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Nuclear Parton Distribution Functions (nPDFs)

Collinear Factorization in A+B collisions

dσAB→k+X =
∑

i,j,X′
fAi (x,Q

2)⊗fBj (x,Q2)⊗dσ̂ij→k+X′
+O(1/Q2)

Nuclear Modification of the PDFs

Bound nucleon PDFs 6= free nucleon PDFs
fAi (x,Q

2) = RAi (x,Q
2) · fNi (x,Q2)

RAi (x,Q
2) determined via global analyses

EKS98 (LO DGLAP evolution)
EPS08 (LO DGLAP evolution)
EPS09 (LO and NLO + error sets)
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Geometry of a Heavy Ion Collision

Heavy nuclei collide with impact parameter b

Small b: Central collisions

A Bb

s1 s2

Large b: Peripheral collisions

A Bb

Minimun bias collisions = average over all b
Measurements often binned in centrality

Nuclear overlap function

TAB(b) =

∫
d2sTA(s1)TB(s2)

s1 = s+ b/2 s2 = s− b/2

Nuclear thickness function

TA(s) =

∫
dz ρA(s, z)
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Model Framework

Nuclear modifications with spatial dependence
We replace

RAi (x,Q
2)→ rAi (x,Q

2, s),

where s is the transverse position of the nucleon
Definition

RAi (x,Q
2) ≡ 1

A

∫
d2sTA(s) r

A
i (x,Q

2, s),

where RAi (x,Q
2) is taken from EKS98 or EPS09 global fits

Assumption: spatial dependence related to TA(s) as follows:

rAi (x,Q
2, s) = 1 +

n∑

j=1

cij(x,Q
2) [TA(s)]

j

Important: No A-dependence in the fit parameters cij(x,Q
2)
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Fitting Procedure

Parameters cj(x,Q2) obtained by minimizing the χ2

χ2
i (x,Q

2) =
∑

A

[
RAi (x,Q

2)− 1
A

∫
d2sTA(s)r

A
i (x,Q

2, s)

WA
i (x,Q2)

]2

A-dependence of RAi (x,Q
2)

well reproduced with n = 4:
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High-pT workshop 27.09.2013 6/19 I. Helenius (JYFL)



Introduction Framework Results Summary

Centrality dependent RAB

The yield depends on b also via nPDFs:

dNAB→k+X(b) =

∫
d2sTA(s1)TB(s2)

∑

i,j,X′
rAi (x,Q

2, s1)f
N
i (x,Q2)

⊗ rBj (x,Q2, s2)f
N
j (x,Q2)⊗ dσ̂ij→k+X

′

Nuclear Modification Factor

RkAB(b1, b2) =

〈
d2Nk

AB
dpT dy

〉
b1,b2

〈Nbin〉b1,b2
σNN
inel

d2σk
pp

dpT dy

=

∫ b2
b1

d2b
d2Nk

AB(b)
dpT dy

∫ b2
b1

d2bTAB(b)
d2σk

pp

dpT dy

Centrality classes defined in terms of impact parameter intervals
b1 and b2 from optical Glauber model
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Centrality classes

Optical Glauber Model
Probability for inelastic collision

pABinel(b) ≈ 1− e−TAB(b)σNN
inel

Inelastic cross section for [b1, b2]

σABinel(b1, b2) =

b2∫

b1

d2b pABinel(b)

For p+A we assume a point-like
proton ⇒ TpA(b) = TA(b)

TA(s) from Woods-Saxon density:

ρA(s, z) =
n0

1 + exp[
√
s2+z2−RA

d ]

Example: p+Pb at the LHC√
sNN = 5.0 TeV, σNN

inel = 70 mb
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p+Pb collisions at the LHCTransverse Momentum Distribution and Nuclear Modification Factor of Charged . . . 5

0 2 4 6 8 10 12 14 16 18 20
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8  = 5.02 TeVNNsp-Pb  

| < 0.3cms!ALICE, NSD, charged particles, |

Saturation (CGC), rcBK-MC
Saturation (CGC), rcBK
Saturation (CGC), IP-Sat

0 2 4 6 8 10 12 14 16 18 20

pP
b

R

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 )0"Shadowing, EPS09s (

LO pQCD + cold nuclear matter

 (GeV/c)
T

p
0 2 4 6 8 10 12 14 16 18 20

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 HIJING 2.1

=0.28gs
=0.28gDHC, s

DHC, no shad.
DHC, no shad., indep. frag.

