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 b-dependent nPDFs  
:: impact  parameter /centrality



pA dijets and nPDFs :: how successful?
• nuclear effects are small 

within the probed kinematics 
but essential to describe 
data
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Figure 3: RpPb for R = 0.4 jets in 0–90%
p

sNN = 5.02 TeV p+Pb collisions. Each panel shows the jet
RpPb at a di↵erent rapidity range. Vertical error bars and boxes around the data points represent statistical
and systematic uncertainties, respectively. The green band represents a calculation using the EPS09
nuclear parton distribution function set. The shaded gray box on left edge of the RpPb = 1 horizontal line
indicates the systematic uncertainty on TpA and the pp luminosity in quadrature.
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pA dijets and nPDFs :: how successful?H. Paukkunen et.al. / Nuclear Physics A 00 (2014) 1–4 3

3. Quantitative constraints: reweighting of EPS09

p
s

Figure 3. The preliminary CMS dijet data [11] compared to pre-
dictions with di↵erent PDFs. Figure adapted from [12].

As Figure 3 already indicated, EPS09 agrees with the
CMS data. However, to better understand what kind of
further constraints these data might provide, we invoke the
method of Hessian PDF reweighting [14, 15]: We recall
that the central set of EPS09 corresponds to a minimum of
a certain global �2-function which can be expanded in the
vicinity of the minimum as

�2{a} ⇡ �2
0 +
X

i j

(ai � a0
i )Hi j(a j � a0

j ) = �
2
0 +
X

i

z2
i . (2)

Here, ai denote the fit parameters (the best fit corresponds
to ai = a0

i ) and Hi j is the second-derivative matrix (the
Hessian matrix) which has been diagonalized in the last
step. The central PDF set S 0 corresponds to the origin of
this “z-space” and the PDF error sets S ±k are defined by
zi(S ±k ) = ±

p
��2�ik, where ��2 = 50 for EPS09. If we

were to include a new set of data into our global fit, we
would naturally add its �2-contribution on top of every-
thing else in Eq. (2). Now, as the the PDF error sets are
available we can realize this approximately by defining

�2
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i j
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⌘
,

where ydata
i are the new data points with covariance matrix Ci j. We can estimate the theory values yi[ f ] linearly by

yi
⇥
f
⇤ ⇡ yi [S 0] +

X

k

@yi[S ]
@zk

����
S=S 0
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2

zkp
��2
, (3)

and, in this way, �2
new becomes a quadratic function of the variables zi and it has a well-defined minimum denoted here

by zi = zmin
k . The corresponding set of PDFs f new

i (x,Q2) can be computed by

f new
i (x,Q2) ⇡ f S 0

i (x,Q2) +
X

k

f S +k
i (x,Q2) � f S �k

i (x,Q2)
2
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��2
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After finding the minimum, one can also construct the new error sets similarly as sketched above.

Figure 4. Left-hand panel: The EPS09 nuclear modification RG(x,Q2 = 1.69 GeV2) before and after the reweighting with CMS p+Pb dijet data.
Right-hand panel: As the left-hand panel but giving the dijet data an extra weight of 10.
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• EPS09 successful, others not 
[note anti-shadowing in EPS]

Paukkunen, Eskola, Salgado :: 1408.4563 [hep-ph]

Nuclear Physics A 00 (2014) 1–4
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Abstract

We present a perturbative QCD analysis concerning the production of high-pT dijets in p+Pb collisions at the LHC. The next-to-
leading order corrections, scale variations and free-proton PDF uncertainties are found to have only a relatively small influence on
the normalized dijet rapidity distributions. Interestingly, however, these novel observables prove to retain substantial sensitivity to
the nuclear e↵ects in the PDFs. Especially, they serve as a more robust probe of the nuclear gluon densities at x > 0.01, than e.g.
the inclusive hadron production. We confront our calculations with the recent data by the CMS collaboration. These preliminary
data lend striking support to the gluon antishadowing similar to that in the EPS09 nuclear PDFs.

Keywords: Nuclear parton distributions, dijets, PDF reweighting

1. Introduction

Figure 1. Comparison of nuclear modifications for gluon
PDFs RPb

G (x,Q) ⌘ glead(x,Q)/gproton(x,Q) as obtained in
di↵erent fits. Figure adapted from [12].

