
Nuclear PDFs and the Impact of an 
Electron-Ion Collider

Jacob Ethier

EINN 2019 Workshop “The Road to an Electron-Ion Collider”
October 30th, 2019

1



2

Overview

• Motivation

à nNNPDF1.0 – Monte Carlo approach to nPDFs using NNs

à Towards nNNPDF2.0 – Impact of CC DIS + W/Z production at LHC

• Summary and outlook

• Nuclear PDFs from NNPDF (R. Abdul Khalek, JJE, and J. Rojo)

à Impact of EIC pseudo-data
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Motivation

• Parton structure is modified in bound systems

• Deep-inelastic scattering of leptons from nuclei cannot be described by free 
nucleon formalism (EMC effect), e.g.

FA
2 6= ZF p

2 + (A� Z)Fn
2
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DIS structure functions:
Volume 123B, number  3,4 PHYSICS LETTERS 31 March 1983 

The vahdlty of these calculations can be tested by 
extracting the ratio of the free nucleon structure func- 
tions F~/F~ from the lion and hydrogen data of the 
EMC. Applying, for example, the smearing correction 
factors for the proton and the neutron as given by 
Bodek and Rltchle (table 13 of ref. [8]), one gets a 
ratio whmh is very different from the one obtained 
with the deuterium data [3]. It falls from a value of 
~1 .15  a t x  = 0.05 to a value of ~0.1 a tx  = 0.65 which 
is even below the quark-model lower bound of 0.25. 

A direct way to check the correctmns due to nu- 
clear effects is to compare the deuteron and iron data 
for they should be influenced slmdarly by the neutron 
content of these nuclei. The iron data are the final 
combined data sets for the four muon beam energies 
of 120,200, 250 and 280 GeV; the deuterium data 
have been obtained with a single beam energy of 280 
GeV. The ratio of the measured nucleon structure 
functions for iron F2N(Fe) = 1 wuFe gg* 2 and for deutermm 
FN(D) = {F~ D, ne,ther corrected for Fermi motion, 
has been calculated point by point. For this compari- 
son only data points with a total systematm error less 
than 15% have been used. The iron data have been cor- 
rected for the non-lsoscalarlty of 56Fe assuming that 
the neutron structure function behaves hke F~ = (1 
- 0 .75x)FP .  This gives a correction of ~+2.3% at x 
= 0.65 and of less than 1% forx  < 0.3. The Q2 range, 
which ~s limited by the extent of the deuterium data, 
as different for each x-value, varying from 9 ~< Q2 ~< 27 
GeV 2 for x = 0.05 over 11.5 ~< Q2 < 90 GeV 2 for x 
= 0.25 up to 36 ~ Q 2  ~< 170 GeV 2 forx  = 0.65. 

W~thm the hmlts of statistical and systematm errors 
no slgmficant Q2 dependence of the ratm F ~ ( F e ) /  
FN(D) is observed. The x-dependence of the Q2 aver- 
aged ratio is shown in fig. 2 where the error bars are 
statistical only. For a straight line fit of the form 

FN(Fe)/FN(D) = a + bx , 

one gets for the slope 

b = - 0 . 5 2  + 0.04 (statistical)+ 0.21 (systemattc). 

The systematm error has been calculated by distort- 
mg the measured F N values by the individual system- 
atm errors of the data sets, calculating the correspond- 
mg slope for each error and adding the differences 
quadratically. The possible effect of the systematic 
uncertainties on the slope is lndmated by the shaded 
area m fig. 2. Uncertalntms m the relative normahsa- 
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2, The ratio of the nucleon structure funct ions F N Fig. mea- 
sured on tron and deuter ium as a function o f x  = O2/2M,-,v. 

- 5 6  The iron data are corrected for the non-lsoscalarlty of 26Fe, 
both  data sets are not  corrected for Fermi motion. The full 

hnear fit F N ( F e ) / F N ( D )  = a + b x  which results c u r v e  i s  a in 
a s l o p e b = - 0 5 2 _ +  0.04 (stat.) -+ 0 . 2 1 ( s y s t )  The shaded 
area indicates the effect of systematm errors on this slope. 

tlon of the two data sets will not change the slope of 
the observed x-dependence of the ratio but can only 
move it up or down by up to seven percent. The dif- 
ference F N ( F e ) - F N ( D )  however ,s very sensitwe to 
the relatwe normahsatlon. 

