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Why nuclear PDFs?

Nucleus is not an ensemble of Z free protons and
A-Z free neutrons.
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Fig. 2. Differential production cross sections for W+ → μ+νμ (top) and W− →
μ−νμ (bottom), as a function of the muon pseudorapidity in the centre-of-mass 
frame. The small horizontal lines represent the statistical and systematic uncertain-
ties summed in quadrature, whereas the error bars show the statistical uncertainties 
only. The global integrated luminosity uncertainty of ±3.5% is not shown. The NLO 
calculations with CT14 PDF, and CT14+EPPS16 and CT14+nCTEQ15 nPDFs, are also 
displayed, including their 68% confidence interval PDF uncertainty bands. The bot-
tom panels show the ratio of data, CT14+EPPS16 and CT14+nCTEQ15 with respect 
to CT14.

using the CT14 [2] proton PDF. Also shown are two calcu-
lations that include nuclear modifications in the PDF, based 
on the nCTEQ15 [28] and EPPS16 [25] nPDF sets (labelled as 
CT14+nCTEQ15 and CT14+EPPS16, respectively). Both EPPS16 and 
nCTEQ15 are Hessian NLO nPDF sets, but the former includes more 
measurements in the fit (containing LHC EW boson [13,23,24] and 
dijet [53] data), as well as more free parameters (20 for EPPS16, 
17 for nCTEQ15). In addition, nuclear modifications of valence 
and sea quarks are allowed to be different in EPPS16 for up and 
down quarks, while nCTEQ15 assumes flavour independence for 
the sea quarks. The nPDF uncertainties are propagated using the 
PDF4LHC recommendations for Hessian nPDF sets as prescribed in 
Ref. [1]. As can be seen in Fig. 2, the predicted CT14+nCTEQ15 
and CT14+EPPS16 cross sections are systematically below the cal-
culation using CT14 PDF at large positive muon rapidities be-
cause of the depletion of the antiquark PDF in nuclei at small 
x = (MW/

√
sNN) exp(−yW) � (MW/

√
sNN) exp(−η

μ
CM) ≈ 10−3. Con-

versely, the predicted cross sections from calculations including 
nPDF modifications are above those using CT14 PDF in the nega-
tive rapidity region, because of the slight quark antishadowing at 

large x ≈ 0.1. When compared to data, all theoretical calculations 
reproduce the measurement at backward rapidity within uncer-
tainties, while at forward rapidity the calculations including nPDF 
effects appear to be favoured.

The muon forward-backward ratios, defined as N±
μ(+η

μ
CM)/

N±
μ(−η

μ
CM) for both positive and negative muons, are compared 

in the upper panel of Fig. 3 to the CT14 PDF, and CT14+EPPS16 
and CT14+nCTEQ15 nPDF calculations. These observables probe the 
ratio of the nuclear modifications of the quark PDFs in the Pb nu-
cleus from small to large x values. The results for muons of both 
charges favour the predictions including nuclear modifications over 
the free-proton PDF calculations. Based on the precision of the ex-
perimental results, the measurements provide constraints on both 
the CT14+EPPS16 and CT14+nCTEQ15 nPDF sets, especially in the 
proton-going region (small x).

The yields of positively and negatively charged muons are fur-
ther combined to measure the forward-backward ratio for all 
muons Nμ(+η

μ
CM)/Nμ(−η

μ
CM). This observable has a couple of ad-

vantages compared to N±
μ(+η

μ
CM)/N±

μ(−η
μ
CM): it is less sensitive 

to the quark content in the proton and nuclei, and it has bet-
ter statistical precision. The results for this asymmetry are pre-
sented in the right panel of Fig. 3, and they strongly deviate 
from the CT14 PDF predictions, favouring the CT14+nCTEQ15 and 
CT14+EPPS16 nPDF sets. Moreover, the experimental uncertainties 
are significantly smaller than the theoretical nPDF uncertainties. 
Consequently, these measurements could constrain the quark and 
antiquark distributions in nuclei, and will be valuable inputs for 
global fits to the data.

