuthal asymmetry appears due to dependence of the
interaction of a dipole on its orientation.
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Azimuthal asymmetry and dipole orientation

A toy model: two-gluon exchange

An azimuthal asymmetry appears due to dependence of the interaction of
a dipole on its orientation.

Imf q
q̄q(%s ,%r) =

2

9π2

∫

d2q d2q′ αs(q2)αs(q′2)

(q2 + µ2)(q′2 + µ2)

×
[

e i"q·("s+"r/2) − e i"q·("s−"r/2)
] [

e i"q ′
·("s+"r/2) − e i"q ′

·("s−"r/2)
]

=
8α2

s

9

[

K0

(

µ

∣

∣

∣

∣

%s +
%r

2

∣

∣

∣

∣

)

− K0

(

µ

∣

∣

∣

∣

%s −
%r

2

∣

∣

∣

∣

)]2

This expression explicitly exposes a correlation between %r and %s: the
amplitude vanishes when %s ·%r = 0.
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Color dipole orientation

Kopeliovich, Pirner, A.H.R., Schmidt, PRD 77, 034011 (2008)
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Relying on the saturation shape (CGC) of the dipole cross-section σN (r)
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Color dipole orientation

The forward slope of the differential cross section of dipole-nucleon
scattering,

B
(q̄q)N
el (r) =

1

σN
q̄q(r)

∫

d2s s2
Imf N

q̄q(%s,%r ). (2)

The slope for small-dipole-proton elastic scattering was measured in
diffractive electroproduction of ρ-mesons at high Q2 at HERA. The

measured slope, B
(q̄q)N
el (r) ≈ 5GeV−2, agrees with the expected value

B
(q̄q)N
el (r) ≈ Bpp

el /2.
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Color dipole orientation

Generalized unintegrated gluon density:
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,
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Amir H. Rezaeian (USM) Perturbative origin of azimuthal anisotropy ICTP 2008 8 / 32



Color dipole orientation
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The transverse momentum pT distribution of photon bremsstrahlung from
interaction of quark with a target t( nucleon: t=N, nucleus t=A)
Kopeliovich, A.H.R., Schmidt, arXiv:0712.2829, to appear in NPA

dσqt→γX (b, p, α)
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Dilepton spectrum in 800− GeV pp

Kopeliovich, A.H.R, Pirner, Schmidt, PLB 653, 210 (2007)
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Direct photon productions at RHIC and Tevatron for pp
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Direct photon productions at RHIC and LHC

AHR et al. arXiv: 0707.2040
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Neither K -factor, nor higher twist corrections, no quark-to-photon
fragmentation function are to be added.
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Direct photon productions and scaling
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Direct photon v2 for qN collisions
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Direct photon v2 for qA collisions

Imf A
qq̄(b,%r) = 1 − exp[

∫

d2%s Imf N
qq̄(%s ,%r)TA(%b +%s)].

Sources of azimuthal anisotropy: rescatterings and shape of the system
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Prompt photon v2 for qA collisions at RHIC
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Prompt photon v2 for qA collisions at RHIC:

the uncertainty of nuclear profile
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Kopeliovich, A.H.R., Schmidt, arXiv:0712.2829, to appear in NPA
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On the sign of v2
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Direct photon v2 at RHIC

3 4 5 6 7 8

-0.04

-0.02

0

0.02

0.04

0.06

0.08

v
2
γ

N-N + jet-frag.
direct γ
direct γ (no E-loss)

3 4 5 6 7 8
pT (GeV/c)

3 4 5 6 7 8
0-20 % 20-40 % 40-60 %

0.5 1 1.5 2 2.5 3 3.5
pT (GeV)

-0.0025

-0.002

-0.0015

-0.001

-0.0005

0

0.0005

0.001

v 2A
A

B = 13 fm

B = 9.4 fm

B = 7 fm

4 6 8 10
-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

6 8 10

Au+Au @ s1/2
NN = 200 GeV

 

 

v 2

pT (GeV/c)

 jet-photon conv
 total
 initial production
 jet fragment

30%-- 40%

 

 

pT (GeV/c)

40%-- 50%

T

T

 Turbide et al, PRL 96, 032303 (2006)              Kopeliovich, AHR, Schmidt, arXiv:0712.2829 

Chatterjee et al, PRL 96, 202302 (2006) Liu and Fries, arXiv:0801.0453

Thermal Photons

Jet−Photons conv

Prompt Photons

bremsstrahlung

Amir H. Rezaeian (USM) Perturbative origin of azimuthal anisotropy ICTP 2008 21 / 32



Direct photon Elliptic flow at RHIC: published data
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Direct photon Elliptic flow at RHIC: preliminary data
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Direct photon at RHIC: Cronin effect and suppression

0 5 10 15 20
 pT [GeV]

0

0.5

1

1.5

2

2.5

3
 R

dA
(p

T)