The result is m complete disagreement with the 
calculations dlustrated an fig. 1. At high x, where an 
enhancement of the quark distributions compared to 
the free nucleon case is predicted, the measured struc- 
ture function per nucleon for ~ron ~s smaller than that 
for the deuteron. The ratio of the two is falhng from 
~1.15  a t x  = 0.05 to a value of ~0 .89  a t x  = 0.65 
while it is expected to rise up to 1.2-1.3 at this x 
value. 

We are not aware of any published detailed predic- 
tion presently available which can explain the behav- 
tour of these data. However there are several effects 
known and discussed which can change the quark dis- 
tributions m a high A nucleus compared to the free 
nucleon case and can contribute to the observed ef- 
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• Mechanisms that originate nuclear effects still not well understood
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nPDFs from Global QCD Analyses
• Empirical determination of in-medium modifications to parton structure

• Relies on collinear factorization formalism analogous to free proton PDF fits, e.g.

• Relevant for interpretation of heavy ion collisions at RHIC and LHC
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nPDFs from Global QCD Analyses

• Relies on collinear factorization formalism analogous to free proton PDF fits, e.g.

• Relevant for interpretation of heavy ion collisions at RHIC and LHC

Parton distribution function (PDF) 
of nucleus with atomic mass A

Hard scattering

• Empirical determination of in-medium modifications to parton structure
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nPDFs from Global QCD Analyses

• Relies on collinear factorization formalism analogous to free proton PDF fits, e.g.

• Scattering from nuclei treated as incoherent from single bound nucleon

• Relevant for interpretation of heavy ion collisions at RHIC and LHC

Parton distribution function (PDF) 
of nucleus with atomic mass A

Hard scattering

• nPDFs are parameterized and fitted to global lepton-nucleus and hadron-
nucleus scattering measurements

d�A(x,Q2) ' Zd�p/A + (A� Z)d�n/A
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• Empirical determination of in-medium modifications to parton structure
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nPDFs from Global QCD Analyses

• Can reveal onset of non-linear evolution effects at low x and Q2

à Enhancement for heavier nuclei – saturation region expected to begin at larger x
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• Precise determination of nuclear PDFs is highly relevant for Electron-Ion Collider

• Existing nuclear PDF 
information contains large 
uncertainties in the saturation 
region

• Effect given in ratio of nuclear to proton PDFs:

A. Accardi et. al. EIC White Paper  arXiv:1212.1701
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nNNPDF1.0 Analysis
• Includes all available neutral current DIS data 

from CERN, SLAC, and FNAL experiments

Experiment A1/A2 Ndat

SLAC E-139
4
He/

2
D 3

NMC 95, re.
4
He/

2
D 13

NMC 95
6
Li/

2
D 12

SLAC E-139
9
Be/

2
D 3

NMC 96
9
Be/

12
C 14

EMC 88, EMC 90
12
C/

2
D 12

SLAC E-139
12
C/

2
D 2

NMC 95, NMC 95, re.
12
C/

2
D 26

FNAL E665
12
C/

2
D 3

NMC 95, re.
12
C/

6
Li 9

BCDMS 85
14
N/

2
D 9

SLAC E-139
27
Al/

2
D 3

NMC 96
27
Al/

12
C 14

SLAC E-139
40
Ca/

2
D 2

NMC 95, re.
40
Ca/

2
D 12

EMC 90
40
Ca/

2
D 3

FNAL E665
40
Ca/

2
D 3

NMC 95, re.
40
Ca/

6
Li 9

NMC 96
40
Ca/

12
C 23

EMC 87
56
Fe/

2
D 58

SLAC E-139
56
Fe/

2
D 8

NMC 96
56
Fe/

12
C 14

BCDMS 85, BCDMS 87
56
Fe/

2
D 16

EMC 88, EMC 93
64
Cu/

2
D 27

SLAC E-139
108

Ag/
2
D 2

EMC 88
119

Sn/
2
D 8

NMC 96, Q2
dependence

119
Sn/

12
C 119

FNAL E665
131

Xe/
2
D 4

SLAC E-139
197

Au/
2
D 3

FNAL E665
208

Pb/
2
D 3

NMC 96
208

Pb/
12
C 14

Total 451
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à Kinematic cuts: W 2 > 12.5 GeV2