The muon charge asymmetry, defined as A ≡ (N+
μ − N−

μ)/(N+
μ +

N−
μ), reflects the differences in the production of W+ and W−

bosons. Fig. 4 shows the measurement of the muon charge asym-
metry as a function of ημ

CM compared to the mcfm [52] predictions 
calculated using CT14 PDF alone and including nuclear modifica-
tions described by the EPPS16 and nCTEQ15 nPDFs. All calculations 
reproduce the present measurements within uncertainties in the 
entire muon η range, including when the CT14 proton PDF set is 
used, because nuclear modifications of the PDFs mostly cancel in 
this quantity.

The tension between data and theoretical calculations reported 
at negative muon η in pPb collisions at 

√
sNN = 5.02 TeV [13] is 

not observed in the present measurements. The present use of the 
CT14 proton PDF set decreases the value of the charge asymmetry 
compared to the predictions based on CT10 in Ref. [13]. Moreover, 
the theoretical uncertainties are also enlarged in the EPPS16 nPDF 
sets and the theoretical calculations using the CT14+EPPS16 nPDF 
sets agree better with the measurements at 

√
sNN = 5.02 TeV, 

as compared to the EPS09 nPDF sets used in the analysis at √
sNN = 5.02 TeV. It has been shown in Ref. [54] that the mea-

surements of the lepton charge asymmetry at different collision 
energies (

√
s′) are simply related by a shift in the lepton pseudo-

rapidity, A(ηl, 
√

s′) = A(ηref, 
√

s), where ηref = ηl + ln(
√

s/
√

s′) if 
ηl > 0 and ηref = ηl − ln(

√
s/

√
s′) if ηl < 0. The result of this shift 

is shown in Fig. 5, demonstrating that the present results and the 
measurements performed at 

√
sNN = 5.02 TeV [13] obey this scal-

ing property.
The agreement between data and theoretical calculations is 

quantified through a χ2 test performed for each observable taking 
into account both experimental (including luminosity) and theo-
retical uncertainties and their bin-to-bin correlations, obtained fol-
lowing the prescription for Hessian PDF sets [55] and rescaled to 
68% confidence intervals. The results of the χ2 test and the dof 
of each observable are shown in Table 2. The CT14+EPPS16 and 
CT14+nCTEQ15 nPDF predictions prove compatible with the data, 
while the CT14 PDF calculations do not describe the measurements 
well. These experimental results thus provide for the first time 

6 The CMS Collaboration / Physics Letters B 800 (2020) 135048

Fig. 3. Forward-backward ratios, N±
μ(+η

μ
CM)/N±

μ(−η
μ
CM), for the positively (left) and negatively (middle) charged muons, and the forward-backward ratio for muons of both 

signs, Nμ(+η
μ
CM)/Nμ(−η

μ
CM) (right), as a function of ημ

CM. The small horizontal lines represent the statistical and systematic uncertainties summed in quadrature, whereas 
the error bars show the statistical uncertainties only. The NLO calculations with CT14 PDF, CT14+EPPS16 nPDF, and CT14+nCTEQ15 nPDF, are also displayed, including their 
68% confidence interval PDF uncertainty bands.

clear evidence of the nuclear modification of quark PDFs from the 
measurements of EW boson production in nuclear collisions. Bin-
to-bin correlations have been found to have a large impact on the 
obtained χ2 values, especially from nPDF uncertainties in the NLO 
calculations, which are strongly correlated inside each of the shad-
owing (positive ημ

CM) and antishadowing (negative ημ
CM) regions, 

and anticorrelated between these two regions.
Furthermore, the possible sources of differences between data 

and the (n)PDFs are investigated. In the Hessian representation, 
a central PDF is given along with error sets, each of which cor-
responds to an eigenvector of the covariance matrix in parameter 
space [56]. The values of χ2/dof corresponding to the compatibility 
between the cross section measurements and the calculations us-
ing each of the individual sets of CT14, nCTEQ15, and EPPS16 (57, 
33 and 41 error sets, respectively) have been determined. Fig. 6
shows the distribution of the χ2/dof values for the central and er-
ror sets. The χ2/dof values obtained are for individual sets, thus ig-
noring theoretical uncertainties and their correlations. While most 
of the EPPS16 individual sets lead to a good agreement with data 
(with χ2/dof around unity), only those nCTEQ15 sets that exhibit 
the smaller quark shadowing at small x are more compatible with 
the data, yet with χ2/dof � 2. All CT14 PDF sets lead to a nar-
row distribution centred around χ2/dof � 3, because of the strong 
constraints imposed by the large experimental data sets used to 
extract them. The current measurements of W± boson production 
in pPb collisions will permit further constraints on the quark and 
antiquark nPDFs and the amount of quark shadowing in the nuclei.

