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Modern nuclear PDF sets

EPPS21 [arXiv:2112.12462]

• Long tradition (since 90’s)
• NLO, CT18A as a baseline
• LHC data: dijets, D0 and Z,W±

nCTEQ15WZSIH [PRD 104, 094005]

• Builds upon CTEQ proton PDF
analysis

• NLO, CTEQ6-like baseline
• LHC data: π0, π±, K± and Z,W±

nNNPDF3.0 [arXiv:2201.12363]

• Based on neural networks
• NLO, NNPDF4.0-like baseline
• LHC data: dijet, D0, γ and W±, Z

TUJU21 [arXiv:2112.11904]

• Using open-source framework
(XFITTER 2.0.1N: Nuclear Daiquiri)

• NLO and NNLO, Proton baseline
fitted in the framework

• LHC data: W±, Z
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TUJU Fitting framework

Proton baseline PDF
• Use similar parametrization as in
HERAPDF2.0

xf pi (x,Q
2
0) = c0xc1(1−x)c2(1+c3x+c4x2)

• Parametrization scale
Q2
0 = 1.69 GeV2

• Kinematical cuts for data
• Q2 > 3.5 GeV2

• x < 0.7
• W2 > 12 GeV2

• Assume ū = d̄ = s̄ = s

Nuclear PDFs
• A-dependent parameters

ck(A) = ck,0 + ck,1(1− A−ck,2)

where ck,0 from proton baseline
• Same kinematical cuts for data
• For an average nucleon

fN/Ai (x,Q2) =
Zf p/Ai (x,Q2)+(A−Z)f n/Ai (x,Q2)

A

where f n/Ai using Isospin
symmetry (f n/Au = f p/Ad )

• Assume ū = d̄ = s̄ = s
3



TUJU21: Proton baseline fit

DIS data (TUJU19)
• BCDM (327 data points)
• Combined HERA (1145)
• NMC-97 (100)

EW boson data
• ATLAS DY, W±, Z (112)
• CMS W± (22)

⇒ Total: 1706 data points
Resulting χ2/Ndf

• NLO: 1.30
• NNLO: 1.24

0 1 2

/d
y

 [
p

b
]

σ
 d

0

1

2

3

4

5 -1
 L = 4.7 fb∫ = 7 TeV; s Z; →pp 

 < 66ZATLAS Data  46 < M

 uncorrelatedδ

 totalδ

Theory + shifts NLO-DIS+wz

 y 
0 1 2T

h
e
o

ry
/D

a
ta

0.9

0.95

1

1.05 0 1 2

/d
y

 [
p

b
]

σ
 d

50−

0

50

100

150

200 -1
 L = 4.7 fb∫ = 7 TeV; s Z; →pp 

 < 116ZATLAS Data  66 < M

 uncorrelatedδ

 totalδ

Theory + shifts NLO-DIS+wz

 y 
0 1 2T

h
e
o

ry
/D

a
ta

0.98

1

1.02

2 3

/d
y

 [
p

b
]

σ
 d

60−

40−

20−

0

20

40

60

80

100

120

140 -1
 L = 4.7 fb∫ = 7 TeV; s Z; →pp 

 < 116ZATLAS Data  66 < M

 uncorrelatedδ

 totalδ

Theory + shifts NLO-DIS+wz

 y 
2 3T

h
e
o

ry
/D

a
ta

0.9
0.95

1
1.05

1.1 0 1 2

/d
y

 [
p

b
]

σ
 d

0.5−

0

0.5

1

1.5

2

-1
 L = 4.7 fb∫ = 7 TeV; s Z; →pp 

 < 150ZATLAS Data  116 < M

 uncorrelatedδ

 totalδ

Theory + shifts NLO-DIS+wz

 y 
0 1 2T

h
e
o

ry
/D

a
ta

0.95

1

1.05

0 1 2

/d
y
 [

p
b

]
σ

 d

0

1

2

3

4

5 -1
 L = 4.7 fb∫ = 7 TeV; s Z; →pp 

 < 66ZATLAS Data  46 < M

 uncorrelatedδ

 totalδ

Theory + shifts NNLO-DIS+wz

 y 
0 1 2T

h
e

o
ry

/D
a

ta

1

1.05
0 1 2

/d
y
 [

p
b

]
σ

 d

50−

0

50

100

150

200 -1
 L = 4.7 fb∫ = 7 TeV; s Z; →pp 

 < 116ZATLAS Data  66 < M

 uncorrelatedδ

 totalδ

Theory + shifts NNLO-DIS+wz

 y 
0 1 2T

h
e

o
ry

/D
a

ta

0.98

1

1.02

2 3

/d
y
 [

p
b

]
σ

 d

60−

40−

20−

0

20

40

60

80

100

120

140 -1
 L = 4.7 fb∫ = 7 TeV; s Z; →pp 

 < 116ZATLAS Data  66 < M

 uncorrelatedδ

 totalδ

Theory + shifts NNLO-DIS+wz

 y 
2 3T

h
e

o
ry

/D
a

ta

0.9

0.95
1

1.05
1.1 0 1 2

/d
y
 [

p
b

]
σ

 d

0.5−

0

0.5

1

1.5

2

-1
 L = 4.7 fb∫ = 7 TeV; s Z; →pp 

 < 150ZATLAS Data  116 < M

 uncorrelatedδ

 totalδ

Theory + shifts NNLO-DIS+wz

 y 
0 1 2T

h
e

o
ry

/D
a

ta

0.95

1

1.05

• DIS data equally described with NLO and NNLO
• EW-boson data better described with NNLO fit
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Resulting proton baseline PDFs
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FIG. 2: Proton baseline PDFs in TUJU21 at NLO compared to the previous TUJU19 results, shown at the initial
scale Q2