Q2 > 3.5 GeV2
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• Significant range in atomic mass values (A 
from 2 to 208)

• 451 total data points
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nPDF Parameterization

• Momentum Sum Rule:

• Input scale: Q0 = 1 GeV

Z 1

0
dxx(⌃(x,A) + g(x,A)) = 1 ! Bg =

1�
R 1
0 dxx⌃(x,A)

R 1
0 dxxg(x,A)

<latexit sha1_base64="4z9GGFtFKu7fmmWQrJvN6rycfVU="></latexit><latexit sha1_base64="4z9GGFtFKu7fmmWQrJvN6rycfVU="></latexit><latexit sha1_base64="4z9GGFtFKu7fmmWQrJvN6rycfVU="></latexit><latexit sha1_base64="4z9GGFtFKu7fmmWQrJvN6rycfVU="></latexit>

• Single NN with architecture 3-25-3

x⌃(x,Q0, A) = x�↵⌃(1� x)�� ⇠(3)1 (x,A)

xT8(x,Q0, A) = x�↵T8 (1� x)�T8 ⇠(3)2 (x,A)

xg(x,Q0, A) = Bgx
�↵g (1� x)�g ⇠(3)3 (x,A)

<latexit sha1_base64="dl183q4AdhqUhc97VS8ljwqNNj0="></latexit><latexit sha1_base64="dl183q4AdhqUhc97VS8ljwqNNj0="></latexit><latexit sha1_base64="dl183q4AdhqUhc97VS8ljwqNNj0="></latexit><latexit sha1_base64="dl183q4AdhqUhc97VS8ljwqNNj0="></latexit>

g(x, Q0, A) =
x

ln 1/x

ξ(3)
1ξ(1)

1

ξ(1)
2

ξ(2)
1

ξ(2)
2

ξ(2)
25

A ξ(1)
3

Bgx−αg(1 − x)βg ξ(3)
1

nNNPDF1.0

ξ(3)
2

ξ(3)
3

Σ(x, Q0, A) =
x−αΣ(1 − x)βΣ ξ(3)

2

T8(x, Q0, A) =
x−αT8(1 − x)βT8 ξ(3)

3

• PDFs parameterized with NN output 
multiplied by preprocessing function

• Exponents treated as free parameters

• Parameters optimized by stochastic gradient descent in TensorFlow (open-source ML 
software library) 

