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Introduction

Large Hadron Electron Collider (LHeC) [CDR: arXiv:1206.2913]

I LHC proton/ion beam + new e± accelerator
I Ep = 7TeV (corresponds to EPb = 2.76TeV), Ee = 60GeV
I Synchronous p+p and e+p (A+A and e+A) operation

I e+p: 16 · 1033 cm−2s−1 (post-CDR)
I e+A(per nucleon): 5 · 1031 cm−2s−1 (updated: few ·1032 cm−2s−1)

I Further in the future: FCC-he (Ep = 50TeV, Ee = 60GeV)
I e+p: 9 · 1033 cm−2s−1, e+Pb: 9 · 1032 cm−2s−1
LHeC: Linac-Ring option

14N. Armesto, 

Post CDR CDR

Future of CERN: LHeC, FCC: 2. LHeC, FCC-he

Luminosity per nucleon (CDR)

[from N. Armesto]
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Deep inelastic scattering (DIS)

I Kinematics:
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Figure 1: The kinematics of the deep inelastic neutrino scattering from a nu-
cleon.
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Invariant variables

Q2 = −q2

x =
Q2

2 p · q
y =

p · q
p · k

Cross section

dσDIS

dxdQ2
=

4πα2
EM

Q4

1

x

[
xy2F1(x,Q

2) + (1− y)F2(x,Q
2)
]

I Measured structure functions Fi(x,Q2) can be directly related to
parton distribution functions (PDFs)

I Also other interesting (non-inclusive) measurements in e + p/A!
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Nuclear PDFs

I Structure functions modified in nuclear collisions:
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Nuclear PDFs in the beginning of the LHC era

Hannu Paukkunen

Department of Physics, University of Jyväskylä, P.O. Box 35, FI-40014, Finland
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Abstract

The status of the global fits of nuclear parton distributions (nPDFs) is reviewed. In addition
to comparing the contemporary analyses of nPDFs, difficulties and controversies posed by the
neutrino-nucleus deeply inelastic scattering data is overviewed. At the end, the first dijet data
from the LHC proton+lead collisions is briefly discussed.

1. Introduction

The experimental evidence for the appearance of non-trivial nuclear modifications in hard-
process cross sections is nowadays well known. The “canonical” example is the deeply inelastic
scattering (DIS), in which the ratio σ("±+nucleus)/σ("±+deuteron) displays the typical pattern of
nuclear effects [1]: small-x shadowing, antishadowing, EMC-effect, and Fermi motion. A cartoonic
picture is shown in Fig. 1. The central theme in the global analyses of nuclear parton distributions

Figure 1: Typical nuclear effects seen in the DIS measurements.

fA
i (nPDFs), is to find out whether, and to what extent (in which processes, in which kinematic

conditions) such effects can be interpreted in terms of standard collinear factorization [2, 3], for
example, in the case of DIS,

σ!+A
DIS =

∑

i

fA
i (µ2

fact)︸ ︷︷ ︸
nuclear PDFs, obey
the usual DGLAP

⊗ σ̂!+i
DIS(µ

2
fact, µ

2
ren)︸ ︷︷ ︸

usual pQCD
coefficient functions

+ O (1/Qn) , (1)

Email address: hannu.paukkunen@jyu.fi (Hannu Paukkunen)

Preprint submitted to Nuclear Physics A April 10, 2014

[from H. Paukkunen]

I Modifications absorbed into process independent nuclear PDFs:

fAi (x,Q
2) = RAi (x,Q

2)fi(x,Q
2)

I Global DGLAP analyses (EPS09, DSSZ, nCTEQ, HKN07)
I Test factorization of nuclear effects
I Provide the nuclear modifications RAi (x,Q

2)
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Kinematic coverage

I DIS, DY and inc. hadrons:

10
-5
10
-4
10
-3
10
-2
10
-1

1

0.1

1.0

10

100
Drell-Yan

SLAC DIS

NMC & EMC DIS

PHENIX
0
=0.0

BRAHMS h
-
=2.2

BRAHMS h
-
=3.2

2
[G
eV

2
]

I Brahms data not included to fits
I Lower Q2 cut varies between

analyses (EPS09 cut shown)

I Neutrino DIS:

I Included only to DSSZ so far
I Provides flavor separation
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Kinematic coverage

I DIS, DY and inc. hadrons:
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I Brahms data not included to fits
I Lower Q2 cut varies between

analyses (EPS09 cut shown)

I Comparison to proton PDF fits:
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[arXiv:1410.8849]
I Much broader reach due to

HERA and LHC data
I p+Pb data will improve

kinematic reach of nPDF
analyses
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Kinematic coverage

I DIS, DY and inc. hadrons:
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I Brahms data not included to fits
I Lower Q2 cut varies between

analyses (EPS09 cut shown)

I The expected coverage of LHeC:
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I LHeC data would provide a huge
improve for the kinematic reach!