 Isospin + Cronin (Au)
 d+Au Cronin+Shadowing
 d+Au Cronin+Shadowing+ΔE(IS)
 Isospin + Cronin (Cu)
 d+Cu Cronin+Shadowing
 d+Cu Cronin+Shadowing+ΔE(IS)
 d+Au preliminary, Min.bias

0 5 10 15
 pT [GeV]

0

0.5

1

1.5

2

2.5

3

 R
dA

(p
T)

 Isospin + Cronin (Au)
 d+Au Cronin+Shadowing
 d+Au Cronin+Shadowing+ΔE(IS)
 Isospin + Cronin (Cu)
 d+Cu Cronin+Shadowing
 d+Cu Cronin+Shadowing+ΔE(IS)

 s1/2 = 200 GeV

 s1/2 = 62.4 GeV

Cold nuclear 
matter

Cold nuclear 
matter

Minimum bias

Minimum bias

0 5 10 15 20
 pT [GeV]

0

0.5

1

1.5

2

2.5

3

 R
AA

(p
T)

 Au+Au Cronin+Shadowing
 Au+Au Cronin+Shadowing+ΔE(IS)
 Cu+Cu Cronin+Shadowing
 Cu+Cu Cronin+Shadowing+ΔE(IS)
 RAA 0-10% preliminary Au
 RAA 0-10% preliminary Au (fit)

0 5 10 15
 pT [GeV]

0

0.5

1

1.5

2

2.5

3

 R
AA

(p
T)

 Au+Au Cronin+Shadowing
 Au+Au Cronin+Shadowing+ΔE(IS)
 Cu+Cu Cronin+Shadowing
 Cu+Cu Cronin+Shadowing+ΔE(IS)
 RCP 0-10%/30-60% preliminary Au

 s1/2 = 200 GeV

 s1/2 = 62.4 GeV

 dNg/dy = 1150(Au)

                  370(Cu)

 dNg/dy = 800(Au)

                255(Cu)

The contribution of the final-state photon production at pT < 5 GeV is limited to
35%, and at high transverse momenta, the modification of the direct photon

cross section is dominated by initial-state cold nuclear matter effects.
Vitev, et al., arXiv:0804.3805
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Pion v2 at RHIC in d+Au collision
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Hadron production from SPS to RHIC energies
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Cronin effect at RHIC

AHR, et al.(Preliminary results)
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pion v2 for d + Au collision
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Summary and outlook

We introduced dipole orientation which satisfies all the imposed
boundary consitions.
➤ The developed theoretical tools can be applied to the calculation of the

azimuthal asymmetry in DIS and in Drell-Yan reactions on a proton, as
well as to the production of direct photons and Drell-Yan pairs in
proton-nucleus and heavy ion collisions.

We have computed the azimuthal asymmetry of direct photon
originates from primary hard scatterings between partons. This can
be accounted for by the color dipole orientation which is sensitive to
the rapid change of the nuclear profile. We show that the direct
photon elliptic anisotropy v2 coming from this mechanism changes
sign and becomes negative for peripheral collisions, albeit it is quite
small for nuclear collisions at the RHIC energy.
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Dipole parametrizations

Golec-Biernat, Wusthoft (GBW) 1999:

σqq̄(x ,%r ) = σ0

(

1 − e−r2/R2
0

)

,

it does not match with QCD evolution DGLAP at large value of Q2.
This failure can be clearly seen in the energy dependence of σγ!p

tot for
Q2 > 20 GeV2, where the the model predictions are below the data.
GBW couple to DGLAP, Bartels et al 2002:

σqq̄(x ,%r) = σ0

(

1 − exp

(

−
π2r2αs(µ2)xg(x , µ2)

3σ0

))

,

where the scale µ2 is related to the dipole size by

µ2 =
C

r2
+ µ2

0.

∂xg(x , µ2)

∂ lnµ2
=

αs(µ2)

2π2

∫ 1

x

dzPgg (z)
x

z
g(

x

z
, µ2).
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Direct photon v2 for AA collisions

v
A1A2
2 (B, pT ) =

R

dφ
R

d2"b cos(2φ)

„

cos(2Θ1)
dσγ (pA1→γX )
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TA2

("b2) + cos(2Θ2)
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("b1)

«

R
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puzzel #2, high pT problem

Direct photon cross-section (pp
–
 → γX)

|η| < 0.9, √s = 1.8 TeV
▼      conversions
❍      CES-CPR
      NLO QCD
       CTEQ5M, µ=pT

statistical errors only

“We find that the shape of the cross section as a function of pT is poorly
described by next-to-leading-order QCD predictions, but agrees with
previous CDF measurements”....CDF collaboration, PRD 70 (2004) 074008

Amir H. Rezaeian (USM) Perturbative origin of azimuthal anisotropy ICTP 2008 32 / 32


