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What the nPDFs are?
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Based on the collinear factorization of QCD:

dσAB→k+X Q�ΛQCD
=

∑

i,j,X′

fAi (Q2)⊗ dσ̂ij→k+X′
(Q2)⊗ fBj (Q2) + O(1/Q2)

The coefficient functions dσ̂ij→k+X′
are

calculable from perturbative QCD. . .

PDFs are universal, process independent,
and obey the DGLAP equations

Q2 ∂f
A
i

∂Q2
=

∑

j

Pij ⊗ fAj

. . . but the parton distribution functions fAi , f
B
j

contain long-range physics and cannot be obtained
by perturbative means

For a nucleus A, one can decompose

fAi (x,Q2) = Z

bound-proton PDF

f
p/A
i (x,Q2)+(A−Z)

bound-neutron PDF

f
n/A
i (x,Q2),

and assume fp/A
i

isospin←→ f
n/A
j

How do we get the fp/A
i ?

Physical models: too numerous to cite here – ’Everybody’s Model is Cool’

Extract from lattice: not an easy task [see M. Constantinou, Thu 15:30]

Fit to data: parametrize the x- and A-dependence – the global analysis approach This talk!



. . . and what they are not!
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Not the complete picture of nuclear structure!

Can be generalized to include

Transverse-momentum dependence (TMD)
I connection to CGC

[see P. Taels, Sun 18:55]

Impact-parameter dependence (GPD)
I connection to exclusive processes

[see A. Soto-Ontoso, Fri 17:20]

Double-parton correlations (DPD)
I connection to multi-parton interactions

[see J. Gaunt, Wed 18:05]

Their polarization-dependent counterparts

. . . etc.

This talk will only discuss the unpolarized,
collinearly factorized nPDFs

[fig. from R. Boussarie, IS2019]



Section 1

What have we learned so far?



Pre-LHC analyses
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[IS2013: H. Paukkunen, Nucl.Phys.A 926 (2014) 24]

Fixed-target DIS and DY data had established
the basic picture of:

EMC suppression and antishadowing for valence quarks

Small-x shadowing and no antishadowing for sea quarks

! Not possible to parametrize all flavours independently : Simplifying assumptions

For gluons the situation was even more difficult:

Direct constraints only from RHIC inclusive pion production

Could be described also with nuclear effects in fragmentation functions (nFF : DSSZ)

antishadowing

EMC effect shadowing

RA
i (x,Q

2) = f
p/A
i

bound-proton PDF
(x,Q2) / fp

i
free-proton PDF

(x,Q2)



Enter the LHC: Dijets at 5.02 TeV
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[CMS Collaboration, Phys.Rev.Lett. 121 (2018) 062002]

and the corresponding pPb results, are available in the
Supplemental Material [57], which includes Refs. [14,15,
18,58,59]. In order to construct an observable that is
relatively insensitive to the pp PDF calculation [41], the
ratios of the pPb and pp reference distributions, individu-
ally normalized to one, are chosen. This assumption was
tested by comparing the NLO spectra ratio in pQCD
calculations with CT14 and MMHT14 PDFs [60]. The
shape of the ratios of the pPb and pp distributions in data
are compared with NLO pQCD calculations based on the
EPS09 and DSSZ nPDFs in Fig. 2. In addition, in Fig. 3,
the ratio of the pPb=pp ηdijet distributions in data is
compared also to that from calculations based on the
nCTEQ15 and EPPS16 nPDFs, for 115 < pave

T <
150 GeV. The ratios of pPb and pp data are seen to
deviate significantly from unity in the small (EMC) and
large (shadowing) ηdijet regions. In the interval ηdijet < −1,
which is sensitive to the gluon EMC effect, NLO pQCD
calculations with EPS09 nPDF match the data at the edge
of the theoretical uncertainty, while the calculations with
DSSZ nPDF, where no gluon EMC effect is present in the
global fit, overpredict the data.
The differences between data and the various NLO

pQCD calculations with nPDFs in the interval ηdijet<−1
are quantified by comparing the two distributions with a χ2

test, taking into account the point-to-point correlations
from the nPDFs. The uncertainties from data are taken to be
uncorrelated point to point. For 115 < pave

T < 150 GeV,
the p values from the test are 0.19, < 10−8, and < 10−8 for
the EPS09, DSSZ, and nCTEQ15 nPDFs, respectively.
Across the full pave