The gluon parton distribution functions (PDFs) in heavy nu-
clei are not particularly well constrained [1, 2]. Before the nu-
clear collisions at the LHC, one of the very few available data di-
rectly sensitive to the nuclear gluons at perturbative scales were
from inclusive pion production in deuteron+gold collisions at
RHIC [3, 4]. These data were included into the EPS09 [5] global
fit of nuclear PDFs (nPDFs) and gave rise to the antishadow-
ing and EMC-e↵ect for gluons shown in Figure 1 (similar re-
sults have been recently obtained by the nCTEQ collaboration
[6]). However, one can interpret the nuclear modifications seen
in the RHIC pion data also as being due to nuclear e↵ects in the
parton-to-pion fragmentation functions [7] and hence reproduce
the RHIC pion data practically without any nuclear modifications
in the gluon PDFs. This viewpoint was adopted in the DSSZ [8]
global fit of nPDFs. Finally, if all the pion data are left out, the
gluons remain very weakly constrained and more fit parameters have to be fixed by hand. An example of this kind
of fit is HKN07 [9]. It is this situation that the (di)jet production in the proton+lead (p+Pb) collisions at the LHC is
expected to shed light on.

Email addresses: hannu.paukkunen@jyu.fi (Hannu Paukkunen), kari.eskola@jyu.fi (Kari J. Eskola), carlos.salgado@usc.es
(Carlos Salgado)
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• impact parameter dependence of nPDFs [1205.5359] cannot account for 
large ‘centrality’ dependence of dijet η distributions

impact parameter dependence of nPDFs
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centrality is not impact parameter Particle production and centrality in p–Pb ALICE Collaboration

b (fm)
0 5 10 15

 
pa

rt
N

0

10

20

30

-610

-510

-410

-310

-210
Glauber-MC

 = 5.02 TeVNNsp-Pb 

b (fm)
0 5 10 15 20

 
pa

rt
N

0

100

200

300

400

-610

-510

-410

-310

-210
Glauber-MC

 = 2.76 TeVNNsPb-Pb 

 partN
0 10 20 30

M
ul

tip
lic

ity

0

200

400

600

-610

-510

-410

-310

-210
Glauber-MC

 = 5.02 TeVNNsp-Pb 

 partN
0 100 200 300 400

M
ul

tip
lic

ity

0

5000

10000

15000

20000

-610

-510

-410

-310

-210
Glauber-MC

 = 2.76 TeVNNsPb-Pb 

Fig. 7: Top: Scatter plot of number of participating nucleons versus impact parameter; Bottom: Scat-
ter plot of multiplicity versus the number of participating nucleons from the Glauber fit for V0A. The
quantities are calculated with a Glauber Monte Carlo of p–Pb (left) and Pb–Pb (right) collisions.

interaction:
dσinel = πdb2NN[1− e−(σsoft+σhard)TNN(bNN))] , (6)

where σsoft is the geometrical soft cross-section of 57 mb [28] related to the proton size and
σhard the energy dependent pQCD cross-section for 2→ 2 parton scatterings. Further, as in the
clan model, there is a Poissonian probability

P(nhard) =
⟨nhard⟩nhard

nhard!
e−⟨nhard⟩ (7)

for multiple hard collisions with an average number determined by bNN:

⟨nhard⟩= σhardTNN(bNN) . (8)

Hence, the biases on the multiplicity discussed above correspond to a bias on the number of hard
scatterings (nhard) and ⟨bNN⟩ in the event. The latter correlates fluctuations over large rapidity
ranges (long range correlations). As a consequence, for peripheral (central) collisions we expect
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• unlike in AA, multiplicity [or activity] not tightly correlated to Npart and Npart 
not tightly correlated to impact parameter 

• ‘centrality’ classes necessarily mix wide range of impact parameters…  

• both RHIC and LHC data show hallmarks of ‘centrality’ fuzziness 

ALICE :: 1412.6828 [nucl-ex]
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• impact parameter dependence of nPDFs [1205.5359] cannot account for 
large ‘centrality’ dependence of dijet η distributions

impact parameter dependence of nPDFs
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what is going on ?