I e+A much cleaner measurement
than p+A
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Kinematic coverage

I DIS, DY and inc. hadrons:
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I Brahms data not included to fits
I Lower Q2 cut varies between

analyses (EPS09 cut shown)

The expected coverage of FCC-eA:

Ax

8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1
)2

 (
G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Pb(2750)+e(60)208

Pb(19700)+e(60)208

Pb(19700)+e(175)208

(x)2
sat,Pb

Q

Present
DIS+DY

I Further extension of kinematics
I Large electron energy requires

large acceptance
(here 1◦ for the electron)
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Uncertainties in the current nPDF fits
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[nCTEQ arXiv:1509.00792 [hep-ph]]

I nCTEQ15 analysis provides
somewhat larger uncertainties
[A. Kusina on Wednesday at 11:40]

I Recent p+Pb data from LHC
constrains nPDFs mostly at x > 0.01

I See e.g. [arXiv:1512.01528 [hep-ph]]

⇒ No significant improvements at
small-x from present LHC data
I direct γ at large η would help

[JHEP 1409 (2014) 138]

Questions

I Are the small-x uncertainties realistic
(no direct constraints x . 0.01)?

I Impact of the LHeC data?
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Functional forms

The fit function in EPS09:

REPS09(x) =





a0 + (a1 + a2x) (e
−x − e−xa) x ≤ xa

b0 + b1x+ b2x
2 + b3x

3 xa ≤ x ≤ xe
c0 + (c1 − c2x) (1− x)−β xe ≤ x ≤ 1

(power-law parametrization of A-dependence at xa, xe, and x→ 0)

[from H. Paukkunen]

I Very little freedom at small x — need to extend this for LHeC
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Functional forms

More flexible form
I Replace the small-x part with

R(x ≤ xa) = a0 + a1(x− xa)2

+
√
x(xa − x)

[
a2 log

(
x

xa

)
+ a3 log

2

(
x

xa

)
+ a4 log

3

(
x

xa

)]

[from H. Paukkunen]

I The bias at small x should be significantly reduced
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The fit framework

Baseline setup

I New, more flexible, small-x behaviour
I Same data as in EPS09 (DIS, DY, inclusive π0)
I CTEQ 6.6 proton PDFs
I Flavour-independent nuclear modifications at Q0 = 1.3 GeV

I NLO cross sections
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[from H. Paukkunen]I No control at small-x due to lack of data
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The fit framework

Baseline setup

I New, more flexible, small-x behaviour
I Same data as in EPS09 (DIS, DY, inclusive π0)
I CTEQ 6.6 proton PDFs
I Flavour-independent nuclear modifications at Q0 = 1.3 GeV

I NLO cross sections
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[from H. Paukkunen]I Scale evolution decreases the uncertainties
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Impact of LHeC data

How to study impact of new data

1. Generate ”pseudodata” corresponding the expected measurement
2. Add the pseudodata to global analysis on top of existing data
3. Perform a re-analysis and compare the results

LHeC pseudodata [Max Klein]

I Samples of neutral current DIS reduced cross section in e+p & e+Pb

σreduced =
xQ4

2πα2
EMY+

d2σDIS

dxdQ2
where Y+ = 1 + (1− y)2

were generated in the kinematic window
I 10−5 < x < 1
I 2 < Q2 < 105GeV2

I Nuclear modifications from EPS09
I Realistic fluctuations assuming Lep = 10 fb, LePb = 1 fb (per nucleon)
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Impact of the LHeC data

I The baseline fit without the LHeC data
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[H. Paukkunen, preliminary]

I The error bands hugely exceed the expected data uncertainties
I The offset between the data and fit at large-x due to “optimal”

normalization factor f ∼ 1.1 for the data (new baseline 6= EPS09)
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Impact of the LHeC data

