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Nuclear/proton wavefunction at high energies

Bremsstrahlung ∝ αs ln(1/x) = αsY

Recombination ∝ αsρ

Qs :

BK-JIMWLK renormalization evolution sum systematically leading
logs (αsY )n and high parton density (αsρ)n.

Successful CGC/Saturation phenomenology at: HERA ep; eA; RHIC dA &
AA; and already the LHC pp & AA collisions.

Pedagogia review: Kovchegov and Levin, ”Quantum Chromodynamics at High Energy” (Cambridge Univ. press, 2012)
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What is the signature of the gluon saturation at the LHC?



CGC-based prediction for the LHC pp collisions
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CMS,  2.36 TeV
CDF, 1.8 TeV
UA5, 0.9 TeV
ALICE, 0.9 TeV
CMS, 0.9 TeV
UA5, 546 GeV

7 TeV

mjet = 0.4 GeV

14 TeV

CMS Collaboration, arXiv:1011.5531

Levin and AR, PRD 82, arXiv:1005.0631

Correct energy/rapidity dependence in pp collisions.
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CGC-based prediction for the LHC AA collisions
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ALICE, Pb+Pb 0-5%,  √#s   = 2.76 TeV
PHOBOS Au+Au 0-6%, √#s = 0.2 TeV
PHOBOS Au+Au 0-6%, √#s = 0.13 TeV
Saturation  (CGC)
CMS , Pb+Pb 0-5%, √#s   = 2.76 TeV

√
#s   = 5.5 TeV

√
#s   = 2.76 TeV

Correct centrality/rapidity dependence in AA collisions.

See also: Tribedy and Venugopalan (2011).
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pA collisions: A good test of kT -factorization and saturation physics

In pA collisions: Kovchegov and Mueller (98); M. A. Braun (2000); Kovchegov and Tuchin (2002); 

Q(x1)<Q(x2)  Q(x2)=Q(x1)  

0
η

ηN/d dA + A:

(soft scale)µpT, Q_s >>

Kt−factorization might be violated for:

pt < Q(x1) ~ Q(x2)

When we have three scales: Q(x1), Q(x2), pT

Kt−factorization was proven: diluted−dense  

p

BK

BFKL

A p

p

A

A

Not−proven yet Not−proven yetProven

Dumitru and McLerran (2002); Blaizot, Gelis and Venugopalan (2004).

Q(x2)<Q(x1)  

We have already data from the LHC: pp and AA collisions 
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Saturation/CGC based predictions for charged hadron multiplicity in pA collisions
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PHOBOS
MCrcBK (Albacete & Dumitru, arXiv:1011.3820)
b-CGC (Rezaeian,  arXiv:1111.2312)
KLN (Dumitru et al., arXiv:1111.3031)
IP-Sat (Tribedy & Venugopalan, arXiv:1112.2445)

p(d)+A, Mini Bias

4.4 TeV

0.2 TeV
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Two most spectacular signatures of the CGC at RHIC and further test at the LHC

Suppression of single inclusive hadron production at forward rapidity in dAu.
Kharzeev, Levin, McLerran, ‘02; Kharzeev, Kovchegov, Tuchin, ’03;
Albacete, Armesto, Kovner, Salgado, Wiedemann, ’03; Baier, Kovner,
Wiedemann, ’03....
Disappearance of the away side jet peak in dihadron production at forward
rapidity in dAu. Albacete, Marquet, ’10; Tuchin; ’10, Stasto, Xiao, Yuan, ’11
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Back-of-envelope estimation of Rh
pA in the saturation region

dσpA→hX

dyd2pt
=

2αs

CF

1

p2t

∫

d2$kt φ
p
(

x1;$kt
)

φA
(

x2;$pt − $kt
)

,

Deep inside saturation, pt < Qs :

dσpA→hX

dηd2pt
∼

SASpQ
2
s

p2t

dσpp→hX

dηd2pt
∼

S2
pQ

2
s

p2t

RpA =
dσpA

dηd2pt

A dσpp

dηd2pt

=
SA
ASp

∼ A−1/3 = 0.17 (A = 208)

In extended geometric scaling region: Qs < pt < pgeom :

RpA ∼ A−1/6 = 0.41 (A = 208)

Kharzeev, Kovchegov, Tuchin, ’03

What is the rapidity/energy/centrality correction of the above naive estimate?
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Inclusive hadron production in pA collisions; revisited

p

A

h

dNpA→hX

d2pT dη
=

K

(2π)2

[

∫ 1

xF

dz

z2

[

x1fg (x1,Q
2)NA(x2,

pT

z
)Dh/g (z,Q) + Σqx1fq (x1,Q

2)NF (x2,
pT

z
)Dh/q(z,Q)

