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Map of parton evolution in QCD
x : parton longitudinal momentum fraction

kT : parton transverse momentum

the distribution of partons

as a function of x and kT :

dilute/dense separation characterized by the saturation scale Qs(x)

QCD linear evolutions:

DGLAP evolution to larger kT (and a more dilute hadron)

BFKL evolution to smaller x (and denser hadron)

QCD non-linear evolution: meaning

this regime is non-linear yet weakly coupled:

collinear factorization does not apply when x is too small

and the hadron has become a dense system of partons
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Saturation signal #1:

forward rapidity suppression

of the nuclear modification 

factor in p+A vs p+p



Single inclusive hadron production

kT , y transverse momentum kT, rapidity y > 0

forward rapidities probe small values of x

values of x probed in the process:



Nuclear modification factor
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in the absence of nuclear effects, i.e. if the gluons

in the nucleus interact incoherently as in A protons

the suppressed production (RdA < 1) was predicted in the 

Color Glass Condensate picture, along with the rapidity dependence

Kopeliovich et al (2005), Frankfurt et al (2007)

note: alternative explanations (large-x energy loss effects) have been proposed

Albacete and CM (2010)



p+Pb @ the LHC

good description but not
much non-linear effects
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strong non-linear effects



Best way to confirm RpA

suppression at the LHC

- no isospin effects in p+Pb vs p+p (contrary to d+Au vs p+p at RHIC)

• isolated photons at forward rapidities

- smallest possible x reach: no mass, no fragmentation

- no cold matter final-state effects (E-loss, …)

- large EPS09 / CGC difference in

forward rapidity predictions

R
y = 0

pA
(x

⊥
) ((R

A

F 2
(x

⊥
) + R

A

G
(x

⊥
))/ 2. Fig. 7 (right ) shows the expected photon suppression

in the rapidity bin y = − 3 in the range p
T

= 10–100 GeV. This range would correspond at

RHIC, at similar valuesof x2, to t ransversemomenta p
T

= O
√

s
N N

RHIC/
√

s
N N

LHC × e3 =

5–50 GeV at mid-rapidity. As can be seen from the comparison of Fig. 7 (right ) with Fig. 3

(left ), the expected photon suppression is rather similar. Remarkably, the spread of the

EPS09 theoret ical predict ions proves narrower at the LHC than at RHIC, reflect ing the

fact that quark nPDFs are much bet ter constrained than the gluon nPDFs at large values

of x [13]3.
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Figur e 7. Nuclear product ion rat io Rγ
d A u

of inclusive photon product ion at y = 3 (left ) and y = − 3

(right ) in p–Pb collisions at
√

s
N N

= 8.8 TeV using the EPS09 nPDF set , in comparison to the nDS

and HKN nPDF sets.

3.4 Scale dependence

As discussed in sect ion 2.1, collinearly factorized pQCD cross sect ions depend on the renor-

malizat ion and factorizat ion scales, which all are of the order of the photon p
T

. In the

absolute cross sect ions the sensit ivity to these scales reflects the uncertainty which results

from terminat ing the perturbat ion series at a certain order, and thus neglect ing the higher-

order correct ions (here, NNLO and beyond). In the nuclear modificat ion rat io Rγ
dA u

, such

scale uncertaint ies should nevertheless largely just cancel out . However, since the nPDF

correct ions RA
i (x, M 2) (Eq. (2.3)) do depend on the factorizat ion scale M , also Rγ

dA u
may

exhibit some dependence on M . To quant ify this theoret ical uncertainty, the nuclear mod-

ificat ion rat io of prompt photon product ion at mid-rapidity has been computed using the

EPS09 set and varying all scales, µ = M = M F from p
T

/ 2 to 2p
T

, as was done also in the

calculat ion of the absolute cross sect ion in sect ion 3.1. As shown in Fig. 8 at the RHIC

and LHC energies, the predict ions show very lit t le scale dependence. More important ly,

the scale dependence proves much smaller than the current uncertaint ies in the nuclear

modificat ions of the PDFs; see the band in Fig. 2.

3 In addit ion, larger scales are probed at the LHC, Q2

L H C
∼ 4 × Q2

R H I C
. This is however a rather

moderate effect since the EPS09 gluon nPDF rat ios do not exhibit a st rong Q2-dependence at large x [13].
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Jalilian-Marian and Rezaeian (2012)
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FIG. 4: Nuclear modificat ion factor for direct photon (right ) and inclusive prompt photon (left ) product ion in pA collisions

at various rapidit ies a the LHC
√

S = 8.8 TeV energy. The band (CGC-rcBK -av) similar to Fig. 3 corresponds to the results
obtained from Eq. (12) and the solut ions to the rcBK evolut ion equat ion using dif ferent init ial saturat ion scales for a proton
Q0p and a nucleus Q0A , see the text for the details.

incorporat ion of the isolat ion cut criterion in our framework is beyond the scope of this paper. However, from Fig. 2
it is seen that at higher energy at forward collisions, R

γ

p(d)A
for direct and single inclusive prompt photon becomes

remarkably similar, indicat ing that to a good approximat ion, one may assume that the nuclear modificat ion factor
for direct and isolated prompt photon are equal.