Physics scenarios

• Alvioli et al, arxiv:1409.7381:  
• Reduction in size of proton configuration for events when a high-x parton is 

available for scattering - reduces Ncoll and multiplicity 

• Armesto et al, arxiv:1502.02986 
• Reduction in CM energy of proton, due to removal of high-x parton - reduces 

multiplicity and shifts CM rapidity 

• Bathe et al, arxiv:1408.3156 
• Reduction in gluon content of projectile proton undergoing a high-x parton-parton 

scattering - reduces multiplicity 
• Kordell & Majumder - previous talk

3

Each of these can explain aspects of existing data: 
how do we explore this experimentally?

Presence of high-xp jet is correlated  
with downward shift in Pb-going ΣET

more jets in peripheral bins,  
fewer jets in central bins

P. Steinberg [ATLAS] :: HP2015



simple proof of principle
Combining UE and hard scattering 

• The energy that goes in hard scattering from one proton in PYTHIA taken away 
from proton in HIJING 

• xPb is not taken into account in HIJING 
• Good approximation when Ncoll is large and xPb is small 

Doga Gulhan HI Jet Workshop –  9th July 2014 2 
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Event by event matching 

Centrality classes 

• ET
truth

 : Sum of pT of particles at large η from HIJING MB events 
 

• Separate in centrality classes by slicing ET
truth

     in same fractions as in data 
 

• Scale the ET
truth values with a constant so that the lower bound of highest centrality 

class in data and MC match  (e.g. Scale factor ~ 0.7 for CMS dijet measurement) 
 

• Obtain ET
raw comparable to what is measured by experiment 

Doga Gulhan HI Jet Workshop –  9th July 2014 3 

Armesto, Gulhan, Milhano:: 1502.02986 [hep-ph]



MB vs dijet eventsNcoll weighting 

Doga Gulhan HI Jet Workshop –  9th July 2014 4 

• Bias towards small impact parameter collisions with higher ET  on both sides. 
 

MB 
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�large dijet energy requirement shifts ET down 

�for low ET [peripheral] events model fails as Pb energy 
depletion becomes important to calculate activity

dijet η shift [CMS]



η dijet distributions
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RpPb [ATLAS] :: η inclusive
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�Ncoll from ATLAS [model 
dependent] :: don’t add to 
unity

RpPb [ATLAS] :: η inclusive
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�Ncoll from ATLAS [model 
dependent] :: don’t add to 
unity

�self-consistent determination of 
Ncoll [events that pass the cuts 
in in the model]adds to unity

RpPb [ATLAS] :: η inclusive

NOTE: ‘centrality’ determination from only Pb side



�excellent overall description [Ncoll from ATLAS] 

��deviations on Pb side :: same model limitation as before

RpPb [ATLAS] :: ‘central’
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�deviations due to neglecting of nPDF effects [anti-shadowing] 

��proton PDFs used for both proton and nucleon from Pb

RpPb [ATLAS] :: ‘mid-central’
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�not good 

��outside ‘model’ applicability [Ncoll peaks at 1, xPb becomes 
important]

RpPb [ATLAS] :: ‘peripheral’
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physics scenarios and implementation

high-x parton in proton



physics scenarios and implementation

high-x parton in proton

depleted proton 
energy for UEsmaller proton

fewer other 
partons [gluons]

Bzdak, Skokov,Bathe 

Alvioli, Cole, Frankfurt, 
Perepelitsa, Strikman 

Armesto, Gulhan, Milhano

Kordell, Majumder
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high-x parton in proton

depleted proton 
energy for UEsmaller proton

fewer other 
partons [gluons]

alternative phrasings of same physics

implementations [and physical effects] are not independent, rather 
they should be equivalent even if phrased rather orthogonally 

• formal equivalence not straightforward to show [possibly a spurious exercise] 
• implementations SHOULD NOT, CANNOT be combined :: results should be compared
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Figure 5: Charged-particle nuclear modification factors measured by CMS in |hCM| < 1 (filled
circles), and by ALICE in |hCM| < 0.3 (open squares), are compared to the NLO pQCD pre-
diction of Ref. [53]. The theoretical uncertainty is based on the EPS09 error sets. For the CMS
measurement, the shaded band at unity and pT ⇡ 0.6 represents the uncertainty in the Glauber
calculation of hTpPbi, the smaller uncertainty band around the data points shows the fully cor-
related uncertainties and the total systematic uncertainty is shown by the larger band (see Ta-
ble 1). For the ALICE measurement, the total systematic uncertainties, excluding the normal-
ization uncertainty of 6%, are shown with open boxes.

hancement in the charged-particle production at high pT beyond NLO expectations, without
a corresponding increase in the jet RpPb [25, 26]. We note that the gluon-to-hadron fragmen-
tation functions are not well constrained in pp collisions at LHC energies [27], although such
uncertainties should largely cancel in ratios of cross sections.