]

+

∫ 1

xF

dz

z2

αs

2π2

z4

p4
T

∫

k2
T
<Q2

d
2
kT k

2
TNF (kT , x2)

∫ 1

x1

dξ

ξ
Σi,j=q,q̄,gwi/j (ξ)Pi/j (ξ)x1 fj (

x1

ξ
,Q)Dh/i (z,Q)

]

∂NA(F )(r, x)

∂ ln(x0/x)
=

∫

d
2&r1 K

run(&r,&r1,&r2)
[

NA(F )(r1, x) + NA(F )(r2, x) − NA(F )(r, x) − NA(F )(r1, x)NA(F )(r2, x)
]

K
run(&r,&r1,&r2) =

Nc αs (r
2)

2π2

[

1

r21

(

αs (r
2
1 )

αs (r22 )
− 1

)

+
r2

r21 r22

+
1

r22

(

αs (r
2
2 )

αs (r21 )
− 1

)]
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Inclusive hadron production in pA collisions

dNpA→hX

d2pT dη
=

K

(2π)2

[

∫ 1

xF

dz

z2

[

x1fg (x1,Q
2)NA(x2,

pT

z
)Dh/g (z,Q) + Σqx1fq (x1,Q

2)NF (x2,
pT

z
)Dh/q(z,Q)

]

+

∫ 1

xF

dz

z2

αs

2π2

z4

p4
T

∫

k2
T
<Q2

d
2
kT k

2
TNF (kT , x2)

∫ 1

x1

dξ

ξ
Σi,j=q,q̄,gwi/j (ξ)Pi/j (ξ)x1 fj (

x1

ξ
,Q)Dh/i (z,Q)

]

∂NA(F )(r, x)

∂ ln(x0/x)
=

∫

d
2&r1 K

run(&r,&r1,&r2)
[

NA(F )(r1, x) + NA(F )(r2, x) − NA(F )(r, x) − NA(F )(r1, x)NA(F )(r2, x)
]

K
run(&r,&r1,&r2) =

Nc αs (r
2)

2π2

[

1

r21

(

αs (r
2
1 )

αs (r22 )
− 1

)

+
r2

r21 r22

+
1

r22

(

αs (r
2
2 )

αs (r21 )
− 1

)]

The only external input:

From DIS: Q2
0p ≈ 0.15÷ 0.2GeV2, From RHIC: Q2

0p ≈ 0.15÷ 0.336 GeV2.

From DIS & RHIC: Q2
0A ≈ 3÷ 4Q2

0p.
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Q2
sA ∝ AαQ2

sp

Empirical geometric scaling and DIS data:
Armesto, Salgado and Wiedemann (2004):
Q2

sA = c1A
4/9Q2

sp =⇒ Q2
sA ≈ 3.1Q2

sp

BK-JIMWLK equation and DIS data
McLerran and Venugopalan (1994), Albacete et al. (2010), Dusling, Gelis,
Lappi and Venugopalan (2010), AR, Levin (2010)
Q2

sA = c2A
1/3Q2

sp =⇒ Q2
sA ≈ 2.96Q2

sp

Running-coupling BFKL evolution near the saturation boundary
Mueller (2003): Q2

sA = c3A
0Q2

sp , is independent of A.

➤ Available data cannot uniquely determine the A-dependence of the
saturation scale!.
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Q2
sA ∝ AαQ2

sp

y=
1 (

HERA √s
=32

0 G
eV

)

x

Q
2  (G

eV
2 )

E665, SLAC

CCFR, NMC, BCDMS,

Fixed Target Experiments:

D0  Inclusive jets η<3

CDF/D0   Inclusive jets η<0.7

ZEUS
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Available data cannot uniquely determine the A-dependence of the initial
saturation scale!. Need: pA run at the LHC with different A

All available data with heavy nuclei are consistent with Q2
0A ≈ (3÷ 4)Q2

0p

What is role of geometrical fluctuations in the existing data? (Albacete,
Dumitru and Nara)
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Inclusive hadron production in pA collisions

dNpA→hX

d2pT dη
=

K

(2π)2

[
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∫

d
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NA(F )(r1, x) + NA(F )(r2, x) − NA(F )(r, x) − NA(F )(r1, x)NA(F )(r2, x)
]

K
run(&r,&r1,&r2) =

Nc αs (r
2)

2π2

[

1

r21

(

αs (r
2
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αs (r22 )
− 1

)

+
r2

r21 r22

+
1
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(

αs (r
2
2 )

αs (r21 )
− 1

)]

The only external input:

From DIS: Q2
0p ≈ 0.15÷ 0.2GeV2, From RHIC: Q2

0p ≈ 0.15÷ 0.336 GeV2.