I The fit with the LHeC data
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[H. Paukkunen, preliminary]

I Drastic reduction of nPDF-originating uncertainties when LHeC data
is included!
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Impact of the LHeC data

I Impact to the nPDF uncertainties
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[H. Paukkunen, preliminary]

I Significant reduction of small-x uncertainties for gluons and sea quarks

I Scale evolution shrinks the gluon uncertainties further
I Estimated precision would substantially improve the accuracy of

pQCD baseline for LHC and FCC heavy-ion physics at pT & 3 GeV/c

DIS2016 12.4.2016 13/17 I. Helenius (Lund U.)



Impact of the LHeC data

I Impact to the nPDF uncertainties
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[H. Paukkunen, preliminary]

I Significant reduction of small-x uncertainties for gluons and sea quarks
I Scale evolution shrinks the gluon uncertainties further

I Estimated precision would substantially improve the accuracy of
pQCD baseline for LHC and FCC heavy-ion physics at pT & 3 GeV/c
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Impact of the LHeC data

I Impact to the nPDF uncertainties

0.2

0.6

1.0

1.4

10
-5

10
-4

10
-3

10
-2

10
-1

0.2

0.6

1.0

1.4

10
-5

10
-4

10
-3

10
-2

10
-1

10
-5

10
-4

10
-3

10
-2

10
-1

0.2

0.6

1.0

1.4

10
-5

10
-4

10
-3

10
-2

10
-1

10
-5

10
-4

10
-3

10
-2

10
-1

x

Rvalence
(Pb)

x

Rsea
(Pb)

x

Rgluon
(Pb)

R
i
(x
,Q

2
=
1
0
G
eV

2
)

P
b

Baseline LHeC

[H. Paukkunen, preliminary]

I Significant reduction of small-x uncertainties for gluons and sea quarks
I Scale evolution shrinks the gluon uncertainties further
I Estimated precision would substantially improve the accuracy of

pQCD baseline for LHC and FCC heavy-ion physics at pT & 3 GeV/c
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Small-x physics

I Linear QCD-evolution leads to large number of gluons at small x
I Breakdown at high densities ⇒ saturation?
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s ∝ A1/3x−0.3 ⇒ saturation

more pronounced at large A

Inclusive hadrons in p+Pb (NLO):
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I Hard to be sensitive to small-x
physics in p+Pb
(direct γ at η > 3 should help)

⇒ LHeC should be sensitive to saturation physics especially with e+A
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Jets in e+A

I Photoproduction of jets: direct and resolved (γ PDFs) processes
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I Large ET jets also in e+A
I Useful to study parton dynamics and photon structure
I Not all theoretical uncertainties considered yet
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Hadronization in nuclear medium

I LHeC provides clean environment to study hadron production with
nuclear target (”cold nuclear matter”)

I Low energy:
I hadronization happens inside
the nuclear medium

I pre-hadronic absorbtion?

I High energy:
I hadronization happens
outside the nuclear medium

I partonic evolution inside the
medium

●altered in the nuclear medium.

I Benchmark for hadron production in A+A and p+A
I See Phys.Rev. D81 (2010) 054001 for medium modified FF analysis
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Summary

Nuclear PDFs
I Data constraining current nPDF fits quite limited in kinematic reach
I Small-x uncertainties much larger than in the current parametrization

I Small-x enhancement allowed by the data (theoretically unfavored)
I Global analyses should reflect the data, not fitters physical intuition!

I Recent p+Pb data from LHC will improve fits at x & 0.01

I LHeC would provide very precise data down to x ∼ 10−5

I Study constraints for flavor dependence from charged-current data

Other e+A physics

I Clean environment to study small-x phenomena such as saturation
I Photoproduction of jets can be used to study photon (nuclear) PDFs
I Cold nuclear matter effects to hadron production
+ Topics not covered here (Diffraction, Vector Mesons, . . . ) that would

be useful to unravel saturation and to determine nuclear GPDs
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Recent nPDF analyses
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Vector Meson (VM) production

I The t-differential cross-section of exclusive diffractive VM production
can be related to impact parameter
⇒Transverse profile of hadron/nucleus can be extracted

hadron

virtual photon
b

I Also sizable saturation effects
expected
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Elastic VM production

I Coherent VM production:

Figure 4.31: Diagrams illustrating the di↵erent types of exclusive di↵raction in the nuclear
case: coherent (plot on the left) and incoherent (plot on the right). While the diagrams
have been drawn for the case of exclusive vector meson production, they equally apply to
an arbitrary di↵ractively produced state.

multiple nucleons [276,357]. Previous experimental data on exclusive production from nuclei
exist [406,407], but are limited in both kinematic range and precision.