0 = 1.69 GeV2 (upper panels) and at Q2 = 100GeV2 (lower panels) after DGLAP evolution.
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FIG. 3: Same as for Fig. 2, but at NNLO.

analysis are clearly milder. The uncertainties have now
become slightly larger for gluons and smaller for sea
quarks, but otherwise these are well consistent with our
previous analysis. Also for the valence quarks the dif-
ferences are small, with uncertainties slightly reduced.
The previously observed opposite behavior of the nuclear
modifications for uv and dv is now less pronounced. Even
though there is no significant reduction in the resulting
uncertainty bands, the mutual agreement between the
nuclear e↵ects found in our NLO and NNLO fits sug-
gests that such e↵ects are now better captured than in
the DIS-only fit.

The parameters for the input distributions for our best
fit of nPDFs are also collected in Appendix A. The error
sets, covering the allowed modifications of each parame-
ter within the quoted tolerance, are included as part of
the resulting LHAPDF grids. In case of nuclear PDFs,
the first 33 sets reflect the central result and the uncer-
tainties in the nuclear PDF fit and the last 26 quantify
the uncertainty in the underlying proton baseline analy-

sis.

C. Comparison to data

An overview of the resulting �2 values, divided by the
number of data points, Ndp, is shown in Fig. 6 for NLO
and NNLO. Since the optimal values for the PDF pa-
rameters are obtained by minimizing �2, its value is an
indicator for the quality of the fit, with �2/Ndp ⇡ 1 in
the optimal case. We have recalled the definition of �2

used in this work in Eq. (10); further details can be found
in Ref. [25]. Values above �2/Ndp > 3.0 have been trun-
cated in Fig. 6 for better representation, but the actual
numbers are given in Table III.

As for the (neutrino) DIS data the fit results are very
similar to those shown in our earlier analysis, we limit in
the present paper the comparisons to experimental data
to the new EW boson data. Our results are shown in
Figs. 7 and 8. In all cases the experimental error bars are

• Small differences for gluons and valence quarks
• Very similar sea-quark distributions
• Slightly reduced uncertainties
• TUJU19 were very similar to HERA2.0 PDFs
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TUJU21: Nuclear PDF analysis

Applied data
• Nuclear-target DIS, ratios between
different A (600 data points)

• Neutrino DIS, absolute dσ with Fe
(CDHSW) and Pb (CHORUS) targets, both,
neutrino and antineutrino beams (1736)

• LHC EW-boson data in p+Pb (74)
⇒ 2410 data points
Resulting χ2/Ndf

• NLO: 0.94
• NNLO: 0.84

⇒ Reduced χ2 mainly in νDIS and ATLAS Z
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CMS W± data in p+Pb collisions

• Improved precision
thanks to increased
Run II luminosity

• Show clear deviation
from proton PDF
result at large ηl

• Shape equally well
described by NLO
and NNLO fits

• Slightly larger shifts
in normalization
preferred in NNLO
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Kinematic region probed by EW-boson data
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• Both Z and W± data sensitive down to x ∼ 10−3

• W+ and W− couple differently to quarks ⇒ slightly different x-sensitivity
• ATLAS Z looser cuts on lepton kinematics ⇒ probes smaller values of x
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TUJU21: Nuclear modification ratios
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FIG. 4: NLO nuclear parton distribution functions in TUJU21 for a lead nucleus, compared to the previous
TUJU19 results, shown at the initial scale Q2

0 = 1.69 GeV2 (upper panels) and at Q2 = 100GeV2 after DGLAP
evolution (center panels). The lower panels show the corresponding ratios of PDFs for a proton bound in lead over
the free proton PDFs.

-0.5
 0

 0.5
 1

 1.5
 2

 2.5

 0.01  0.1  1

xg
(x

,Q
2 =

1.
69

 G
eV

2 )

x

TUJU21 NNLO
TUJU19 NNLO

 0

 0.1

 0.2

 0.3

 0.01  0.1  1

xu-
 (x

,Q
2 =

1.
69

 G
eV

2 )

x

TUJU21 NNLO
TUJU19 NNLO

 0

 0.2

 0.4

 0.6

 0.8

 0.01  0.1  1
xu

v(
x,

Q
2 =

1.
69

 G
eV

2 )
x

TUJU21 NNLO
TUJU19 NNLO

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.01  0.1  1

xd
v(

x,
Q

2 =
1.

69
 G

eV
2 )

x

TUJU21 NNLO
TUJU19 NNLO

 0
 2
 4
 6
 8

 10
 12
 14
 16
 18

 0.01  0.1  1

xg
(x

,Q
2 =

10
0 

G
eV

2 )

x

TUJU21 NNLO
TUJU19 NNLO

 0

 0.3

 0.6

 0.9

 0.01  0.1  1

xu-
 (x

,Q
2 =

10
0 

G
eV

2 )

x

TUJU21 NNLO
TUJU19 NNLO

 0

 0.2

 0.4

 0.6

 0.8

 0.01  0.1  1

xu
v(

x,
Q

2 =
10

0 
G

eV
2 )

x

TUJU21 NNLO
TUJU19 NNLO

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.01  0.1  1

xd
v(

x,
Q

2 =
10

0 
G

eV
2 )