From DIS & RHIC: Q2
0A ≈ 3÷ 4Q2

0p.

Ncoll in Rp(d)A comes from soft physics (Glauber model) is NOT calculated
from saturation physics (possible normalization problem!).
A. Rezaeian (USM) Hard Probes 2012 14 / 34

Amir Rezaeian


Amir Rezaeian




0 1 2 3 4 5 6
pT [GeV]

10-8

10-6

10-4

10-2

100

102

d2 N
ch

/d
η

 d
2 p T

 [
G

eV
-2

]

π
0
;   η = 4 

h- (*50);  η =3.2  

(h-+h+)(*150); η= 1
DHJ
Total

DHJ dipole, K=1
pp, 0.2 TeV

0 1 2 3 4 5 6
pT [GeV]

10-8

10-6

10-4

10-2

100

102

d2 N
ch

/d
η

 d
2 p T

 [
G

eV
-2

]

(h-+h+)/2, η =1
h-, η =3.2

π
0
, η = 4

DHJ
Total

DHJ dipole, K=1

dA, 0.2 TeV

0 1 2 3 4 5 6
PT [GeV]

10-9

10-6

10-3

100

103

d2 N
ch

/d
η

 d
2 p T

 [
G

eV
-2

]

π
0
;   η = 4 

h-(*50); η=3.2 
h-(*200); η=2.2

Q2
0s = 0.168 GeV2

Q2
0s = 0.336 GeV2

pp, 0.2 TeV
rcBK dipole, K=1

0 1 2 3 4 5 6
pT [GeV]

10-8

10-6

10-4

10-2

100

102

104

d2 N
ch

/d
η

 d
2 p T

 [
G

eV
-2

]

h- (*20), η=2.2
h-, η (∗3)=3.2

π
0
, η = 4

Q2
0s=0.5 GeV2

Q2
0s=0.67 GeV2
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The inelastic contribution (higher twist contributions) is important at η ∼ 0.
What is the role of cold matter energy loss which is not included in the
above? Kopeliovich, Frankfurt, Strikman; and Neufeld-Vitev-Zhang.
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Sensitivity of RpA to the initial saturation scale and αs
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Inclusion of these inelastic terms makes RpA grow faster with increasing
transverse momentum.

RpA is sensitive to the initial saturation scale and small-x evolution.
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Predictions for the LHC at forward rapidity
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Uncertainties due to the choice of Q0s and αs are reduced at forward
rapidity at the LHC.

The energy-dependence of RpA from 4.4 to 8.8 TeV is rather weak.
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Collinear (parton model) v. kt-factorization (CGC) at the LHC forward rapidities
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The CGC predicts substantial more suppresion for inclusive hadron
production at forward rapidity at the LHC compared to the standard
parton model approach.
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Collinear (parton model) v. kt-factorization (CGC) at the LHC
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Higher order corrections beyond leading twist approximation become
important.
The uncertainties due to initial saturation scale produces large uncertainties
for RpA at η = 0.
Our description of hadron production in pp collisions (reference) at
midrapidity is less reliable.
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Photon-hadron production in high-energy pA collisions

k

p
l

pA

q

dσq(p) p(A)→q(l)γ(k) X

d2 &bt dk2t dl2t dyγ dyl dθ
=

e2q αem
√

2(2π)3

k−

k2t
√

S

1 + ( l−

p−
)2

[k− &lt − l−&kt ]2

δ[xq −
lt√
S
e
yl −

kt√
S
e
yγ ]

[

2l−k
− &lt · &kt + k

−(p− − k
−) l2t + l

−(p− − l
−) k2t

]

∫

d
2&rt e

i("lt+"kt )·"rt NF (bt , rt , xg ),

dσp p(A)→γ(k) h(q) X

d2&bt dk2t dq2t dηγ dηhdθ
=

∫ 1

zmin
f

dzf

z2
f

∫

dxq f (xq ,Q
2)

dσq p(A)→γ q X

d2 &bt dk2t dl2t dηγ dηh dθ
Dh/q(zf ,Q

2)
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Prompt photon production in high-energy pA collisions

k

p
l

pA

q ∆θ → 0

dσq(p)T→γ(k) X

d2&btd2&ktdηγ
=

dσFragmentation

d2 &btd2&ktdηγ
+

dσDirect

d2&btd2&ktdηγ

=
1

(2π)2

1

z
Dγ/q(z, k

2
t )NF (xg , bt , kt/z) +

e2qαem

π(2π)3
z
2[1 + (1 − z)2]

1

k4t

∫

k2t
d
2&lt l

2
t NF (x̄g , bt , lt )