⌃ ⌘
X

q

q+ =
X

q

q + q̄
<latexit sha1_base64="u9SbJD2MLb3kbAsze7NUwRI2IWI=">AAACFnicbVDLSgMxFM34rPU16tJNsAhCscyIoBuh6MZlRfuAzjhk0kwbmswjyRTK0K9w46+4caGIW3Hn35i2g2jrgQsn59xL7j1+zKhUlvVlLCwuLa+sFtaK6xubW9vmzm5DRqnApI4jFomWjyRhNCR1RRUjrVgQxH1Gmn7/auw3B0RIGoV3ahgTl6NuSAOKkdKSZx47t7TLEXRIktIBdGTKvQQm92V48fMoZ46PRJaMRp5ZsirWBHCe2DkpgRw1z/x0OhFOOQkVZkjKtm3Fys2QUBQzMio6qSQxwn3UJW1NQ8SJdLPJWSN4qJUODCKhK1Rwov6eyBCXcsh93cmR6slZbyz+57VTFZy7GQ3jVJEQTz8KUgZVBMcZwQ4VBCs21ARhQfWuEPeQQFjpJIs6BHv25HnSOKnYVsW+OS1VL/M4CmAfHIAjYIMzUAXXoAbqAIMH8ARewKvxaDwbb8b7tHXByGf2wB8YH980yp7H</latexit><latexit sha1_base64="u9SbJD2MLb3kbAsze7NUwRI2IWI=">AAACFnicbVDLSgMxFM34rPU16tJNsAhCscyIoBuh6MZlRfuAzjhk0kwbmswjyRTK0K9w46+4caGIW3Hn35i2g2jrgQsn59xL7j1+zKhUlvVlLCwuLa+sFtaK6xubW9vmzm5DRqnApI4jFomWjyRhNCR1RRUjrVgQxH1Gmn7/auw3B0RIGoV3ahgTl6NuSAOKkdKSZx47t7TLEXRIktIBdGTKvQQm92V48fMoZ46PRJaMRp5ZsirWBHCe2DkpgRw1z/x0OhFOOQkVZkjKtm3Fys2QUBQzMio6qSQxwn3UJW1NQ8SJdLPJWSN4qJUODCKhK1Rwov6eyBCXcsh93cmR6slZbyz+57VTFZy7GQ3jVJEQTz8KUgZVBMcZwQ4VBCs21ARhQfWuEPeQQFjpJIs6BHv25HnSOKnYVsW+OS1VL/M4CmAfHIAjYIMzUAXXoAbqAIMH8ARewKvxaDwbb8b7tHXByGf2wB8YH980yp7H</latexit><latexit sha1_base64="u9SbJD2MLb3kbAsze7NUwRI2IWI=">AAACFnicbVDLSgMxFM34rPU16tJNsAhCscyIoBuh6MZlRfuAzjhk0kwbmswjyRTK0K9w46+4caGIW3Hn35i2g2jrgQsn59xL7j1+zKhUlvVlLCwuLa+sFtaK6xubW9vmzm5DRqnApI4jFomWjyRhNCR1RRUjrVgQxH1Gmn7/auw3B0RIGoV3ahgTl6NuSAOKkdKSZx47t7TLEXRIktIBdGTKvQQm92V48fMoZ46PRJaMRp5ZsirWBHCe2DkpgRw1z/x0OhFOOQkVZkjKtm3Fys2QUBQzMio6qSQxwn3UJW1NQ8SJdLPJWSN4qJUODCKhK1Rwov6eyBCXcsh93cmR6slZbyz+57VTFZy7GQ3jVJEQTz8KUgZVBMcZwQ4VBCs21ARhQfWuEPeQQFjpJIs6BHv25HnSOKnYVsW+OS1VL/M4CmAfHIAjYIMzUAXXoAbqAIMH8ARewKvxaDwbb8b7tHXByGf2wB8YH980yp7H</latexit><latexit sha1_base64="u9SbJD2MLb3kbAsze7NUwRI2IWI=">AAACFnicbVDLSgMxFM34rPU16tJNsAhCscyIoBuh6MZlRfuAzjhk0kwbmswjyRTK0K9w46+4caGIW3Hn35i2g2jrgQsn59xL7j1+zKhUlvVlLCwuLa+sFtaK6xubW9vmzm5DRqnApI4jFomWjyRhNCR1RRUjrVgQxH1Gmn7/auw3B0RIGoV3ahgTl6NuSAOKkdKSZx47t7TLEXRIktIBdGTKvQQm92V48fMoZ46PRJaMRp5ZsirWBHCe2DkpgRw1z/x0OhFOOQkVZkjKtm3Fys2QUBQzMio6qSQxwn3UJW1NQ8SJdLPJWSN4qJUODCKhK1Rwov6eyBCXcsh93cmR6slZbyz+57VTFZy7GQ3jVJEQTz8KUgZVBMcZwQ4VBCs21ARhQfWuEPeQQFjpJIs6BHv25HnSOKnYVsW+OS1VL/M4CmAfHIAjYIMzUAXXoAbqAIMH8ARewKvxaDwbb8b7tHXByGf2wB8YH980yp7H</latexit>