4. Summary

A study of W± boson production in pPb collisions at a nucleon-
nucleon centre-of-mass energy of 

√
sNN = 8.16 TeV is reported, 

using the muon decay channel for muons with transverse mo-
menta greater than 25 GeV/c and for absolute values of the pseu-
dorapidity in the laboratory frame |ημ

lab| < 2.4. The differential 
production cross sections for positively and negatively charged 
W → μνμ decays, the muon charge asymmetry, and the muon 
forward-backward ratios, are measured as functions of the muon 
pseudorapidity in the centre-of-mass frame, in the range −2.86 <
η

μ
CM < 1.93.

The measurements are compared to theoretical predictions 
from both proton parton distribution functions (PDFs) (CT14) and 
nuclear PDF (CT14+EPPS16 , CT14+nCTEQ15) sets. The cross sec-
tions and the forward-backward asymmetries exhibit significant 
deviations from the CT14 prediction, revealing nuclear modifica-
tions of the PDFs unambiguously for the first time in the pro-
duction of electroweak bosons in nuclear collisions. Both the 

Fig. 4. Muon charge asymmetry, (N+
μ − N−

μ)/(N+
μ + N−

μ), as a function of the muon 
pseudorapidity in the centre-of-mass frame. The small horizontal lines represent the 
statistical and systematic uncertainties summed in quadrature, whereas the error 
bars show the statistical uncertainties only. The NLO calculations with CT14 PDF, 
CT14+EPPS16 nPDF, and CT14+nCTEQ15 nPDF, are also displayed, including their 
68% confidence interval PDF uncertainty bands.

CT14+EPPS16, and the CT14+nCTEQ15 calculations show a good 
overall agreement with the data, with the measurements favour-
ing the former nPDF set. In the latter case, only the individual sets 
that exhibit the smallest nuclear PDF modifications at small val-
ues of x (in the shadowing region) turn out to be compatible with 
experimental measurements. The small experimental uncertainties 
allow for a significant reduction in the current uncertainties on the 
quark and antiquark nuclear PDFs in the range 10−3 � x � 10−1.
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New data in nNNPDF3.0
Data in nNNPDF2.0:

NC and CC DIS structure functions for a range of nuclei

inclusive gauge boson production in p-Pb collisions at LHC

Two group of new measurements in nNNPDF3.0:

1 DIS and fixed-target DY involving D and Cu targets

2 LHC data from p-Pb collision

Process Dataset ndat Nucl. spec. Theory

NC DIS

NMC 96 123/260 2D/p APFEL

SLAC 91 38/211 2D APFEL

BCDMS 89 250/254 2D APFEL

Fixed-target DY
FNAL E866 15/15 2D/p APFEL

FNAL E605 85/119 64Cu APFEL

Collider DY

ALICE W± , Z (5.02 TeV) 6/6 208Pb MCFM

LHCb Z (5.02 TeV) 2/2 208Pb MCFM

ALICE Z (8.16 TeV) 2/2 208Pb MCFM

CMS Z (8.16 TeV) 36/36 208Pb MCFM

Dijet production CMS p–Pb/pp (5.02 TeV) 84/84 208Pb NLOjet++

Prompt photon production ATLAS p–Pb/pp (8.16 TeV) 43/43 208Pb MCFM

Prompt D0 production LHCb p–Pb/pp (5.02 TeV) 37/37 208Pb POWHEG
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Gray edge: new in nNNPDF3.0

extended coverage at small-x (D meson data) and high Q (photon and dijets
data)

kinematic cuts: Q2 ≥ 3.5 GeV2, W 2 ≥ 12.5 GeV2

nNNPDF2.0: 1476 datapoints, nNNPDF3.0: 2188 datapoints
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Treatment of D meson production data