x

TUJU21 NNLO
TUJU19 NNLO

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 0.01  0.1  1

R g
p/

Pb
 (x

,Q
2 )

x

TUJU21 NNLO
TUJU19 NNLO

 0.6
 0.8

 1
 1.2
 1.4
 1.6
 1.8

 0.01  0.1  1

R u
-  p

/P
b  

(x
,Q

2 )

x

TUJU21 NNLO
TUJU19 NNLO

 0.8

 1

 1.2

 1.4

 1.6

 0.01  0.1  1

R u
vp/

Pb
 (x

,Q
2 )

x

TUJU21 NNLO
TUJU19 NNLO

 0.6
 0.8

 1
 1.2
 1.4
 1.6

 0.01  0.1  1

R d
vp/

Pb
 (x

,Q
2 )

x

TUJU21 NNLO
TUJU19 NNLO

FIG. 5: Same as for Fig. 4, but at NNLO.
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FIG. 4: NLO nuclear parton distribution functions in TUJU21 for a lead nucleus, compared to the previous
TUJU19 results, shown at the initial scale Q2

0 = 1.69 GeV2 (upper panels) and at Q2 = 100GeV2 after DGLAP
evolution (center panels). The lower panels show the corresponding ratios of PDFs for a proton bound in lead over
the free proton PDFs.
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FIG. 5: Same as for Fig. 4, but at NNLO.• Gluons: Milder antishadowing at NLO than in TUJU19, NNLO consistent
• Antiquarks: Similar trends but reduced uncertainties in TUJU21
• Valence quarks: Still mutually opposite effects for uV and dV
• NLO and NNLO nuclear effects in better agreement in TUJU21
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Comparison to other analyses at NLO 14
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i of PDFs in a proton bound in a lead nucleus compared to the PDFs in a free proton for
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FIG. 11: Nuclear parton distribution functions TUJU21 in lead at NNLO compared to the KSASG20 results [26],
shown at Q2 = 100GeV2. The comparison is presented for the distribution functions xfi(x, Q2) with
i = g, s = s̄ = ū = d̄, u, d for a proton bound in a lead nucleus.

PDFs. At NNLO, it even appears that the calculated
cross section is somewhat above the data, contrary to the
ATLAS comparison. The di↵erences are well visible also
in the plots showing the ratio between the NNLO and
NLO results together with the data in Fig. 14. There,
the NNLO corrections grow with yZ and are of the order
10% at the largest rapidities. The ATLAS data seem to
agree with the NNLO result, whereas the CMS results
seem to fall a bit below the NNLO calculation at larger
rapidities and are better in line with the NLO result.
Therefore our results point to possible tensions between
the two data sets. That said, one should keep in mind
that there are some di↵erences in the experimental anal-
yses: In case of ATLAS, the Glauber model was used
to calculate the normalization, whereas CMS applied the
measured luminosity. Also, ATLAS provides the result
only in the fiducial phase-space region, while the CMS
data has been corrected to include also the phase space
removed by cuts on the final-state leptons. These fea-
tures make direct comparisons of the two data sets di�-

cult.

B. DY production in p+Pb

A recent dataset that has proved di�cult to include in
an nPDF analysis at the NLO is the CMS DY produc-
tion in p+Pb collisions [98]. It has been anticipated that
for the lower-mass bin (15 < M < 60 GeV) the NNLO
corrections could be significant [23] and for the higher-
mass bin (60 < M < 120 GeV) it has been noted that
due to large fluctuations at the mid-rapidity it is di�cult
to have acceptable �2 values with any PDF-based calcu-
lation [22]. Here we quantify the impact of the NNLO
corrections on these data to study whether these could
explain the observed di↵erences in the low-mass bin.

Comparison with this CMS data is presented in Fig. 15
for both mass windows as a function of the rapidity y for
the dilepton pair including also the ratios between the
NNLO and NLO results. The comparisons are made for

• Large differences in flavour separation
• Good agreement for Σ and total valence modification
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Comparison to other analyses at NNLO

• Another recent NNLO
analysis KSASG20 uses (ν)DIS
and fixed-target DY
[PRD 104, 034010]

• Some difference in gluons
and in sea quarks around
x ∼ 0.1

• Very similar u and d

full nuclear PDFs for Pb:
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Applications to W+-boson production in Pb+Pb

• EW-bosons do not
couple with QCD
medium

⇒ Can use study
initial-state effects
also in Pb+Pb
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• Shape well described with nPDF-based
calculation

• ATLAS data above the (N)NLO result, see also
[Phys. Rev. Lett. 125, 212301 (2020)]

• NNLO corrections small for W+, similar results
for W−
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Applications to Z-boson production in Pb+Pb

• NNLO corrections
larger than for W±

• ATLAS data above the
NNLO result

• CMS data below NNLO
⇒ Hints of tension

between the
datasets?
(agreement with both
when accounting all
the uncertainties)
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New CMS data for DY in p+Pb [CMS: JHEP 05, 182 (2021)]
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• NNLO corrections moderate for
60 < Mll < 120 GeV

• Large NNLO corrections for
15 < Mll < 60 GeV
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FIG. 12: EW boson production cross sections in p+p collisions at
p

s = 5.02 TeV for Z (left), W+ (center) and W�

(right), calculated at NLO (upper panels) and NNLO (lower panels) and compared to data from ATLAS [97].