In Fig. 3, we show the minimum-bias nuclear modificat ion factor for the direct photon product ion at RHIC and the
LHC energies

√
S = 0.2, 4.4 TeV at various rapidit ies η obtained from rcBK solut ions Eq. (16) with the init ial proton

saturat ion scale Q2
0p ≈ 0.168 and 0.2GeV2 corresponding to parameter sets I and I I in Eq. (18). For nuclear target

in minimum-bias collisions, we take two init ial saturat ion scales for nuclei (gold and lead) Q2
0A = 3÷ 4Q2

0p which are
ext racted from a fit to other experimental data on heavy nuclear target [5, 6, 30]. For a proton target , we havechecked
that parameter sets I I and I I I give similar results for R

γ

p(d)A
with bet ter than 10% accuracy. Therefore, in Fig. 3 we

only show results obtained from two parameter sets I and II in Eq. (18). The band in Fig. 3 shows our uncertaint ies
arising from a variat ion of the init ial saturat ion scale of the nucleus in a range consistent with previous studies of DIS
structure funct ions as well as part icle product ion in minimum-bias pp, pA and AA collisions in the CGC formalism.
One may therefore expect that the possible effects of fluctuat ions (of nucleons in a nucleus) on part icle product ion is
effect ively contained in our error band.

From Fig. 3, it is seen that the nuclear modificat ion for direct photon product ion is very sensit ive to the init ial
saturat ion scale in proton and nuclei. However, this uncertaint ies will be reduced for more forward collisions at
higher energy at the LHC. The same effect has been observed for the inclusive hadron product ion in pA collisions [6].
This clearly indicates that the nuclear modificat ion in p(d)A collisions is a sensit ive probe of saturat ion effects and
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FIG. 4: Nuclear modificat ion factor for direct photon (right ) and inclusive prompt photon (left ) product ion in pA collisions

at various rapidit ies a the LHC
√

S = 8.8 TeV energy. The band (CGC-rcBK-av) similar to Fig. 3 corresponds to the results
obtained from Eq. (12) and the solut ions to the rcBK evolut ion equat ion using dif ferent init ial saturat ion scales for a proton

Q0p and a nucleus Q0A , see the text for the details.

incorporat ion of the isolat ion cut criterion in our framework is beyond the scope of this paper. However, from Fig. 2
it is seen that at higher energy at forward collisions, R

γ

p(d)A
for direct and single inclusive prompt photon becomes

remarkably similar, indicat ing that to a good approximat ion, one may assume that the nuclear modificat ion factor
for direct and isolated prompt photon are equal.

In Fig. 3, we show the minimum-bias nuclear modificat ion factor for the direct photon product ion at RHIC and the
LHC energies

√
S = 0.2, 4.4 TeV at various rapidit ies η obtained from rcBK solut ions Eq. (16) with the init ial proton

saturat ion scale Q2
0p ≈ 0.168 and 0.2GeV2 corresponding to parameter sets I and II in Eq. (18). For nuclear target

in minimum-bias collisions, we take two init ial saturat ion scales for nuclei (gold and lead) Q2
0A = 3÷ 4Q2

0p which are
extracted from a fit to other experimental data on heavy nuclear target [5, 6, 30]. For a proton target, we havechecked
that parameter sets I I and II I give similar results for Rγ

p(d)A
with better than 10% accuracy. Therefore, in Fig. 3 we

only show results obtained from two parameter sets I and II in Eq. (18). The band in Fig. 3 shows our uncertaint ies
arising from a variat ion of the init ial saturat ion scale of the nucleus in a range consistent with previous studies of DIS
structure funct ions as well as part icle product ion in minimum-bias pp, pA and AA collisions in the CGC formalism.
One may therefore expect that the possible effects of fluctuat ions (of nucleons in a nucleus) on part icle product ion is
effect ively contained in our error band.

From Fig. 3, it is seen that the nuclear modificat ion for direct photon product ion is very sensit ive to the init ial
saturat ion scale in proton and nuclei. However, this uncertaint ies will be reduced for more forward collisions at
higher energy at the LHC. The same effect has been observed for the inclusive hadron product ion in pA collisions [6].
This clearly indicates that the nuclear modificat ion in p(d)A collisions is a sensit ive probe of saturat ion effects and

Arleo, Eskola, Paukkunen and Salgado (2011)



Confirmation of forward rapidity 

RpA suppression:

we should push for the FOCAL 

upgrade of the ALICE detector

(more details in the Yellow Report)



Saturation signal #2:

forward rapidity suppression

of di-hadron azimuthal 

correlations in p+A vs p+p



Di-hadron final-state kinematics
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=final state :

scanning the wave functions:

central rapidities probe moderate x

xp ~ xA < 1

forward/central doesn’t probe much smaller x

xp ~ 1, xA < 1

xp increases xA ~ unchanged

forward rapidities probe small x

xp ~ 1, xA << 1

xp ~ unchanged xA decreases



Di-hadron angular correlations 

central d+Au collisions

Df0
(near side) Dfp

(away side)

(rad)

p+p collisions

~p

however, when y1 ~ y2 ~ 0 (and therefore xA ~ 0.03),
the p+p and d+Au curves are almost identical
   

xA =
k1 e

-y1 + k2 e
-y2

s
<<1

comparisons between d+Au → h1 h2 X (or p+Au → h1 h2 X ) and p+p → h1 h2 X

Albacete

and CM (2010)



RpA of forward-forward di-jets

strong nuclear modification predicted due to strong non-linear effects

• at the LHC this can be done with di-jets!
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Albacete

and CM (2010)



Confirmation of forward-forward 

azimuthal decorrelation:

we should push for p+Pb data 

taking with ZDC+T2+CASTOR



Conclusions

• Fundamental consequence of QCD dynamics:

- at asymptotically small x/large A, QCD evolution becomes non-linear

• Non-linear evolution of gluon density in Au at RHIC:

- suppression of single hadron production in d+Au vs p+p

- suppression of back-to-back correlations of di-hadrons in d+Au vs p+p

• Awaiting more LHC p+Pb forward rapidity data (so far only 
quarkonia which are not the best probe of saturation physics)

• The most sensitive measurements could be done with FOCAL 
upgrade of ALICE (isolated photons) and p+Pb data taking with 
ZDC-T2-CASTOR (forward-forward dijets)