We consider in a coherent manner the constraints of the LHCb D-meson data both on
the proton and nuclear PDFs while keeping track of their correlation

LHCb measurements of D0 meson production in pPb collisions at
√
s = 5.02 TeV

RpPb(yD
0
, pD

0

T ) =
dσpPb(yD

0
, pD

0

T )

dyD0dpD
0

T

/
dσpp(yD

0
, pD

0

T )

dyD0dpD
0

T

D0, D+, D+
s meson production in pp collisions at 7 and 13 TeV into the proton

PDF baseline

Npp
X (yD, pDT ) ≡ dσpp (X TeV)

dyDdpDT

/
dσpp (X TeV)

dyDrefdp
D
T

No public interface for the computation of fast interpolation tables
→ multi-stage Bayesian reweighting procedure to include these data
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Methodology

Six independent nPDF of a proton bound in a nucleus with atomic mass number A

xΣ(p/A)(x,Q0) = xαΣ (1− x)βΣNNΣ(x,A) ,

xT
(p/A)
3 (x,Q0) = xαT3 (1− x)βT3 NNT3

(x,A) ,

xT
(p/A)
8 (x,Q0) = xαT8 (1− x)βT8 NNT8 (x,A)

xV (p/A)(x,Q0) = BV (A)xαV (1− x)βV NNV (x,A) ,

xV
(p/A)
3 (x,Q0) = BV3

(A)xαV3 (1− x)βV3 NNV3
(x,A) ,

xg(p/A)(x,Q0) = Bg(A)xαg (1− x)βgNNg(x,A) ,

parameterization valid from A = 1 (free proton) to A = 208 (lead)

Hyperparameters (NN architecture, optimizer, learning rate ...) determined
through automated hyperoptimization (backup slides)

distributions for bound neutrons obtained assuming isospin symmetry

average bound nucleon N within nucleus A defined as

f (N/A)(x,Q) =
Z

A
f (p/A)(x,Q) +

(A− Z)

A
f (n/A)(x,Q)
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Free-proton PDF fit

• NNPDF3.1 methodology; • NNPDF4.0 dataset (no nuclear data)

Reweighting

LHCb prompt D-meson pro-
duction pp Npp

7 and Npp
13

Free-proton baseline for

nNNPDF30 nlo as 0118

Free-proton baseline for

nNNPDF30 nlo as 0118 noLHCbD

Nuclear PDF fit

• hyperoptimisation settings; • nNNPDF3.0 dataset;
• extended boundary constraint x ∈ [10−6, 0.7]

Reweighting

LHCb prompt D0-meson
production pPb/pp RpPb

Release

nNNPDF30 nlo as 0118

Release

nNNPDF30 nlo as 0118 noLHCbD

Fit Nrep = 500Fit Nrep = 1500

Unweighting Nrep = 250

Fit Nrep = 250, 1000

Fit Nrep = 4000

Unweighting Nrep = 200
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nNNPDF3.0, no D-meson data
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differences due to i) new data involving D, Cu and Pb targets ii) different
boundary condition iii) automated optimization of model parameters

bigger small-x uncertainties (due to new boundary condition)

impact of W and Z LHC data visible in ū and d̄, impact of D and Cu data in s+
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R
(A)
f (x,Q) ≡ f (N/A)(x,Q)