the fiducial cross section that has not been corrected for
the limited acceptance. Here we notice that the NNLO
corrections are rather mild, around 5% for the high-mass
bin but become significant for the low-mass bin, reach-
ing 20% at the largest (absolute) rapidities. To further
quantify this e↵ect we have calculated the �2/Ndp val-
ues for these data at NLO and NNLO, shown in Table V
separately for the low- and high-mass bins and for the
combination of these two. The common luminosity un-
certainty is not included in the data uncertainties for �2

calculation but has been accounted for by finding a com-
mon normalization factor that minimizes the combined
�2/Ndp. In both cases the scaling factor is consistent
with the quoted luminosity uncertainty of 3.5%. For
the high-mass bin the data actually seem to be better
described by the NLO calculation at negative rapidites
whereas for positive rapidities it is in good agreement
with the NNLO result. For the lower mass bin it seems
clear that the NNLO corrections are needed to have a
good agreement with this data and also the combined
�2/Ndp is significantly smaller at NNLO (1.554) than at
NLO (2.261).

TABLE V: The values of �2/Ndp for the CMS DY data
in Fig. 15. The data points have been scaled by a factor
that minimizes �2 to account for the correlated
luminosity uncertainty (3.5%).

�2/Ndp(NLO) �2/Ndp(NNLO)

15 < M < 60 GeV 3.002 0.735

60 < M < 120 GeV 1.894 2.009

combined 2.261 1.554

Scaling factor 0.989 1.037

VI. SUMMARY AND OUTLOOK

We have presented new analyses of nuclear PDFs
at NLO and NNLO, TUJU21. We have adopted the
same framework as in our previous TUJU19 analysis,
but in addition to neutral-current DIS and charged-
current neutrino DIS data we have now also included
new electroweak-boson production data from the LHC,
both for our proton baseline fit and for the nuclear modi-
fications. The resulting nPDFs provide a fully consistent
setup for cross section calculations at NNLO in nuclear
collisions, for the first time incorporating the LHC data
in a full NNLO analysis for nuclear PDFs. The compar-
isons to the existing nPDF sets demonstrate a reasonable
agreement within the error bands, although some discrep-
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Summary & Outlook

TUJU21:
• Update of TUJU19 by including also EW-boson production in LHC
• First NNLO nPDF analysis to include LHC data
• Fitting the proton baseline in the same setup to ensure consistency
• Significant improvement in χ2/Ndp when going from NLO to NNLO: 0.94 → 0.84
• NNLO corrections improve description of the LHC EW-boson data

Future directions
• Include more data and increase flexibility
• Fit proton and nuclear PDF simultaneously

15
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Comparison to TUJU19 with DIS data only 8
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FIG. 2: Proton baseline PDFs in TUJU21 at NLO compared to the previous TUJU19 results, shown at the initial
scale Q2

0 = 1.69 GeV2 (upper panels) and at Q2 = 100GeV2 (lower panels) after DGLAP evolution.
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FIG. 3: Same as for Fig. 2, but at NNLO.

analysis are clearly milder. The uncertainties have now
become slightly larger for gluons and smaller for sea
quarks, but otherwise these are well consistent with our
previous analysis. Also for the valence quarks the dif-
ferences are small, with uncertainties slightly reduced.
The previously observed opposite behavior of the nuclear
modifications for uv and dv is now less pronounced. Even
though there is no significant reduction in the resulting
uncertainty bands, the mutual agreement between the
nuclear e↵ects found in our NLO and NNLO fits sug-
gests that such e↵ects are now better captured than in
the DIS-only fit.

The parameters for the input distributions for our best
fit of nPDFs are also collected in Appendix A. The error
sets, covering the allowed modifications of each parame-
ter within the quoted tolerance, are included as part of
the resulting LHAPDF grids. In case of nuclear PDFs,
the first 33 sets reflect the central result and the uncer-
tainties in the nuclear PDF fit and the last 26 quantify
the uncertainty in the underlying proton baseline analy-

sis.

C. Comparison to data

An overview of the resulting �2 values, divided by the
number of data points, Ndp, is shown in Fig. 6 for NLO
and NNLO. Since the optimal values for the PDF pa-
rameters are obtained by minimizing �2, its value is an
indicator for the quality of the fit, with �2/Ndp ⇡ 1 in
the optimal case. We have recalled the definition of �2

used in this work in Eq. (10); further details can be found
in Ref. [25]. Values above �2/Ndp > 3.0 have been trun-
cated in Fig. 6 for better representation, but the actual
numbers are given in Table III.

As for the (neutrino) DIS data the fit results are very
similar to those shown in our earlier analysis, we limit in
the present paper the comparisons to experimental data
to the new EW boson data. Our results are shown in
Figs. 7 and 8. In all cases the experimental error bars are

• Small differences for gluons and valence quarks
• Slightly reduced uncertainties, similar with the NLO fit
• TUJU19 were very similar to HERA2.0 PDFs



TUJU21: χ2/Ndf for different data sets

10

FIG. 6: Comparison of �2 values divided by the individual number of data points per data set, Ndp, at NLO and
NNLO. The “ideal” value �2/Ndp = 1.0 is marked by the horizontal black dotted line. The bars in the diagram
corresponding to �2/Ndp > 3.0 have been truncated for the purpose of a clearer representation, which is symbolised
by the dashed light-grey line. The newly included data for Z and W± boson production from LHC Run I and Run
II are shown on the far right-hand-side.

