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Parton Distribution Functions (PDFs)

Collinear Factorization framework

dσpp→k+X =
∑

i,j,X′

fi(x,Q
2)⊗ fj(x,Q2)⊗ dσ̂ij→k+X

′
+O(1/Q2)

fi(x,Q
2) determined through global analysis:

[from K.J. Eskola]
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Nuclear PDFs

PDFs modified in nuclear collisions ⇒ Nuclear PDFs (nPDFs)

fAi (x,Q2) = RAi (x,Q2) · fNi (x,Q2)

Nuclear modifications RAi (x,Q2) also from global analysis
Here we use EPS09 nPDFs with the error sets
[Eskola, Paukkunen, Salgado JHEP 04 (2009) 065]
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Gluon modification poorly constrained in present fits
More constraints from prompt photon data?
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Spatially dependent nPDFs

We have published also spatially dependent nPDF sets, e.g. EPS09s
[I.H, Eskola, Honkanen, Salgado JHEP 07 (2012) 073]

1 Assume a power series from for rAi (x,Q2, s):

rAi (x,Q2, s) = 1 +

n∑

j=1

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

2 Use A dependence of EPS09
to get values for cij(x,Q

2)
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4 Outcome: Spatially
dependent nPDFs
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p+Pb collisions at the LHC
Transverse Momentum Distribution and Nuclear Modification Factor of Charged . . . 5
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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

←−
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Prompt photon production

Prompt photons consists of two components:

Direct photon production
e.g. Compton scattering

Calculated from pQCD
Provides a direct probe to
the gluon PDFs
Naive LO approximation:

x2 ∼ 2pT√
s

e−y

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

Calculated with non-perturbative
fragmentation functions
Carries a fraction of the parent
partons momenta

pγT = z · ppT ,
typically 〈z〉 ∼ 0.5

Two components experimentally indistinguishable
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Direct vs. fragmentation photons

The relative contribution from direct and fragmentation

At mid-rapidity
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In NLO the division scale dependent
At low pT the fragmentation photons dominate
Similar behaviour in mid- and forward rapidities
We use BFGII FFs for photons and CTEQ6.6 or CT10 proton
PDFs
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Isolated photons

Isolation cut reduce the background from hadronic decays:
Reject photons which have

∑
EhadT > EmaxT inside a cone

∆R =
√

(∆η)2 + (∆φ)2

Isolation cut reduces also fragmentation photons
⇒ Isolated photons more sensitive to smaller x valuesin a wide range of xT corresponding to a wide kinematical coverage of photon ET , rapidity and

collision energy. This is to be contrasted with similar systematics studies [24] that indicate clear
data–NLO deviations for the inclusive-γ production in the E706 results at fixed-target energies.

Tx
-310 -210 -110 1

da
ta

 / 
NL

O

0

0.5

1

1.5

2

2.5  production:γIsolated-
 = 2.76,7 TeVsLHC: pp 

 = 1.96 TeVs pTevatron: p
 = 1.8 TeVs pTevatron: p

 = 630 GeVs pS, Tevatron: ppSp
 = 546 GeVs pS: ppSp
 = 200 GeVsRHIC: pp 

JETPHOX 1.3
NNPDF2.1

 γ
T

 = p
R,F,FF

µ

Figure 10: Summary plot for the data/theory ratios for all collider isolated-photon data considered in this
analysis, as a function of x

T
= 2Eγ

T
/
√

s. For each system, the NLO prediction used is the one obtained with
the central PDF replica of the NNPDF2.1 set. The error bars indicate the total experimental uncertainty.

In Table 1 we quote the average χ2 over all replicas between each one of the datasets and the
NLO calculations. As one can see, for a large majority of cases the agreement is quite good, while
in a few cases the χ2 obtained is rather poor (χ2 " 1). The total initial χ2 of all the systems
considered is χ2 = 1.3, while after reweighting it decreases to χ2

rw = 1.1 for the whole dataset.
This global result confirms at the quantitative level that there is a good agreement between NLO
pQCD and the experimental results measured at all collider energies.

Looking in more detail, it is worth noticing that for those few systems which are not well
reproduced by NLO pQCD, there are always other measurements1 covering similar (

√
s,Eγ

T
,yγ)

domains with a good χ2. This fact indicates that in such cases the problem is not likely re-
lated to the theoretical prediction but of experimental origin. In other words, the issue is not
data–theory compatibility but rather and inconsistency problem between measurements covering
the same kinematics. Note that in the cases where the χ2 is poor, the reweighted χ2

rw is only
slightly better, which confirms that the data are not consistent with the theory even after refitting.
To quantify better this effect, we can make use of the probability distribution for the rescaling
variable α discussed in Sect. 3.2. The last column of Table 2 lists the mean value of the P(α)
distribution2, Eq. (5), for all systems. In Fig. 11 we show the P(α) distribution for those systems

1The only exception to this are two UA1 measurements at 546 GeV (Fig. 4) for which the large χ2 is just driven
by a single outlier data-point at the highest Eγ

T
measured.