Fig. 3: Transverse momentum dependence of the nuclear modification factor RpPb of charged particles measured in
p–Pb collisions at√sNN = 5.02 TeV. The ALICE data in |!cms| < 0.3 (symbols) are compared to model calculations
(bands or lines, see text for details; for HIJING, DHC stands for decoherent hard collisions). The vertical bars
(boxes) show the statistical (systematic) errors. The relative systematic uncertainty on the normalization is shown
as a box around unity near pT = 0.

and systematic uncertainties. The total systematic uncertainty on the normalization, quadratic sum of the
uncertainty on 〈TpPb〉, the normalization of the pp data and the normalization of the p–Pb data, amounts
to 6.0%.

In Fig. 2 we compare the measurement of the nuclear modification factor in p–Pb to that in central (0–
5% centrality) and peripheral (70–80% centrality) Pb–Pb collisions at √sNN = 2.76 TeV [8]. RpPb is
consistent with unity for pT ! 2 GeV/c, demonstrating that the strong suppression observed in central
Pb–Pb collisions at the LHC [6–8] is not due to an initial-state effect, but rather a fingerprint of the hot
matter created in collisions of heavy ions.

The so-called Cronin effect [21] (see [22] for a review), namely a nuclear modification factor above unity
at intermediate pT, was observed at lower energies in proton–nucleus collisions. In d–Au collisions at√sNN = 200 GeV, RdAu reached values of about 1.4 for charged hadrons in the pT range 3 to 5 GeV/c
[23–26]. The present measurement clearly indicates a smaller magnitude of the Cronin effect at the LHC;
the data are even consistent with no enhancement within systematic uncertainties.

Data in p–Pb are important also to provide constraints to models. For illustration, in Fig. 3 the mea-
surement of RpPb at |!cms| < 0.3 is compared to theoretical predictions. Note that the measurement is
performed for NSD collisions. With the HIJING [14] and DPMJET [12] event generators, it is estimated

Phys. Rev. Lett., 110: 082302, 2013

p+Pb pilot run in 2012
ALICE measurement for
charged particles
Minimum bias result =
averaged over all centralities

Our π0 prediction (JHEP 07
(2012) 073) consistent with the
data

←−

HIJING with scale independent
strong gluon shadowing not
supported by the data

←−
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p+Pb collisions at the LHC

Charged particle yield in p+Pb:
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Nuclear modification factor:
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π0 production in p+Pb at y = 0

RpPb for inclusive π0 at
√
sNN = 5.0TeV and y = 0 in four

centrality classes in NLO (with INCNLO) [JHEP 1207 (2012) 073]
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π0 production in p+Pb at y = 4

RpPb for inclusive π0 at
√
sNN = 5.0TeV and y = 4 in four

centrality classes in NLO (with INCNLO) [Work in progress]
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x2 values for different rapidities

Which x2 values different rapidities probe?

Normalized dσ w.r.t. x2
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Prompt γ production

Direct photon production
e.g. Compton scattering

Calculable from
perturbative QCD

Fragmentation photon production
parton fragments into photon, e.g.

Calculated by convoluting the parton
spectra with non-perturbative
fragmentation functions

Isospin effect
Nuclei consist of protons and neutrons
⇒ Smaller charge density than in protons
Photons couple to electric charge
⇒ Suppression in the large x region where valence quarks dominate
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Prompt γ production in Pb+Pb

RPbPb for inclusive γ at
√
sNN = 2.76TeV and |y| < 1.44 in

different centrality classes in NLO [JHEP 1305 (2013) 030]
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Prompt γ production in p+Pb at y = 0

RpPb for prompt γ at
√
sNN = 5.0TeV and y = 0 in four

centrality classes in NLO (with INCNLO) [JHEP 1305 (2013) 030]
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Prompt γ production p+Pb at y = 4.5

RpPb for prompt γ at
√
sNN = 8.8TeV and y = 4.5 in four

centrality classes in NLO (with INCNLO) [Work in progress]

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2
0 2 4 6 8 10 12 14 16 18 20

EPS09s min. bias

0-20%

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2
2 4 6 8 10 12 14 16 18 20

EPS09s

EPS09s errors

20-40%

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0 2 4 6 8 10 12 14 16 18 20

[GeV/c]

0 2 4 6 8 10 12 14 16 18 20

40-60%

TeV

p+Pb
0.5

0.6

0.7

0.8

0.9

1.0

1.1

2 4 6 8 10 12 14 16 18 20

[GeV/c]