the quadratic combinations of statistical and systemati-
cal (correlated and uncorrelated) uncertainties. Figure 7
shows the comparisons to Z boson production data mea-
sured by ATLAS [5] and CMS [7] in the p+Pb run at
p

sNN = 5.02 TeV as a function of Z boson rapidity, yZ ,
in the center-of-mass frame, at NLO and NNLO. In each
case we find a good fit, although at NLO the compari-
son to the ATLAS data results in �2/Ndp slightly above
unity. The Pb momentum fraction (xPb) regions probed
by the data can be estimated using LO kinematics for the
process, see Eq. (5). To exhibit them in the context of
our NNLO calculation, we plot in Fig. 9 the normalized
NNLO cross section as a function of xPb, integrated over
the rapidity ranges relevant for ATLAS and CMS. We
notice that the ATLAS data cover a somewhat broader
range in xPb due to broader acceptance in yZ and larger
fiducial phase-space. In case of CMS the decay leptons
are accepted only if plT > 20 GeV and |⌘l

lab| < 2.4 and
the studied mass window for the accepted dileptons is
60 < mZ < 120 GeV. In the ATLAS case the data have
been corrected for the limited acceptance in the lepton re-
construction, so the only remaining kinematical cut is the
mass window of the dilepton pair, 66 < mZ < 116 GeV,
explaining also the larger cross section compared to the
CMS data. Using Eq. (5) and turning back to Fig. 7, we
see that at forward rapidities with respect to the proton
beam (⌘ > 0, corresponding to xPb

<
⇠ 0.02), both data

sets clearly favor a suppression of the nPDFs relative to
the proton PDFs that is well captured by the fits. In
the backward direction (⌘ < 0, xPb

>
⇠ 0.02) both data

sets may have a slight tendency toward an enhancement
(anti-shadowing) of p+Pb over p+p. Overall, the NNLO
results are slightly higher than the NLO ones, and the

shifts by the systematic uncertainties needed to obtain
optimal agreement with the data are small and partly
compensate for the di↵erences between NLO and NNLO.

The CMS data for W± boson production from the
p+Pb run at

p
sNN = 8.16 TeV o↵er a significantly

increased precision compared to the earlier data from
Run I. As the measured cross section is now given as
a function of the pseudorapidity of the charged decay
muon, ⌘µ, the LO kinematics does not provide an im-
mediate estimate for the kinematic reach of the data.
Nevertheless, in Fig. 9 we plot the kinematic reach in
xPb for W+ and W� production. One can see that there
is sensitivity down to xPb ⇠ 10�3. Figure 8 shows the
comparisons of our NLO and NNLO W+ and W� cross
section to the ATLAS and CMS data. Again we also
compute the cross sections using free-proton PDFs in-
stead of the ones for lead. We find very clear suppression
with respect to this proton baseline at ⌘µ > 0, which
is well in line with the shadowing observed in the re-
sulting nuclear PDFs. At ⌘µ < 0 we find only modest
e↵ects from our nuclear PDFs, which partly follows from
rather modest anti-shadowing and partly since the cross
section can get contributions both from regions of xPb

where nPDF e↵ects provide enhancement or suppression.
The shapes of the resulting cross sections are well in line
with the data for W+ and W�. This holds for both,
NLO and NNLO, but in case of NNLO somewhat larger
shifts (⇠ 7%) are required to match the data than at
NLO (⇠ 3%), both being below or around the quoted
correlated uncertainties. In all cases a reasonably good
agreement, �2/Ndp ⇠ 1.7, is observed.

In our previous TUJU19 analysis which included only
DIS data for the proton baseline and the nuclear PDFs,
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TABLE I: Summary of experimental DIS data used to
determine our proton PDF baseline. In the last two
columns the �2 values at NLO and NNLO obtained in
our analysis are provided.

Exp. Data set Year Ref. Ndp �2 NLO �2 NNLO

BCDMS F2p 100GeV 1996 [65] 83 96.30 93.69

F2p 120GeV 90 70.54 68.70

F2p 200GeV 79 91.81 86.32

F2p 280GeV 75 67.52 69.71

HERA 1+2 NCep 920 2015 [66] 377 459.71 482.23

NCep 820 70 72.91 73.47

NCep 575 254 222.64 231.35

NCep 460 204 218.84 225.68

NCem 159 227.80 232.79

CCep 39 46.59 43.17

CCem 42 60.49 63.60

NMC-97 NCep 1997 [67] 100 117.72 111.31

In total: 1559

the nuclear PDFs.
The DIS data used for the proton baseline fit are sum-

marized in Table I, also showing the resulting �2 values
at NLO and NNLO obtained in the analysis. The newly
included experimental data from DY and W± and Z-
boson production for the proton baseline are listed in
Table II. For the experimental proton data used, the fast
interpolation grids were publicly available and the de-
tails of grid generation for each proton PDF data set can
be found from the references provided in Table I. These
data include high- and low-mass DY data from ATLAS
at

p
s = 7 TeV [61, 62], EW boson production data from

ATLAS at
p

s = 7 TeV [63], and increased-luminosity
data for these from ATLAS at

p
s = 7 TeV [64]. In

addition, also W± production cross sections from CMS
at

p
s = 8 TeV have been included. In total the newly

included data sets consist of 134 data points.