2It is easy to check that if the underlying distribution is a χ2 distribution, the mean value of P(α) is given by

15

Good agreement with
NLO pQCD and data in
wide range of

√
s

[d’Enterria, Rojo Nucl.Phys.
B860 (2012) 311-338]
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x2 sensitivity at mid-rapidity

The inclusive NLO cross section of prompt photons for p+Pb
collisions, calculated using JETPHOX 1.3.1_1 (µ = pT )
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The LO direct component follows the naive expectation

x2 ∼
2pT√
s

e−y ≈ 7 · 10−4

some spread due to a finite pT and η interval
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x2 sensitivity at mid-rapidity

The inclusive NLO cross section of prompt photons for p+Pb
collisions, calculated using JETPHOX 1.3.1_1 (µ = pT )
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NLO corrections introduce more channels (e.g. 2→ 3)
⇒ Contribution also from higher x2 values
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x2 sensitivity at mid-rapidity

The inclusive NLO cross section of prompt photons for p+Pb
collisions, calculated using JETPHOX 1.3.1_1 (µ = pT )
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The peak is shifted to higher x2 due to the z < 1

Large contribution from higher x2 values from the fragmentation
component
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x2 sensitivity at mid-rapidity

The inclusive NLO cross section of prompt photons for p+Pb
collisions, calculated using JETPHOX 1.3.1_1 (µ = pT )
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Fragmentation component dominant in this kinematical region
Contribution to total inclusive NLO prompt photon cross section
from a broad range of x2
How much does isolation suppress the fragmentation component?
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x2 distribution and isolation criteria

The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (µ = pT )
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Same result as before but now with linear scale in dσγ

For inclusive photons σγdir
σγtot
≈ 0.17

Workshop on Saturation Signals, Utrecht 23.10.2013 11/20 I. Helenius (JYFL)



x2 distribution and isolation criteria

The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (µ = pT )
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For EmaxT = 4 GeV we have σγdir
σγtot
≈ 0.28
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x2 distribution and isolation criteria

The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (µ = pT )
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Further suppression with smaller EmaxT

For EmaxT = 2 GeV we have σγdir
σγtot
≈ 0.43

Small increase of the direct NLO contribution with isolation
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x2 distribution in forward rapidities

The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (µ = pT )
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Forward rapidities probe smaller x2 values
Large contribution from larger x2 values due to fragmentation

For inclusive photons σγdir
σγtot
≈ 0.21
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x2 distribution in forward rapidities

The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (µ = pT )
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Isolation suppresses the fragmentation in large x2 region

For EmaxT = 4 GeV we have σγdir
σγtot
≈ 0.30
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x2 distribution in forward rapidities

The NLO cross section of prompt photons for p+Pb collisions,
calculated using JETPHOX 1.3.1_1 (µ = pT )
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Even with EmaxT = 2 GeV some contribution also from larger x2

For EmaxT = 2 GeV we have σγdir
σγtot
≈ 0.44
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RpPb at mid-rapidity

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

NLO (with INCNLO)
[I.H., K.J. Eskola, H. Paukkunen JHEP 1305 (2013) 030]

Linear scale in pT Logarithmic scale in pT
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Some scale dependence in pT < 5 GeV
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RpPb at forward rapidities

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

NLO (with INCNLO) [I.H., K.J. Eskola, H. Paukkunen work in progress]
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Very rapid scale evolution in RpPb

g (x,Q2) from NLO DGLAP
⇒ No factor 2 suppression even at the lowest pT
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RpPb 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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Estimated errors of the same order than in the EPS09 nPDFs
⇒ Not clear how much the data could reduce the uncertainty
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Isolated RpPb?

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

NLO [I.H., K.J. Eskola, H. Paukkunen work in progress]
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⇒ Isolated RpPb closer to RpPb with direct component only
Work in progress...
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Centrality dependent RpPb at y = 0

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

classes in NLO (with INCNLO) [I.H., K.J.E., H.P. JHEP 1305 (2013) 030]
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Nuclear effects stronger in central collisions than in peripheral
collisions
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Centrality dependent RpPb at y = 4.5

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

centrality classes in NLO (with INCNLO) Work in progress
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Larger suppression than at y = 0 for pT < 20 GeV
⇒ Centrality dependence more apparent
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Prompt γ production in Pb+Pb

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

different centrality classes in NLO [JHEP 1305 (2013) 030]
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⇒ Comparison ok
Note smaller nPDF
uncertainties than in
CMS paper [Phys.Lett.
B710 (2012) 256-277]
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Summary & Outlook

Summary
The prompt photons have a large contribution from
fragmentation component at low pT

Isolation cut suppresses the fragmentation contribution
⇒ Isolated photons probe smaller x2 values in p+Pb collisions
We expect slightly more suppression for isolated photon RpPb

than for inclusive photons
Centrality dependence more apparent at forward rapidities

Outlook
Calculate the RpPb for isolated photons at mid- and forward
rapidities
Publish our results for particle production at forward rapidities
(during this year?)
New nPDF fit with the p+Pb data?
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p+Pb collisions at the LHC

Charged particle yield in p+Pb:
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Work in progress

Nuclear modification factor:
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ratio RpPb

⇒ RpPb not sensitive to FFs

Workshop on Saturation Signals, Utrecht 23.10.2013 I. Helenius (JYFL)



Centrality classes

Optical Glauber Model
Probability for inelastic collision

pABinel(b) ≈ 1− e−TAB(b)σNNinel

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, σNNinel = 70 mb

0

5

10

15

20

25

30

35

40

0 1 2 3 4 5 6 7 8 9 10

0-20% 60-80%

2π
b
pp

P
b

in
el
(b
)
[f
m
]

b [fm]

σNN
inel = 70 mb

b1 [fm] b2 [fm] 〈Nbin〉
0-20% 0.0 3.471 14.24
20-40% 3.471 4.908 11.41
40-60% 4.908 6.012 7.663
60-80% 6.012 6.986 3.680
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π0 production in p+Pb at y = 0

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

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

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

centrality classes in NLO (with INCNLO) [Work in progress]
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More suppression at small pT than at y = 0
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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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Contribution to dσ from broad x2 range also at forward rapidities
[Work in progress]
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Prompt γ production in Au+Au at y = 0

RAuAu for prompt γ at
√
sNN = 200 GeV 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 < 4 GeV/c contribution from thermal photons also
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