There is one aspect of di↵raction which is specific to nuclei. The structure of incoherent
di↵raction with nuclear break-up (eA!eXY ) is more complex than with a proton target,
and it can also be more informative. In the case of a target nucleus, we expect the following
qualitative changes in the t-dependence. First, the low-|t| regime of coherent di↵raction
illustrated in Fig. 4.31 left, in which the nucleus scatters elastically and remains in its
ground state, will be dominant up to a smaller value of |t| (about |t| = 0.05 GeV2) than in
the proton case, reflecting the larger size of the nucleus. The nuclear dissociation regime
(incoherent case), see Fig. 4.31 right, will consist of two parts: an intermediate regime in
momentum transfer up to perhaps |t| = 0.7 GeV2, where the nucleus will predominantly
break up into its constituent nucleons, and a large-|t| regime where the nucleons inside
the nucleus will also break up, implying - for instance - pion production in the Y system.
While these are only qualitative expectations, it is crucial to study this aspect of di↵raction
quantitatively in order to complete our understanding of the transverse structure of nuclei.

Fig. 4.32 shows the di↵ractive cross sections for exclusive J/ production o↵ a lead
nucleus with (b-Sat) and without (b-NonSat) saturation e↵ects. The figure shows both the
coherent and incoherent cross sections. According to both models shown, the cross section
for t ⇠ 0 is dominated by coherent production, whereas the nuclear break-up contribution
becomes dominant for |t| >⇠ 0.01 GeV2, leading to a relatively flat t distribution. The
coherent cross section exhibits a characteristic multiple-dip structure at these relatively
large t values, the details of which are sensitive to gluon saturation e↵ects. Resolving these
dips requires a clean separation between the coherent and nuclear break-up contributions,
which may be possible with su�cient forward instrumentation. In particular, preliminary
studies suggest that the detection of neutrons from the nuclear break-up in the Zero Degree
Calorimeter (Subsec. 13.3) reduces the incoherent backgrounds dramatically. Assuming that
it is possible to obtain a relatively clean sample of coherent nuclear di↵raction, resolving
the rich structure at large t should be possible based on the measurement of the transverse
momentum of the elastically produced J/ according to t = �p2

T (J/ ). The resolution on
the t measurement is thus related to that on the J/ by �t = 2

p�t �pT (J/ ), amounting
to �t < 0.01 GeV2 throughout the range shown in Fig. 4.32 assuming �pT (J/ ) < 10 MeV,
as has been achieved at HERA. The pseudodata for the coherent process shown in the figure
are consistent with this resolution and correspond to a modest integrated luminosity of order
10 pb�1.

Independently of the large |t| behaviour, important information can be obtained from the
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Predictions available showing
large saturation ⇒

I Incoherent VM production:

Figure 4.31: Diagrams illustrating the di↵erent types of exclusive di↵raction in the nuclear
case: coherent (plot on the left) and incoherent (plot on the right). While the diagrams
have been drawn for the case of exclusive vector meson production, they equally apply to
an arbitrary di↵ractively produced state.

multiple nucleons [276,357]. Previous experimental data on exclusive production from nuclei
exist [406,407], but are limited in both kinematic range and precision.

There is one aspect of di↵raction which is specific to nuclei. The structure of incoherent
di↵raction with nuclear break-up (eA!eXY ) is more complex than with a proton target,
and it can also be more informative. In the case of a target nucleus, we expect the following
qualitative changes in the t-dependence. First, the low-|t| regime of coherent di↵raction
illustrated in Fig. 4.31 left, in which the nucleus scatters elastically and remains in its
ground state, will be dominant up to a smaller value of |t| (about |t| = 0.05 GeV2) than in
the proton case, reflecting the larger size of the nucleus. The nuclear dissociation regime
(incoherent case), see Fig. 4.31 right, will consist of two parts: an intermediate regime in
momentum transfer up to perhaps |t| = 0.7 GeV2, where the nucleus will predominantly
break up into its constituent nucleons, and a large-|t| regime where the nucleons inside
the nucleus will also break up, implying - for instance - pion production in the Y system.
While these are only qualitative expectations, it is crucial to study this aspect of di↵raction
quantitatively in order to complete our understanding of the transverse structure of nuclei.