Table III provides a list of nuclear-DIS data as also
used in the TUJU19 analysis, but with the �2 values
obtained in this analysis. The input data files and the
fast interpolation grids used for the fitting procedure laid
out in Fig. 1 for nPDFs have been collected and pre-
pared as part of this analysis for the newly included
data points summarized in Table IV. The added data
include Run I measurements of Z boson production in
p+Pb collisions at the LHC by ATLAS [5] and CMS [7]
at

p
sNN = 5.02 TeV and the more recent Run II mea-

surement of W± boson production in p+Pb collisions at
p

sNN = 8.16 TeV by CMS [69]. In total these add 74
data points to the nPDF analysis. In addition to these,
there are more EW-boson data available from the LHC
experiments. In particular, there are data from ALICE
[70] and LHCb [71] that extend the kinematic reach but
have only two data points per set and su↵er from large
statistical uncertainties. There are also Run-I data for

TABLE II: Summary of experimental DY and W±, Z
boson production data used to determine our proton
PDFs. In the last two columns the �2 values at NLO
and NNLO obtained in our analysis are provided.

Exp. Data set Year Ref. Ndp �2 NLO �2 NNLO

ATLAS DY high mass DY 2013 [61] 13 10.91 11.54

low mass DY 2014 [62] 8 22.86 8.68

ATLAS W±, Z W+ lepton ⌘ 2012 [63] 11 15.77 14.00

W� lepton ⌘ 11 7.98 8.54

Z y 8 4.10 2.71

W+ lepton y 2016 [64] 11 19.57 10.71

W� lepton y 11 11.11 11.82

high mass CC Z y 6 7.61 6.05

high mass CF Z y 6 3.92 3.95

low mass Z y 6 41.32 23.84

peak CC Z y 12 45.76 14.40

peak CF Z y 9 21.85 7.55

CMS W± W+ � 8 TeV 2016 [68] 11 10.64 4.81

W� � 8 TeV 11 8.14 9.27

In total: 134

W± production from CMS [72] at the same kinematics
than the more recent data but with significantly larger
uncertainties. There are also fixed-target DY data avail-
able e.g. from E772 [73], E866 [74] and CLAS [75] experi-
ments that have been used previously in similar analyses.
As the grid computations at NNLO are computationally
very heavy, we included only the datasets that we ex-
pect to provide the strongest constraints for the nPDFs
in the selected set up. In section V B we consider the re-
cent Run-II CMS measurement for Z/�⇤ production for
which it has proven di�cult to obtain �2/Ndp values close
to unity in a NLO QCD analysis [22, 23]. As we have
discussed in the context of the TUJU19 nPDF analysis,
some authors have found tension between the neutrino-
and charged-lepton DIS data. To check for potential ten-
sion with the new LHC data we have also performed fits
without any neutrino-DIS data and found that the new
data was equally well described as when the neutrino
data were included. Thus we do not find any tension
between these data sets.

IV. RESULTS

A. Proton baseline

Analyses of nuclear PDFs have often been performed
by using an existing proton PDF set as a baseline for the
nuclear modifications. In this work, however, we have
fitted the proton PDFs using the same setup as for the
nuclear PDFs. This ensures that all assumptions like
sum rules, parton flavor decomposition, etc., as well as
all parameters like coupling constants and quark masses,
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at NLO and NNLO obtained in the analysis. The newly
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s = 7 TeV [61, 62], EW boson production data from
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s = 7 TeV [63], and increased-luminosity
data for these from ATLAS at
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s = 7 TeV [64]. In

addition, also W± production cross sections from CMS
at
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s = 8 TeV have been included. In total the newly

included data sets consist of 134 data points.

Table III provides a list of nuclear-DIS data as also
used in the TUJU19 analysis, but with the �2 values
obtained in this analysis. The input data files and the
fast interpolation grids used for the fitting procedure laid
out in Fig. 1 for nPDFs have been collected and pre-
pared as part of this analysis for the newly included
data points summarized in Table IV. The added data
include Run I measurements of Z boson production in
p+Pb collisions at the LHC by ATLAS [5] and CMS [7]
at

p
sNN = 5.02 TeV and the more recent Run II mea-

surement of W± boson production in p+Pb collisions at
p

sNN = 8.16 TeV by CMS [69]. In total these add 74
data points to the nPDF analysis. In addition to these,
there are more EW-boson data available from the LHC
experiments. In particular, there are data from ALICE
[70] and LHCb [71] that extend the kinematic reach but
have only two data points per set and su↵er from large
statistical uncertainties. There are also Run-I data for

TABLE II: Summary of experimental DY and W±, Z
boson production data used to determine our proton
PDFs. In the last two columns the �2 values at NLO
and NNLO obtained in our analysis are provided.

Exp. Data set Year Ref. Ndp �2 NLO �2 NNLO

ATLAS DY high mass DY 2013 [61] 13 10.91 11.54

low mass DY 2014 [62] 8 22.86 8.68

ATLAS W±, Z W+ lepton ⌘ 2012 [63] 11 15.77 14.00

W� lepton ⌘ 11 7.98 8.54

Z y 8 4.10 2.71

W+ lepton y 2016 [64] 11 19.57 10.71
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high mass CC Z y 6 7.61 6.05

high mass CF Z y 6 3.92 3.95
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W± production from CMS [72] at the same kinematics
than the more recent data but with significantly larger
uncertainties. There are also fixed-target DY data avail-
able e.g. from E772 [73], E866 [74] and CLAS [75] experi-
ments that have been used previously in similar analyses.
As the grid computations at NNLO are computationally
very heavy, we included only the datasets that we ex-
pect to provide the strongest constraints for the nPDFs
in the selected set up. In section V B we consider the re-
cent Run-II CMS measurement for Z/�⇤ production for
which it has proven di�cult to obtain �2/Ndp values close
to unity in a NLO QCD analysis [22, 23]. As we have
discussed in the context of the TUJU19 nPDF analysis,
some authors have found tension between the neutrino-
and charged-lepton DIS data. To check for potential ten-
sion with the new LHC data we have also performed fits
without any neutrino-DIS data and found that the new
data was equally well described as when the neutrino
data were included. Thus we do not find any tension
between these data sets.