T range, the p values for EPS09 range
from 0.19 to 0.95, whereas the p values for the DSSZ and

nCTEQ15 nPDFs are never larger than 0.015. This shows
that, with a p-value cutoff of 0.05, the data are incompatible
with the DSSZ and nCTEQ15 nPDFs, but not incompatible
with EPS09. This supports the interpretation of the RHIC
pion data by the EPS09 nPDF, in which the modification
of the pion spectra gives rise to the gluon EMC effect.
The data also show smaller shadowing, antishadowing, and
EMC effects than what is implemented in the nCTEQ15
PDF set. The results are consistent with EPPS16 with
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FIG. 2. Ratio of pPb to pp ηdijet spectra compared to NLO pQCD calculations with DSSZ [18] and EPS09 [14] nPDFs, using CT14
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the NLO pQCD calculations of DSSZ [18], EPS09 [14],
nCTEQ15 [15], and EPPS16 [16] nPDFs, using CT14 [58] as
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PHYSICAL REVIEW LETTERS 121, 062002 (2018)

062002-4

Double ratio convenient for:

Cancellation of hadronization
and luminosity uncertainties
separately for pPb and pp

I do not expect strong
final-state effects

I should resolve the nPDF
vs. nFF debate

Cancellation of free-proton
PDF uncertainties in pPb/pp

Ratio of ratios: Rnorm.
pPb =

d2σpPb/dpave
T dηdijet

dσpPb/dpave
T

/
d2σpp/dpave

T dηdijet

dσpp/dpave
T
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NLO pQCD:
Good resolution to gluon
nuclear modifications for
10−3 < x < 0.5



Dijets at 5.02 TeV – EPPS16 reweighted
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[Eskola, PP & Paukkunen, Eur.Phys.J.C 79 (2019) 511]
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A Hessian PDF reweighting study shows that these data can put
stringent constraints on the gluon modifications

Drastic reduction in EPPS16 gluon uncertainties

Support for mid-x antishadowing and small-x shadowing

Probes the onset of shadowing down to x > 10−3

Remaining questions:

Is there EMC suppression for gluons?

What happens at x < 10−3?

probed region
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D-mesons at 5.02 TeV – differences in theoretical descriptions
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Figure 5. Nuclear modification factor RpPb as a function of pT for prompt D0 meson production
in the (left) backward data and (right) forward data, integrated over the common rapidity range
2.5 < |y∗| < 4.0 for pT < 6GeV/c and over 2.5 < |y∗| < 3.5 for 6 < pT < 10GeV/c. The uncertainty
is the quadratic sum of the statistical and systematic components. The CGC predictions marked
as CGC1 [67] and CGC2 [68] are only available for the forward region.
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[LHCb Collaboration, JHEP 10 (2017) 090]
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[Eskola, Helenius, PP & Paukkunen, JHEP 05 (2020) 037]

Data can probe nPDFs down to x ∼ 10−5, but x sensitivity differs between theoretical approaches:

The HELAC framework [Lansberg & Shao, EPJ C77 (2017) 1] uses a matrix-element fitting method
with 2→2 kinematics producing a narrow distribution in x (can be used also for quarkonia)

The SACOT-mT scheme [Helenius & Paukkunen, JHEP 1805 (2018) 196] of GM-VFNS NLO pQCD
gives a much wider x-distribution due to taking into account the gluon-to-HQ fragmentation



D-mesons at 5.02 TeV – nPDFs reweighted
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[Eskola, Helenius, PP & Paukkunen, JHEP 05 (2020) 037]
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[Kusina, Lansberg, Schienbein & Shao, PRL 121 (2018) 052004,
fig. from arXiv:2012.11462]

HELAC

RpPb mostly insensitive to the differences

: Reweighting with the two methods give
compatible results for RPb

g

see the refs. for comparison with
POWHEG+PYTHIA, FONLL

Large reduction in small-x uncertainties,
probed down to x ∼ 10−5

EPPS16 and nCTEQ15 brought to a
closer mutual agreement

Striking similarity with the results with dijets

: Supports the validity of collinear
factorization in pPb and the
universality of nPDFs

I further confirmation possible from
forward photons [N. Novitzky, Thu 17:50],
low-mass DY & W/Z-bosons



D-mesons at 8.16 TeV – do we have tension?
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HELAC

:

[Eskola, Helenius, PP & Paukkunen, unpublished]
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QM2019 LHCb summary talk:

“Tension between data and nPDFs predictions. Additional effects required.”

: Theoretical description matters, HELAC predicts much smaller nPDF uncertainties for RFB

than SACOT-mT!

The slope of the 8.16 TeV data still differs from that in nPDF predictions and in 5.02 TeV data

: How can we explain the difference?