5 Summary

Charged-particle spectra have been measured in pPb collisions at psNN = 5.02 TeV in the trans-
verse momentum range of 0.4 < pT < 120 GeV/c for pseudorapidities up to |hCM| = 1.8. The
forward-backward yield asymmetry has been measured as a function of pT for three bins in hCM.
At pT < 10 GeV/c, the charged-particle production is enhanced in the direction of the Pb beam,
in qualitative agreement with nuclear shadowing expectations. The nuclear modification factor
at mid-rapidity, relative to a reference spectrum interpolated from pp measurements at lower
and higher collision energies, rises above unity at high pT reaching an R⇤

pPb value of 1.3–1.4 at
pT & 40 GeV/c. The observed enhancement is larger than expected from NLO pQCD predic-
tions that include antishadowing effects in the nuclear PDFs in this kinematic range. Future
direct measurement of the spectra of jets and charged particles in pp collisions at a center-of-
mass energy of 5.02 TeV is necessary to better constrain the fragmentation functions and also
to reduce the dominant systematic uncertainties in the charged-particle nuclear modification

10 4 Results

Figure 8: The inclusive jet nuclear modification factor RpPb as a function of jet pT in
p

sNN =
5.02 TeV pPb collisions using the extrapolated pp reference. The error bars on the data points
are the statistical uncertainties and the open boxes represent the systematic uncertainties. The
shaded boxes are the systematic uncertainties due to the pp reference extrapolation. The
shaded area around RpPb = 1 represents the luminosity uncertainty in the pPb measurement.

pT dependence of charged-particle production in p–Pb collisions ALICE Collaboration
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Fig. 4: Transverse momentum dependence of the nuclear modification factor RpPb of charged particles (h±) mea-
sured in minimum-bias (NSD) p–Pb collisions at√sNN = 5.02 TeV in comparison to data on the nuclear modifica-
tion factor RPbPb in central Pb–Pb collisions at

√sNN = 2.76 TeV. The Pb–Pb data are for charged particle [9, 26],
direct photon [27], Z0 [28] and W± [29] production. All data are for midrapidity.

In Fig. 4 we compare the measurement of the nuclear modification factor for inclusive primary charged-
particle (h±) production in p–Pb collisions to that in central (0–5% centrality) Pb–Pb collisions [9, 26].
The p–Pb data demonstrate that the suppression of hadron production at high pT in Pb–Pb collisions,
understood in theoretical models as a consequence of parton energy loss in (deconfined) QCD matter
(see [9] and references therein), has no contribution from initial state effects. The ALICE p–Pb data show
no sign of nuclear matter modification of hadron production at high pT and are therefore fully consistent
with the observation of binary collision scaling in Pb–Pb of observables which are not affected by hot
QCD matter (direct photons [27] and vector bosons [28, 29])

In summary, we have extended our measurements of the charged-particle pT spectra and nuclear mod-
ification factor in minimum-bias (NSD) p–Pb collisions at √sNN = 5.02 TeV. The results, covering a
substantially-extended pT range, 0.15< pT < 50 GeV/c, exhibit, within uncertainties, no deviation from
binary collision scaling at high pT; the nuclear modification factor remains consistent with unity for
pT ! 2 GeV/c. The data at high pT are described by a prediction based on NLO pQCD calculations with
PDF shadowing and further underline our earlier observation [4] that initial state effects do not contribute
to the strong suppression of hadron production at high pT observed at the LHC in Pb–Pb collisions.
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Hard Probes in p+Pb collisions

Hard probes access the partonic structure of the nucleus.

p+Pb processes are compared to pp by:  

4

Enhancement of charged spectra at high p
T
.

suggestive of modification of jet internal structure.