IV. RESULTS

A. Proton baseline

Analyses of nuclear PDFs have often been performed
by using an existing proton PDF set as a baseline for the
nuclear modifications. In this work, however, we have
fitted the proton PDFs using the same setup as for the
nuclear PDFs. This ensures that all assumptions like
sum rules, parton flavor decomposition, etc., as well as
all parameters like coupling constants and quark masses,
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TABLE III: Summary of experimental DIS data used to
determine the nuclear PDFs. In the last two columns
the �2 values at NLO and NNLO obtained in our
analysis are provided.

Nucleus Exp. Year Ref. Ndp �2 NLO �2 NNLO

D NMC 97 1996 [67] 120 151.61 121.52

EMC 90 1989 [76] 21 24.31 22.89

He/D HERMES 2002 [77] 7 6.79 8.92

NMC 95, re. 1995 [78] 13 10.67 10.42

SLAC E139 1994 [79] 11 6.47 4.42

Li/D NMC 95 1995 [80] 12 9.10 9.00

Be/D SLAC E139 1994 [79] 10 11.58 11.51

Be/C NMC 96 1996 [81] 14 13.56 16.06

C EMC 90 1989 [76] 17 13.41 13.44

C/D FNAL E665 1995 [82] 3 2.00 1.83

SLAC E139 1994 [79] 6 20.69 13.86

EMC 88 1988 [83] 9 3.70 4.22

NMC 95, re. 1995 [78] 13 34.96 19.49

C/Li NMC 95, re. 1995 [78] 10 7.77 10.18

N/D HERMES 2002 [77] 1 0.95 2.08

Al/D SLAC E139 1994 [79] 10 18.49 9.49

Al/C NMC 96 1996 [81] 14 7.29 6.23

Ca EMC 90 1989 [76] 19 13.41 13.44

Ca/D NMC 95, re. 1995 [78] 12 34.75 21.82

FNAL E665 1995 [82] 3 1.84 2.41

SLAC E139 1994 [79] 6 16.74 9.01

Ca/Li NMC 95, re. 1995 [78] 10 1.45 1.33

Ca/C NMC 95, re. 1995 [78] 10 9.35 8.00

NMC 96 1996 [81] 14 8.45 6.42

Fe SLAC E140 1993 [84] 2 0.14 0.04

Fe/D SLAC E139 1994 [79] 14 44.53 32.07

Fe/C NMC 96 1996 [81] 14 11.17 9.93

⌫ Fe CDHSW 1991 [85] 464 404.26 358.19

⌫̄ Fe CDHSW 1991 [85] 462 439.53 395.99

Cu/D EMC 88 1988 [83] 9 8.38 5.71

EMC 93 1993 [86] 19 26.38 12.58

Kr/D HERMES 2002 [77] 1 2.02 2.02

Ag/D SLAC E139 1994 [79] 6 21.37 18.80

Sn/D EMC 88 1988 [83] 8 14.37 13.98

Sn/C NMC 96 1996 [81] 14 6.48 8.52

NMC 96, Q2 dep. 1996 [87] 134 76.13 75.03

Xe/D FNAL E665 1992 [88] 3 1.64 1.34

Au/D SLAC E139 1994 [79] 11 16.89 18.66

Pb/D FNAL E665 1995 [82] 2 8.28 7.72

Pb/C NMC 96 1996 [81] 14 8.32 5.42

⌫ Pb CHORUS 2005 [89] 405 259.48 237.85

⌫̄ Pb CHORUS 2005 [89] 405 356.01 352.09

In total: 2336

and also further settings like e.g. the heavy flavor mass
scheme, are applied in a consistent way. Furthermore,
this paves the way for a future combined analysis of pro-
ton and nuclear PDFs.

In this section the updated free proton PDF sets in
TUJU21 are compared to those of our earlier TUJU19
analysis, which were determined using DIS data only.
The free proton PDFs used as a baseline for the nuclear
part of the QCD analysis were updated by including ex-
perimental data for DY, W±, Z boson production pro-
cesses taken by the ATLAS and CMS collaborations at
the LHC; see Sec. III C for details. The comparisons are

TABLE IV: Summary of experimental W±, Z boson
production data from LHC p+Pb collisions in Run I
and Run II used to determine our nuclear PDFs. In the
last two columns the �2 values at NLO and NNLO
obtained in our analysis are provided.

Nucleus Proc. Exp. Year Ref. Ndp �2 NLO �2 NNLO

pPb Z LHC Run I ATLAS 2015 [5] 14 16.40 12.82

Z LHC Run I CMS 2015 [7] 12 8.76 7.30

W� LHC Run II CMS 2019 [69] 24 39.58 42.83

W+ LHC Run II CMS 24 41.08 39.07

In total: 74

presented in Fig. 2 for NLO and in Fig. 3 for NNLO.
The impact of the newly added LHC data is rather

mild at NLO. We observe that the uncertainties of the
PDFs have become slightly smaller in some cases, espe-
cially for the valence quarks. At NNLO, the resulting
distributions for the valence quarks, and especially for
gluons are slightly decreased with respect to our previ-
ous analysis. The results obtained for the updated free
proton PDF baseline confirm that DY, and W±, Z bo-
son production data can be accommodated together with
the DIS data and provide further constraints in a global
analysis. Using these data to pin down the proton PDFs
in the same framework as the nuclear ones will ensure
that the baseline is well constrained in the region where
new data are included for the nPDFs.