T8 ⌘ u+ + d+ � 2s+
<latexit sha1_base64="BZvVxYcq8xDI1R4SpUaVklbYUJ8=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoMgBMNuEEwZtLGMkBckm2V2djYZMvtwHoGwpLDxV2wsFLH1I+z8GyfJFpp44F4O59zLzD1ewqiQlvVt5DY2t7Z38ruFvf2DwyPz+KQtYsUxaeGYxbzrIUEYjUhLUslIN+EEhR4jHW98O/c7E8IFjaOmnCbECdEwogHFSGrJNYtNtwb75EHRCVSDMixDX/dLWBWDsmuWrIq1AFwndkZKIEPDNb/6foxVSCKJGRKiZ1uJdFLEJcWMzAp9JUiC8BgNSU/TCIVEOOniiBk814oPg5jriiRcqL83UhQKMQ09PRkiORKr3lz8z+spGdSclEaJkiTCy4cCxaCM4TwR6FNOsGRTTRDmVP8V4hHiCEudW0GHYK+evE7a1YptVez7q1L9JosjD4rgDFwAG1yDOrgDDdACGDyCZ/AK3own48V4Nz6Wozkj2zkFf2B8/gBo6pVb</latexit><latexit sha1_base64="BZvVxYcq8xDI1R4SpUaVklbYUJ8=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoMgBMNuEEwZtLGMkBckm2V2djYZMvtwHoGwpLDxV2wsFLH1I+z8GyfJFpp44F4O59zLzD1ewqiQlvVt5DY2t7Z38ruFvf2DwyPz+KQtYsUxaeGYxbzrIUEYjUhLUslIN+EEhR4jHW98O/c7E8IFjaOmnCbECdEwogHFSGrJNYtNtwb75EHRCVSDMixDX/dLWBWDsmuWrIq1AFwndkZKIEPDNb/6foxVSCKJGRKiZ1uJdFLEJcWMzAp9JUiC8BgNSU/TCIVEOOniiBk814oPg5jriiRcqL83UhQKMQ09PRkiORKr3lz8z+spGdSclEaJkiTCy4cCxaCM4TwR6FNOsGRTTRDmVP8V4hHiCEudW0GHYK+evE7a1YptVez7q1L9JosjD4rgDFwAG1yDOrgDDdACGDyCZ/AK3own48V4Nz6Wozkj2zkFf2B8/gBo6pVb</latexit><latexit sha1_base64="BZvVxYcq8xDI1R4SpUaVklbYUJ8=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoMgBMNuEEwZtLGMkBckm2V2djYZMvtwHoGwpLDxV2wsFLH1I+z8GyfJFpp44F4O59zLzD1ewqiQlvVt5DY2t7Z38ruFvf2DwyPz+KQtYsUxaeGYxbzrIUEYjUhLUslIN+EEhR4jHW98O/c7E8IFjaOmnCbECdEwogHFSGrJNYtNtwb75EHRCVSDMixDX/dLWBWDsmuWrIq1AFwndkZKIEPDNb/6foxVSCKJGRKiZ1uJdFLEJcWMzAp9JUiC8BgNSU/TCIVEOOniiBk814oPg5jriiRcqL83UhQKMQ09PRkiORKr3lz8z+spGdSclEaJkiTCy4cCxaCM4TwR6FNOsGRTTRDmVP8V4hHiCEudW0GHYK+evE7a1YptVez7q1L9JosjD4rgDFwAG1yDOrgDDdACGDyCZ/AK3own48V4Nz6Wozkj2zkFf2B8/gBo6pVb</latexit><latexit sha1_base64="BZvVxYcq8xDI1R4SpUaVklbYUJ8=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoMgBMNuEEwZtLGMkBckm2V2djYZMvtwHoGwpLDxV2wsFLH1I+z8GyfJFpp44F4O59zLzD1ewqiQlvVt5DY2t7Z38ruFvf2DwyPz+KQtYsUxaeGYxbzrIUEYjUhLUslIN+EEhR4jHW98O/c7E8IFjaOmnCbECdEwogHFSGrJNYtNtwb75EHRCVSDMixDX/dLWBWDsmuWrIq1AFwndkZKIEPDNb/6foxVSCKJGRKiZ1uJdFLEJcWMzAp9JUiC8BgNSU/TCIVEOOniiBk814oPg5jriiRcqL83UhQKMQ09PRkiORKr3lz8z+spGdSclEaJkiTCy4cCxaCM4TwR6FNOsGRTTRDmVP8V4hHiCEudW0GHYK+evE7a1YptVez7q1L9JosjD4rgDFwAG1yDOrgDDdACGDyCZ/AK3own48V4Nz6Wozkj2zkFf2B8/gBo6pVb</latexit>
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nPDF Optimization