arXiv:1502.05387 

Hard Probes in p+Pb collisions

Hard probes access the partonic structure of the nucleus.

p+Pb processes are compared to pp by:  

3

Inclusive jet rate in p+Pb 
collisions is only slightly 
enhanced with respect to pp.
Consistent with nPDF 
expectations. 
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� [some] data [or scaled reference] is wrong

�� personally cannot do anything about it

� [exotic] mechanism in pA produces high-pt pions [not from a jet]

�� such pions would be reconstructed as jets and show up also in 
jet spectrum

� [standard] physics is being overlooked

what is going on? [vox populi]
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� modification of hadron spectrum without modification of jet spectra can only 
originate at the hadronization stage

� hadronization not under theoretical control but successfully modelled in event 
generators

� colour reconnections are an essential prescription for description of average pt / 
low pt spectrum 

�� colour reconnections :: possibility of colour neutralization involving partons 
with different colour histories that happen to be close in (η,φ) plane

� no available [validated] pA event generator

��use pp generator with augmented UE [2÷3 times MB pp] and scrambled initial 
colour correlations

at a risk … Milhano, Wiedemann, Zapp

At hadronization stage pA and pp differ in magnitude of UE and colour 
correlations of partons 
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� what do colour reconnections have to do with high-pt ?

� hadronic multiplicity from colour neutral object dictated by its invariant mass

��high-pt hadrons originate from low invariant mass clusters/strings where high-pt 

parton retains most [or all] of its momentum

��colour neutralization of high-pt parton with low-pt parton from UE favours 
production of hard hadrons

colour reconnections and high-pt

M2
inv = pT kT [cosh (⌘p � ⌘k)� cos (�p � �k)] ⇡ pT kT R2

low UE high UE

higher invariant mass :: higher multiplicity :: softer lower invariant mass :: lower multiplicity :: harder 
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non-decaying clusters [high-pt hadrons]

M2
cut > M2

inv ⇡ pT kT R2

maximum invariant mass for non-decaying cluster

probability of soft parton from UE within R proportional to UE multiplicity

R ⇠ 1/
p
pt

for fixed UE multiplicity

PCR ⇠ 1

pt
effect dies out much slower than other power corrections
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generic effect [very difficult to argue away]

does it work ?



event generator evidence [SHERPA]

preliminary preliminary

smaller than in data but clear effect :: much more statistics needed 
[only very conservative CR considered]
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outlook
•origin of ‘centrality’ binning problems pinned down to hard+UE strong 
correlation 

•strong constraint for hard+UE pA MC :: seems worth the trouble as 
essential to access impact parameter dependence 
•a laboratory for ‘proton-size’ studies :: no clear path put forward 

•RpA meets RpA conundrum may have natural explanation 
•very difficult to argue away  
•violation of universality of FFs :: fundamental physics opportunity 
•can be checked in high multiplicity pp 
•need validated pA MC
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correlation detailed :: different estimators
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�bin migration but overall distribution unchanged

Ncoll centrality dependence
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Ncoll definitions :: 0-10%
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Ncoll definitions :: 20-30%
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Ncoll definitions :: 60-90%
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hard process / UE [‘centrality’] correlation 
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�same trend and magnitudes in data and MC  

�lowest activity [lowest Ncoll] not described :: over simplistic treatment of Pb 

�see recoil of UE [different slope for each ETp class]

with fixed proton side ET 

 LAB (GeV)Pb
TE

0 5 10 15 20 25 30 35

>
LA

B
di

je
t

η<

0

0.1

0.2

0.3

0.4

0.5

0.6

 LAB (GeV)p
TE

PYTHIA+HIJING Truth
pMatched x

 > 80 GeV/c
T

p

0 - 5
5 - 7
7 - 9
9 - 11
11 - 100

 (GeV)Pb
TE

0 5 10 15 20 25 30 35 40

>
di

je
t

η<

0

0.1

0.2

0.3

0.4

0.5

0.6

-1CMS pPb 35 nb  = 5.02 TeVNNs

 > 30 GeV/c
T,2

 > 120, p
T,1

p
/3π > 2

1,2
φ∆

All
< 5
5 - 7
7 - 9
9 - 11
> 11

 (GeV):p
TE



no CR vs CR [not colour scrambled]
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