Z
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reduced (increased) small-x shadowing in the quark (gluon) nPDFs

increased gluon anti-shadowing peaking at x ∼ 0.2 (dijets cross-sections in pPb)
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Impact of D-meson data
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D-meson data both on the proton and nuclear PDFs while keeping track of their

correlation → the impact on the ratio R
(A)
f is expected to be more marked as

compared to that restricted to the lead PDFs.
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A-dependence of nuclear modifications
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nuclear modification well constrained for lead (LHC data)

few point available for silver, no points for A = 31 (average atomic mass number
of Earth matter)

largest uncertainties for A = 108, being far from both A = 1 (proton boundary
condition) and A = 208 (pPb data from LHC)
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Comparison with other results
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Good agreement between different groups, with few exceptions:

strength of gluon small-x shadowing and large-x anti-shadowing

strangeness nuclear modification

large-x behaviour of nuclear antiquarks
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Summary

we have presented a new set of nPDF based on an extensive dataset

new hyperoptimized methodology and updated boundary condition

coverage on small-x and high Q2 regions from D-meson and dijets data

D-meson data included consistently in both proton baseline and nuclear fit

we deliver two variants with and without D-meson data

TO DOs:

move to NNLO QCD

simultaneous fit of proton and nuclear PDFs
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Fit quality
nNNPDF3.0 (no LHCb D) nNNPDF3.0

Dataset A ndat χ2/ndat χ2/ndat

FNAL Drell-Yan E605 (*) 64Cu 85 0.82 0.85

FNAL Drell-Yan E886 (*) 2d/1p 15 1.04 1.16

ATLAS Z
√
s = 5.02 TeV 208Pb 14 0.91 0.93

CMS Z
√
s = 5.02 TeV 208Pb 12 0.6 0.6

CMS W− √s = 5.02 TeV 208Pb 10 1.02 1.07

CMS W+ √s = 5.02 TeV 208Pb 10 1.11 1.08

CMS W− √s = 8.16 TeV 208Pb 24 0.72 0.73

CMS W+ √s = 8.16 TeV 208Pb 24 0.77 0.8

ALICE Z
√
s = 5.02 TeV (*) 208Pb 2 0.14 0.14

ALICE W− √s = 5.02 TeV (*) 208Pb 2 0.18 0.18

ALICE W+ √s = 5.02 TeV (*) 208Pb 2 2.55 2.54

LHCb Z
√
s = 5.02 TeV (*) 208Pb 2 0.9 0.9

CMS Z
√
s = 8.16 TeV (*) 208Pb 36 2.49 2.49

ALICE Z
√
s = 8.16 TeV (*) 208Pb 2 0.02 0.03

Total Drell-Yan 240 1.08 1.11

CMS dijet pPb
√
s = 5.02 TeV 208Pb 85 [13.6] [13.96]

CMS dijet pPb/pp
√
s = 5.02 TeV(*) 208Pb 84 1.81 1.75

ATLAS photon pPb
√
s = 8.16 TeV 208Pb 46 [3.33] [3.21]

ATLAS photon pPb/pp
√
s = 8.16 TeV(*) 208Pb 43 1.03 1.03

Total dataset 2151 1.11 1.09
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Free proton boundary condition

PDFs at A = 1 are fixed such that central values and uncertainties reproduce those of
a given free-proton baseline PDF.
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all datasets included in NNPDF4.0 NLO except those involving nuclear targets

extended up to x = 10−6

two variant with and without LHCb D-meson production data in pp collisions at 7
and 13 TeV are produced
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Impact of CMS dijets production at
√
s = 5.02 TeV
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for the quark singlet nPDF stronger small-x shadowing is favored

for the gluon nPDF stronger enhancement of small-x shadowing and of large-x
anti-shadowing
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Alternative observable for D0 data
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Ultra-High-energy neutrino-nucleus interactions
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Hyperparameter optimization
Find the best combination of hyperparameters through an iterative search of the
Hyperparameter space following some specific optimization algorithm.

Lhyperopt =
1

2
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χ2

tr + χ2
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nNNPDF3.0 nNNPDF2.0

Architecture [3, 25, 6] [3, 25, 6]

Weight initialisation Glorot Normal Glorot Uniform

Bias initialisation Zeros Zeros

Activation function ReLU Sigmoid

Learning rate 10−2 10−3

Optimiser Adam Adam
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A-dependence of nuclear modifications: pulls
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Figure of merit

χ2
fit = χ2

t0
+ κ2

pos + κ2
BC

with

χ2
t0

=

ndat∑
ij

(Ti −Di) (covt0 )−1
ij (Tj −Dj) ,

κ2
pos = λpos
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n
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