W/Z bosons in pPb at 5.02 TeV and 8.16 TeV [see also Y. Go, Mon 17:00]
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Clean probes of the initial stage:

ud̄→W+, dū→W− (flavour separation)

qq̄ → Z (strangeness)

Remember: small-x, high-Q2 quarks and gluons correlated by
DGLAP evolution : constraints for gluons

Increased statistics in the 8.16 TeV data set

: Included in nNNPDF2.0 and nCTEQ15WZ

In PbPb model dependency from nuclear overlap function 〈TAA〉
[see I. Helenius, Mon 17:45]

[Abdul Khalek, Ethier, Rojo & van Weelden, JHEP 09 (2020) 183][Phys.Lett.B 800 (2020) 135048]

:



W/Z bosons in pPb at 5.02 TeV and 8.16 TeV – impact in nNNPDF2.0
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Flexible neural-network parametrization
(256 free parameters)

Includes CMS and ATLAS W/Z data

Compared to DIS-only fit:

Preference for EMC effect both in
u and d

Enhanced shadowing for all quarks

Some preference for gluon
shadowing & antishadowing

nNNPDF2.0 does not use fixed-target
DY data

: W/Z data have to compensate for
this

[Abdul Khalek, Ethier, Rojo & van Weelden, JHEP 09 (2020) 183]

Here:

RA
f (x,Q

2) =
Zf

p/A
f

(x,Q2)+(A−Z)f
n/A
f

(x,Q2)

Zf
p
f

(x,Q2)+(A−Z)fn
f

(x,Q2)



W/Z bosons in pPb at 5.02 TeV and 8.16 TeV – impact in nCTEQ15WZ
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Includes also ALICE & LHCb W/Z data

: Most extensive EW-boson data set to date

Compared to nCTEQ15:

Additional freedom for s needed to describe the data
I much larger uncertainty

Less gluon shadowing
I still consistent with the forward (& backward) D-mesons (?)

[Kusina et al., Eur.Phys.J.C 80 (2020) 968]



Section 2

What do we still need to learn?



Flavour separation remains hard to constrain
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Most nuclei are close to isoscalar

: Nearly equal amout of u and d quarks

For example, we can write

fA
uV

= RA
uV+dV

(
1− A− 2Z

A
AA

uV−dV

)
A

2
(fp

uV
+ fp

dV
)

fA
dV = RA

uV+dV

(
1 +

A− 2Z

A
AA

uV−dV

)
A

2
(fp

uV
+ fp

dV
)

where

RA
uV+dV =

f
p/A
uV + f

p/A
dV

fp
uV + fp

dV

AA
uV−dV =

f
p/A
uV − f

p/A
dV

f
p/A
uV + f

p/A
dV

and neutron excess A− 2Z

A
≈ 0.2 for Pb

: Need high-precision data on non-isoscalar nuclei
to constrain the asymmetry

Important for studying the physical origin of
the EMC effect
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Flavour separation remains hard to constrain also for sea quarks
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Most nuclei are close to isoscalar

: Nearly equal amout of ū and d̄ quarks

Here

fA
ū = RA

ū+d̄

(
1− A− 2Z

A
AA

ū−d̄

)
A

2
(fp

ū + fp

d̄
)

fA
d̄ = RA

ū+d̄

(
1 +

A− 2Z

A
AA

ū−d̄

)
A

2
(fp

ū + fp

d̄
)

with

RA
ū+d̄ =

f
p/A
ū + f

p/A

d̄

fp
ū + fp

d̄

AA
ū−d̄ =

f
p/A
ū − fp/A

d̄

f
p/A
ū + f

p/A

d̄

Flavour separation only a small correction
: Most HIC observables insensitive to it

I Relief for phenomenology

I Curse for fitters
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How strange are the nuclei?
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Strangeness very difficult to constrain already for free-proton fits
: Some analyses use dimuon νA-DIS as a constraint

Z-boson production has significant ss̄ contribution
: Any help from the 8.16 TeV data?

W+charm measured in pp, doable in pPb?

1

1 Introduction
The study of associated production of a W boson and a charm (c) quark at hadron colliders
(hereafter referred to as W + c production) provides direct access to the strange-quark content
of the proton at an energy scale of the order of the W-boson mass (Q2⇠(100 GeV)2) [1–3]. This
sensitivity is due to the dominance of sg!W�+ c and sg!W+ + c contributions at the hard-
scattering level (Fig. 1). Recent work [4] indicates that precise measurements of this process
at the Large Hadron Collider (LHC) may significantly reduce the uncertainties in the strange
quark and antiquark parton distribution functions (PDFs) and help resolve existing ambiguities
and limitations of low-energy neutrino deep-inelastic scattering (DIS) data [5]. More precise
knowledge of the PDFs is essential for many present and future precision analyses, such as
the measurement of the W-boson mass [6]. An asymmetry between the strange quark and
antiquark PDFs has also been proposed as an explanation of the NuTeV anomaly [5], making
it crucial to measure observables related to this asymmetry with high precision.