The parameters for the input distributions for our best
fit of the proton baseline are collected in Appendix A.

B. Nuclear PDFs

The resulting nuclear PDFs, referred to as TUJU21,
are presented in Figs. 4 at NLO and 5 at NNLO for
the bound-proton-in-lead-nucleus PDFs, including also
ratios to our baseline free proton PDFs. We also com-
pare to the nPDFs of our previous DIS-only analysis
TUJU19. At NLO, the largest di↵erences between the
two analyses occur for gluons and sea quarks. For glu-
ons the small-x suppression is significantly milder than
in TUJU19, along with a slightly reduced uncertainty.
Also, the strong antishadowing enhancement at interme-
diate values of x we found previously is now tamed to a
more moderate ⇠ 10% e↵ect. At the initial scale of the fit
the sea quark nPDFs are now slightly lower in the small-
x region, with a somewhat smaller uncertainty band, but
have remained very similar at larger x. Because of the
larger gluon nPDF in the updated fit, the sea quark dis-
tributions become larger at higher scales through scale
evolution. Overall, the gluon uncertainties are likely still
underestimated due to the rather rigid form of the input
parameterization. For the valence quarks the resulting
nPDFs are very similar as in our previous analysis, sug-
gesting that the added EW-boson data do not provide
significant constraints for the valence sector.

At NNLO the changes with respect to our previous
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Pb/D FNAL E665 1995 [82] 2 8.28 7.72

Pb/C NMC 96 1996 [81] 14 8.32 5.42

⌫ Pb CHORUS 2005 [89] 405 259.48 237.85

⌫̄ Pb CHORUS 2005 [89] 405 356.01 352.09

In total: 2336

and also further settings like e.g. the heavy flavor mass
scheme, are applied in a consistent way. Furthermore,
this paves the way for a future combined analysis of pro-
ton and nuclear PDFs.

In this section the updated free proton PDF sets in
TUJU21 are compared to those of our earlier TUJU19
analysis, which were determined using DIS data only.
The free proton PDFs used as a baseline for the nuclear
part of the QCD analysis were updated by including ex-
perimental data for DY, W±, Z boson production pro-
cesses taken by the ATLAS and CMS collaborations at
the LHC; see Sec. III C for details. The comparisons are

TABLE IV: Summary of experimental W±, Z boson
production data from LHC p+Pb collisions in Run I
and Run II used to determine our nuclear PDFs. In the
last two columns the �2 values at NLO and NNLO
obtained in our analysis are provided.

Nucleus Proc. Exp. Year Ref. Ndp �2 NLO �2 NNLO

pPb Z LHC Run I ATLAS 2015 [5] 14 16.40 12.82

Z LHC Run I CMS 2015 [7] 12 8.76 7.30

W� LHC Run II CMS 2019 [69] 24 39.58 42.83

W+ LHC Run II CMS 24 41.08 39.07

In total: 74

presented in Fig. 2 for NLO and in Fig. 3 for NNLO.
The impact of the newly added LHC data is rather

mild at NLO. We observe that the uncertainties of the
PDFs have become slightly smaller in some cases, espe-
cially for the valence quarks. At NNLO, the resulting
distributions for the valence quarks, and especially for
gluons are slightly decreased with respect to our previ-
ous analysis. The results obtained for the updated free
proton PDF baseline confirm that DY, and W±, Z bo-
son production data can be accommodated together with
the DIS data and provide further constraints in a global
analysis. Using these data to pin down the proton PDFs
in the same framework as the nuclear ones will ensure
that the baseline is well constrained in the region where
new data are included for the nPDFs.

The parameters for the input distributions for our best
fit of the proton baseline are collected in Appendix A.

B. Nuclear PDFs

The resulting nuclear PDFs, referred to as TUJU21,
are presented in Figs. 4 at NLO and 5 at NNLO for
the bound-proton-in-lead-nucleus PDFs, including also
ratios to our baseline free proton PDFs. We also com-
pare to the nPDFs of our previous DIS-only analysis
TUJU19. At NLO, the largest di↵erences between the
two analyses occur for gluons and sea quarks. For glu-
ons the small-x suppression is significantly milder than
in TUJU19, along with a slightly reduced uncertainty.
Also, the strong antishadowing enhancement at interme-
diate values of x we found previously is now tamed to a
more moderate ⇠ 10% e↵ect. At the initial scale of the fit
the sea quark nPDFs are now slightly lower in the small-
x region, with a somewhat smaller uncertainty band, but
have remained very similar at larger x. Because of the
larger gluon nPDF in the updated fit, the sea quark dis-
tributions become larger at higher scales through scale
evolution. Overall, the gluon uncertainties are likely still
underestimated due to the rather rigid form of the input
parameterization. For the valence quarks the resulting
nPDFs are very similar as in our previous analysis, sug-
gesting that the added EW-boson data do not provide
significant constraints for the valence sector.

At NNLO the changes with respect to our previous
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• EW-bosons do not
couple with QCD
medium

⇒ Can use study
initial-state effects
also in Pb+Pb
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• Shape well described with nPDF-based
calculation

• ATLAS data above the (N)NLO result, see also
[Phys. Rev. Lett. 125, 212301 (2020)]

• NNLO corrections small for W−
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