Both fragmentation and direct photon are sensitive to saturation via NF .
However, direct photon is more sensitive to the saturation effects.

pA is different from dA (unlike hadron production) due to charge squared of
quarks → non-trivial isospin effect.
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pA vs. dA at RHIC
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Sizable isospin effect → suppresion at high transverse momentum
(NOT due to saturation effect).
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Direct vs. fragmentation vs. inclusive prompt photon at RHIC and the LHC
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Direct photon Rγ
p(d)A is more sensitive to the saturation effects → more

suppression.
At very forward rapidity Rγ

p(d)A of direct photon and inclusive prompt photon
are similar.
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Sensitivity to the initial saturation scale Q0s
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It is sensitive to Q0s → probes small-x dynamics.
Uncertainties due to Q0s is reduced at higher energy and more forward
collisions.
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pA at forward-rapidity vs. AA (η = 0) at the LHC
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The suppression at the LHC is impresive given that at the LHC isospin effect
is not important (projectile is proton).

Prompt photon is cleaner probe of initial-state effect: no hadronization.

There was no suppression for Rγ
AA at the LHC in AA collisions at

mid-rapidity.
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Collinear v. kt-factorization (CGC) at the LHC and prompt photon
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The CGC prediction for Rγ
pA are very different both at RHIC and the

LHC from collinear factorization results.
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Photon-hadron azimuthal correlations; suppression of away-side correlations

∆θc = π/2
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Denser nuclei (or bigger saturation scale) → more suppression of away-side
correlations.
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Photon-hadron azimuthal correlations; suppression with transverse momenta
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Lower transverse momentum → more suppression of away-side correlations.

A. Rezaeian (USM) Hard Probes 2012 28 / 34

Amir Rezaeian


Amir Rezaeian


Amir Rezaeian
pA:

Amir Rezaeian


Amir Rezaeian


Amir Rezaeian


Amir Rezaeian




Photon-hadron azimuthal correlations; RHIC vs. the LHC
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Higher energy → more suppression of away-side correlations.
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Conclusion:

Rγ
pA,R

h
pA measurements at the LHC in the forward rapidity region are sensitive

probes of the low-x dynamics.

Significant suppression of Rγ
pA,R

h
pA at the LHC forward pA collisions.

Strong suppression of the away-side peak in photon-hadron correlations at
forward rapidities, similar to the observed mono-jet production in dA
collisions at forward rapidity at RHIC.
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Backup: The energy-dependence of multiplicity in pp and AA collisions
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Backup: Inclusive hadron production in pA collisions; revisited

Inelastic Elastic 

dNpA→hX

d2pT dη
=

K

(2π)2

[

∫ 1

xF

dz

z2

[

x1fg (x1,Q
2)NA(x2,

pT

z
)Dh/g (z,Q) + Σqx1fq (x1,Q

2)NF (x2,
pT

z
)Dh/q(z,Q)

]

+

∫ 1

xF

dz

z2

αs

2π2

z4

p4
T

∫

k2
T
<Q2

d
2
kT k

2
TNF (kT , x2)

∫ 1

x1

dξ

ξ
Σi,j=q,q̄,gwi/j (ξ)Pi/j (ξ)x1 fj (

x1

ξ
,Q)Dh/i (z,Q)

]

Elastic term ≈ NA,F (x , pT/z) and is sensitive to the saturation effect.
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Backup: Inclusive hadron production in pA collisions; revisited

Inelastic Elastic 
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+
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dz
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2
TNF (kT , x2)
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dξ

ξ
Σi,j=q,q̄,gwi/j (ξ)Pi/j (ξ)x1 fj (

x1

ξ
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]

Inelastic term ≈
∫

k2
T<p2

T
k2
TNF (x , kT ) = ftarget (x , pT ) and is sensitive to the

saturation effect.
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Backup: Prompt photon production in high-energy pA collisions

k

p
l

pA

q ∆θ → 0

dσq(p)T→γ(k) X

d2&btd2&ktdηγ
=

dσFragmentation

d2 &btd2&ktdηγ
+

dσDirect
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=
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z
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2
t )NF (xg , bt , kt/z) +

e2qαem

π(2π)3
z
2[1 + (1 − z)2]

1

k4t

∫

k2t
d
2&lt l

2
t NF (x̄g , bt , lt )

xg =
k2t

z2 xq S
= xq e

−2 ηγ

x̄g =
1

xq S

[

k2t

z
+

(lt − kt )
2

1 − z

]

≈
1

xq S

k2t

z(1 − z)
,

z ≡
k−

p−
=

kt

xq
√

S
e
ηγ =

xmin
q

xq
with x

min
q = zmin =

kt√
S
e
ηγ .
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