• Minimizing the cost function:

�2 ⌘
NdatX

i,j=1

⇣
R(exp)

i �R(th)
i ({fm})

⌘
(covt0)

�1
ij

⇣
R(exp)

j �R(th)
j ({fm})

⌘

+ �
X

m=g,⌃,T8

NxX

l=1

⇣
fm(xl, Q0, A)� f (p+n)/2

m (xl, Q0)
⌘2

<latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit>
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nPDF Optimization

�2 ⌘
NdatX

i,j=1

⇣
R(exp)

i �R(th)
i ({fm})

⌘
(covt0)

�1
ij

⇣
R(exp)

j �R(th)
j ({fm})

⌘

+ �
X

m=g,⌃,T8

NxX

l=1

⇣
fm(xl, Q0, A)� f (p+n)/2

m (xl, Q0)
⌘2

<latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit>

Artificial data replicas – experimental measurements smeared by Gaussian

• Minimizing the cost function:

O
(art)(k)
i = S(k)

i,NO
(exp)
i

0

@1 + r(k)i �(stat)
i +

NsysX

↵=1

r(k)i,↵�
(sys)
i,↵

1

A , k = 1, . . . , Nrep

<latexit sha1_base64="p5YATO45gMoFJsSqeHO0KXjwBi8="></latexit><latexit sha1_base64="p5YATO45gMoFJsSqeHO0KXjwBi8="></latexit><latexit sha1_base64="p5YATO45gMoFJsSqeHO0KXjwBi8="></latexit><latexit sha1_base64="p5YATO45gMoFJsSqeHO0KXjwBi8="></latexit>
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nPDF Optimization

�2 ⌘
NdatX

i,j=1

⇣
R(exp)

i �R(th)
i ({fm})

⌘
(covt0)

�1
ij

⇣
R(exp)

j �R(th)
j ({fm})

⌘

+ �
X

m=g,⌃,T8

NxX

l=1

⇣
fm(xl, Q0, A)� f (p+n)/2

m (xl, Q0)
⌘2

<latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit>

Theoretical predictions (functions of the parameterized PDFs)

• Minimizing the cost function:

Artificial data replicas – experimental measurements smeared by Gaussian
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nPDF Optimization

�2 ⌘
NdatX

i,j=1

⇣
R(exp)

i �R(th)
i ({fm})

⌘
(covt0)

�1
ij

⇣
R(exp)

j �R(th)
j ({fm})

⌘

+ �
X

m=g,⌃,T8

NxX

l=1

⇣
fm(xl, Q0, A)� f (p+n)/2

m (xl, Q0)
⌘2

<latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit>

Theoretical predictions (functions of the parameterized PDFs)

Covariance matrix – encodes all uncorrelated and correlated experimental 
uncertainties

(covt0)
(exp)
ij ⌘

⇣
�(stat)
i R(exp)

i

⌘2
�ij +

 
NaddX

↵=1

�(sys,a)
i,↵ �(sys,a)

j,↵ R(exp)
i R(exp)

j

+
NmultX

�=1

�(sys,m)
i,� �(sys,m)

j,� R(th,0)
i R(th,0)

j

!

<latexit sha1_base64="2MlH9MnjWNrUb1rvIH7NQpUBGP0="></latexit><latexit sha1_base64="2MlH9MnjWNrUb1rvIH7NQpUBGP0="></latexit><latexit sha1_base64="2MlH9MnjWNrUb1rvIH7NQpUBGP0="></latexit><latexit sha1_base64="2MlH9MnjWNrUb1rvIH7NQpUBGP0="></latexit>

• Minimizing the cost function:

Artificial data replicas – experimental measurements smeared by Gaussian
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nPDF Optimization

�2 ⌘
NdatX

i,j=1

⇣
R(exp)

i �R(th)
i ({fm})

⌘
(covt0)

�1
ij

⇣
R(exp)

j �R(th)
j ({fm})

⌘

+ �
X

m=g,⌃,T8

NxX

l=1

⇣
fm(xl, Q0, A)� f (p+n)/2

m (xl, Q0)
⌘2
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Theoretical predictions (functions of the parameterized PDFs)

Covariance matrix – encodes all uncorrelated and correlated experimental 
uncertainties

(covt0)
(exp)
ij ⌘

⇣
�(stat)
i R(exp)

i

⌘2
�ij +

 
NaddX

↵=1

�(sys,a)
i,↵ �(sys,a)

j,↵ R(exp)
i R(exp)

j

+
NmultX

�=1

�(sys,m)
i,� �(sys,m)

j,� R(th,0)
i R(th,0)

j

!