2 4 6 8 10 12 14 16 18 20

60-80%

R
γ p
P
b
(p
T
)

µ = pT

R
γ p
P
b
(p
T
)

pT

√
sNN = 8.8
y = 4.5

pT

Larger suppression than at y = 0

High-pT workshop 27.09.2013 17/19 I. Helenius (JYFL)



Introduction Framework Results Summary

Direct vs. fragmentation photons

The contribution from direct
and fragmentation component
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⇒ Isolated RγpPb between the inclusive and direct RγpPb
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Summary and Conclusions

Summary
Determined new spatially dependent nPDF sets EPS09s and
EKS98s based on
A-dependence of the globally fitted nPDFs
Power series ansatz in TA(s)

Made EPS09s and EKS98s publicly available at our web page
Calculated the RAB for inclusive π0 and prompt γ at mid- and
now also at forward rapidities for various collisions and centralities

Conclusions & Outlook
Predicted centrality dependence mild but prehaps measurable in
p+Pb at LHC
Contribution to dσπ

0
from broad x2 range also at large y

Which x2 region isolated photons probe?
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Prompt γ production in Au+Au at y = 0

RpPb for prompt γ at
√
sNN = 200GeV and y = 0 in four

centrality classes in NLO (with INCNLO) [JHEP 1305 (2013) 030]

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 2 4 6 8 10 12 14 16 18 20

0-92%

0.4

0.6

0.8

1.0

1.2

1.4

1.6

2 4 6 8 10 12 14 16 18 20

0-5%

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 2 4 6 8 10 12 14 16 18 20

[GeV/c]

0 2 4 6 8 10 12 14 16 18 20

PHENIX

CTEQ6.6
30-40%

Au+Au 0.4

0.6

0.8

1.0

1.2

1.4

1.6

2 4 6 8 10 12 14 16 18 20

[GeV/c]

2 4 6 8 10 12 14 16 18 20

EPS09s

EPS09s errors
60-92%

R
γ A
u
A
u
(p
T
)

y = 0√
sNN = 200GeV

R
γ A
u
A
u
(p
T
)

pT pT

At pT < 4GeV/c contribution from thermal photons also
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Prompt γ production at forward rapidities

We have now resolved the numerical issues at small x in the
INCNLO code (v1.4)
⇒ We can go to lower pT ’s also at the forward rapidities

R
y=0

pA
(x⊥) ! ((R

A

F2
(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 values of x2, to transverse momenta p
T

= O
(√

s
NN

RHIC/
√

s
NN

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 theoretical predictions proves narrower at the LHC than at RHIC, reflecting the

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

of x [13]3.
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Figure 7. Nuclear production ratio Rγ
dAu

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

(right) in p–Pb collisions at
√

s
NN

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

and HKN nPDF sets.

3.4 Scale dependence

As discussed in section 2.1, collinearly factorized pQCD cross sections depend on the renor-

malization and factorization scales, which all are of the order of the photon p
T
. In the

absolute cross sections the sensitivity to these scales reflects the uncertainty which results

from terminating the perturbation series at a certain order, and thus neglecting the higher-

order corrections (here, NNLO and beyond). In the nuclear modification ratio Rγ
dAu

, such

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

corrections RA
i (x,M2) (Eq. (2.3)) do depend on the factorization scale M , also Rγ

dAu
may

exhibit some dependence on M . To quantify this theoretical uncertainty, the nuclear mod-

ification ratio of prompt photon production at mid-rapidity has been computed using the

EPS09 set and varying all scales, µ = M = MF from p
T
/2 to 2p

T
, as was done also in the

calculation of the absolute cross section in section 3.1. As shown in Fig. 8 at the RHIC

and LHC energies, the predictions show very little scale dependence. More importantly,

the scale dependence proves much smaller than the current uncertainties in the nuclear

modifications of the PDFs; see the band in Fig. 2.

3In addition, larger scales are probed at the LHC, Q2
∣∣
LHC

∼ 4 × Q2
∣∣
RHIC

. This is however a rather

moderate effect since the EPS09 gluon nPDF ratios do not exhibit a strong Q2-dependence at large x [13].
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Prompt γ production at forward rapidities

We have also studied whether the planned forward calorimeter in
ALICE could provide further constraints for the nPDFs:
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Charged hadron yield in p+p

Data/NLO ratios with different FFs for high
√
s data
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Fragmentation Functions

Charged hadron FFs for gluons:
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Large diffenrences in gluon FFs
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