Fig. 4.32 shows the di↵ractive cross sections for exclusive J/ production o↵ a lead
nucleus with (b-Sat) and without (b-NonSat) saturation e↵ects. The figure shows both the
coherent and incoherent cross sections. According to both models shown, the cross section
for t ⇠ 0 is dominated by coherent production, whereas the nuclear break-up contribution
becomes dominant for |t| >⇠ 0.01 GeV2, leading to a relatively flat t distribution. The
coherent cross section exhibits a characteristic multiple-dip structure at these relatively
large t values, the details of which are sensitive to gluon saturation e↵ects. Resolving these
dips requires a clean separation between the coherent and nuclear break-up contributions,
which may be possible with su�cient forward instrumentation. In particular, preliminary
studies suggest that the detection of neutrons from the nuclear break-up in the Zero Degree
Calorimeter (Subsec. 13.3) reduces the incoherent backgrounds dramatically. Assuming that
it is possible to obtain a relatively clean sample of coherent nuclear di↵raction, resolving
the rich structure at large t should be possible based on the measurement of the transverse
momentum of the elastically produced J/ according to t = �p2

T (J/ ). The resolution on
the t measurement is thus related to that on the J/ by �t = 2

p�t �pT (J/ ), amounting
to �t < 0.01 GeV2 throughout the range shown in Fig. 4.32 assuming �pT (J/ ) < 10 MeV,
as has been achieved at HERA. The pseudodata for the coherent process shown in the figure
are consistent with this resolution and correspond to a modest integrated luminosity of order
10 pb�1.

Independently of the large |t| behaviour, important information can be obtained from the
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Energy denpendence of coherent VM
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Figure 4.33: Energy dependence of the coherent photoproduction of the J/ on a proton
and di↵erent nuclei in the forward case t = 0 according to the b-Sat model. The cross
sections are normalised by a factor 1/A2, corresponding to the dependence on the gluon
density squared if no nuclear e↵ects are present.

from the b-Sat model (Fig. 4.33). Therefore, a precise measurement of the J/ cross section
around t = 0 is an invaluable source of information on the gluon density and in particular
on non-linear e↵ects.

Another region of interest is the measurement at larger |t|, |t| >⇠ 0.15 GeV2. Here the
reaction is fully dominated by the incoherent processes in which the nucleus breaks up.
The shadowing or saturation e↵ects should be stronger in this region than in the coherent
case [375] and the shape of the di↵ractive cross section should be only weakly sensitive
to nuclear e↵ects [357]. Finally, the intermediate region between |t| ⇠ 0.01 GeV2 and
|t| ⇠ 0.1 GeV2 is also very interesting because here the barely known gluonic nuclear e↵ects
can be studied.

Searching for the Odderon

Exclusive processes in photoproduction and DIS o↵er unique sensitivity to rare exchanges
in QCD. One prominent example is that of exclusive pseudoscalar meson production, which
could proceed via the exchange of the Odderon. The Odderon is the postulated Reggeon
which is the C-odd partner of the Pomeron. The exchange of an Odderon should contribute
with di↵erent signs to particle-particle and particle-antiparticle scattering. Therefore, in the
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Uncertainties in the current nPDF fits

Comparison between different fits:

[Nucl.Phys.A926 (2014) 24-33]

I nCTEQ analysis provides somewhat larger uncertainties
[Talk by A. Kusina on Wednesday at 11:40 (WG1)]

I Recent p+Pb data from LHC constrains nPDFs mostly at x > 0.01

I e.g. high-pT jets [Nucl.Phys. A931 (2014) 331-336]
⇒ No significant improvement at small values of x

I Fairly small uncertainties in the unconstrained region
I Impact of the LHeC data?
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Charged hadron production

I Nuclear modification factor at forward rapidities for charged hadrons
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I Data induces tension in global analysis
I NLO calculation agree with the d+Au spectra but not with the p+p

baseline
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