W + c production receives contributions at a few percent level from the processes dg!W�+ c
and dg ! W+ + c, which are Cabibbo suppressed [7]. Overall, the W� + c yield is expected
to be slightly larger than the W+ + c yield at the LHC because of the participation of down
valence quarks in the initial state. A key property of the qg ! W + c reaction is the presence
of a charm quark and a W boson with opposite-sign charges.

s ,

c

c

_

g

Wd
_

s ,

c

c
_

g

W+_
d
_

Figure 1: Main diagrams at the hard-scattering level for associated W + c production at the
LHC.

The pp ! W + c + X process is a sizable background for signals involving bottom or top
quarks and missing transverse energy in the final state. Particularly relevant cases are top-
quark studies and third-generation squark searches. Measurements of the pp ! W + c + X
cross section and of the cross section ratio s(pp!W + c-jet + X)/s(pp!W + jets + X) have
been performed with a relative precision of about 20–30% at the Tevatron [8–10] hadron collider
using semileptonic charm hadron decays.

We present a detailed study of the pp! W + c + X process with the Compact Muon Solenoid
(CMS) detector, using a data sample corresponding to a total integrated luminosity of 5 fb�1

collected in 2011 at a center-of-mass energy of 7 TeV. We measure the total cross section and
the cross section ratio R±

c = s(W+ + c)/s(W� + c) using the muon and electron decay chan-
nels of the W boson. Charm-quark jets are identified within the fiducial region of transverse
momentum pjet

T > 25 GeV and pseudorapidity |hjet| < 2.5 using exclusive hadronic, inclusive
hadronic, and semileptonic decays of charm hadrons. Furthermore, the cross section and the
R±

c ratio are measured as a function of the pseudorapidity of the lepton from the W decay, thus
probing a wide range in the Bjorken x variable, which at leading order can be interpreted as
the momentum fraction of the proton carried by the interacting parton.

This paper is organized as follows: the CMS detector is briefly described in Section 2 and the

[A. Baty, Thu 17:50;
CMS PAS HIN-18-003]



A-dependence of gluon modifications
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EPPS16 + pPb D-mesons

Direct gluon constraints available only for heavy nuclei (pPb dijets, D-mesons)

: Gluons and small-x quarks poorly constrained for lighter nuclei

: Significant parametrization dependence

How confidently can we interpolate the light-nuclei gluons from measurements at large A?

SMOG@LHCb [S. Belin, Sun 16:05] and RHIC (e.g. pAl) can help for the large x

: Need for lighter-ion pA runs! [see also: Opportunities of OO and pO collisions at the LHC, 4-10 February 2021]



Higher orders – the pursue for NNLO
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Several NNLO analyses appeared over the past years

KA15 [PRD 93 (2016) 014026] (NC DIS, DY)

nNNPDF1.0 [EPJ C79 (2019) 471] (NC DIS)

TuJu19 [PRD 100 (2019) 096015] (NC DIS, CC ν-DIS)

KSASG20 [arXiv:2010.00555] (NC DIS, CC ν-DIS)

Limited currently to fixed-target data

: No direct gluon constraints

: Large uncertainties / parametrization dependence

Future prospects:
Public codes available for DY/W/Z at NNLO

For hadronic observables NNLO calculations exist,
but no public codes yet available

[Walt, Helenius & Vogelsang, Phys.Rev.D 100 (2019) 096015]



Limits of applicability – large and small x
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[Segarra et al., arXiv:2012.11566]

[Bonvini & Marzani, JHEP 06 (2018) 145]

Large x subject to target-mass and higher-twist corrections

Do these have sizable effect? (Yes)

Can we still get a good fit with traditional nPDFs? (Yes)

Any need for isospin-dependent modifications? (No)

[Paukkunen & Zurita, Eur.Phys.J.C 80 (2020) 381]

[Segarra et al., arXiv:2012.11566]

Expect gluon density to saturate at small x

When does the simple DGLAP picture break down?

What experimental signatures do we need?
[see M. van Leeuwen, Mon 17:00]

Small-x corrections already in the linear phase (BFKL)

Do these become important before saturation kicks in?

: Many opportunities for the EIC & LHeC



Summary
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What have we learned so far?

Quarks (on average) experience EMC suppression, antishadowing and shadowing

Strong evidence from LHC (both hadronic & EW probes) for gluon shadowing & antishadowing

I Lot of activity by different groups to include LHC data in their analyses

What do we still need to learn?

Flavour separation and strangeness remain difficult to constrain

A-dependence of gluons not known

Where are the limits of collinear factorization / DGLAP picture?

Other areas of (future) progress:

Pushing for NNLO precision

Including small-x resummation

Multi-dimensional distributions (kT, bT dependence)

Can we put limits on what are the physical causes of the nuclear modifications?



Thank you!
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