<latexit sha1_base64="2MlH9MnjWNrUb1rvIH7NQpUBGP0="></latexit><latexit sha1_base64="2MlH9MnjWNrUb1rvIH7NQpUBGP0="></latexit><latexit sha1_base64="2MlH9MnjWNrUb1rvIH7NQpUBGP0="></latexit><latexit sha1_base64="2MlH9MnjWNrUb1rvIH7NQpUBGP0="></latexit>

t0 prescription: multiply correlated 
multiplicative uncertainties by central 
theory values from previous fit iterations 
(iterated until convergence)

• Minimizing the cost function:

Artificial data replicas – experimental measurements smeared by Gaussian
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nPDF Optimization

�2 ⌘
NdatX
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⇣
R(exp)

i �R(th)
i ({fm})

⌘
(covt0)

�1
ij

⇣
R(exp)

j �R(th)
j ({fm})

⌘
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X
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NxX
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Theoretical predictions (functions of the parameterized PDFs)

Covariance matrix – encodes all uncorrelated and correlated experimental 
uncertainties

• Minimizing the cost function:

• Many fits performed to obtain representative MC sample distribution

E[O(~a)] =
X

k

wkO(~ak) V [O(~a)] =
X

k

wk(O (~ak)� E[O])2

• Fits are cross-validated to prevent over-fitting

Artificial data replicas – experimental measurements smeared by Gaussian
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nPDF Optimization
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Boundary condition (imposed for x from 10-3 to 0.7)

• Minimizing the cost function:
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nPDF Optimization

�2 ⌘
NdatX

i,j=1

⇣
R(exp)

i �R(th)
i ({fm})

⌘
(covt0)

�1
ij

⇣
R(exp)

j �R(th)
j ({fm})

⌘

+ �
X

m=g,⌃,T8

NxX

l=1

⇣
fm(xl, Q0, A)� f (p+n)/2

m (xl, Q0)
⌘2

<latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit><latexit sha1_base64="mN60bNbfxU4n3m/GvKo1xR3qLOo="></latexit>

Boundary condition (imposed for x from 10-3 to 0.7)

à Free nucleon PDFs must be reproduced at A=1

f(x,Q,A = 1) =
1

2

⇥
fp(x,Q

2) + fn(x,Q
2)
⇤
, f = ⌃, T8, g

<latexit sha1_base64="loIlNINggaYDzmziOzVvDzZR8Vg="></latexit><latexit sha1_base64="loIlNINggaYDzmziOzVvDzZR8Vg="></latexit><latexit sha1_base64="loIlNINggaYDzmziOzVvDzZR8Vg="></latexit><latexit sha1_base64="loIlNINggaYDzmziOzVvDzZR8Vg="></latexit>

à NNPDF3.1 proton PDF fits are used as baseline (consistent methodology 
and theoretical assumptions)

à Central values and uncertainties reproduced at minimization level –
“simultaneous” fit of proton and nuclear PDFs

• Minimizing the cost function:

à Correlations from proton PDFs are accounted for!
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<latexit sha1_base64="prlUH4QW9tpUtkWyQeekPbmlP6I=">AAACJnicbVDLSgMxFM3UV62vqks3wSJUCmVGBN0Uim5cVrQP6EyHTJppQ5PMkGSEMszXuPFX3LioiLjzU0wfC209q8M553LvPUHMqNK2/WXl1tY3Nrfy24Wd3b39g+LhUUtFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHQ79dtPRCoaiUc9jonH0UDQkGKkjeQXa+4DHXAEa9BVCfdpLxV+mMFy6FNYgakbIAnDzKfnywkT6FX8Ysmu2jPAVeIsSAks0PCLE7cf4YQToTFDSnUdO9ZeiqSmmJGs4CaKxAiP0IB0DRWIE+WlszczeGaUPgwjc1EkNJypvydSxJUa88AkOdJDtexNxf+8bqLDay+lIk40EXi+KEwY1BGcdgb7VBKs2dgQhCU1t0I8RBJhbZotmBKc5ZdXSeui6thV5/6yVL9Z1JEHJ+AUlIEDrkAd3IEGaAIMnsErmIB368V6sz6sz3k0Zy1mjsEfWN8/sNakEA==</latexit><latexit sha1_base64="prlUH4QW9tpUtkWyQeekPbmlP6I=">AAACJnicbVDLSgMxFM3UV62vqks3wSJUCmVGBN0Uim5cVrQP6EyHTJppQ5PMkGSEMszXuPFX3LioiLjzU0wfC209q8M553LvPUHMqNK2/WXl1tY3Nrfy24Wd3b39g+LhUUtFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHQ79dtPRCoaiUc9jonH0UDQkGKkjeQXa+4DHXAEa9BVCfdpLxV+mMFy6FNYgakbIAnDzKfnywkT6FX8Ysmu2jPAVeIsSAks0PCLE7cf4YQToTFDSnUdO9ZeiqSmmJGs4CaKxAiP0IB0DRWIE+WlszczeGaUPgwjc1EkNJypvydSxJUa88AkOdJDtexNxf+8bqLDay+lIk40EXi+KEwY1BGcdgb7VBKs2dgQhCU1t0I8RBJhbZotmBKc5ZdXSeui6thV5/6yVL9Z1JEHJ+AUlIEDrkAd3IEGaAIMnsErmIB368V6sz6sz3k0Zy1mjsEfWN8/sNakEA==</latexit><latexit sha1_base64="prlUH4QW9tpUtkWyQeekPbmlP6I=">AAACJnicbVDLSgMxFM3UV62vqks3wSJUCmVGBN0Uim5cVrQP6EyHTJppQ5PMkGSEMszXuPFX3LioiLjzU0wfC209q8M553LvPUHMqNK2/WXl1tY3Nrfy24Wd3b39g+LhUUtFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHQ79dtPRCoaiUc9jonH0UDQkGKkjeQXa+4DHXAEa9BVCfdpLxV+mMFy6FNYgakbIAnDzKfnywkT6FX8Ysmu2jPAVeIsSAks0PCLE7cf4YQToTFDSnUdO9ZeiqSmmJGs4CaKxAiP0IB0DRWIE+WlszczeGaUPgwjc1EkNJypvydSxJUa88AkOdJDtexNxf+8bqLDay+lIk40EXi+KEwY1BGcdgb7VBKs2dgQhCU1t0I8RBJhbZotmBKc5ZdXSeui6thV5/6yVL9Z1JEHJ+AUlIEDrkAd3IEGaAIMnsErmIB368V6sz6sz3k0Zy1mjsEfWN8/sNakEA==</latexit><latexit sha1_base64="prlUH4QW9tpUtkWyQeekPbmlP6I=">AAACJnicbVDLSgMxFM3UV62vqks3wSJUCmVGBN0Uim5cVrQP6EyHTJppQ5PMkGSEMszXuPFX3LioiLjzU0wfC209q8M553LvPUHMqNK2/WXl1tY3Nrfy24Wd3b39g+LhUUtFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHQ79dtPRCoaiUc9jonH0UDQkGKkjeQXa+4DHXAEa9BVCfdpLxV+mMFy6FNYgakbIAnDzKfnywkT6FX8Ysmu2jPAVeIsSAks0PCLE7cf4YQToTFDSnUdO9ZeiqSmmJGs4CaKxAiP0IB0DRWIE+WlszczeGaUPgwjc1EkNJypvydSxJUa88AkOdJDtexNxf+8bqLDay+lIk40EXi+KEwY1BGcdgb7VBKs2dgQhCU1t0I8RBJhbZotmBKc5ZdXSeui6thV5/6yVL9Z1JEHJ+AUlIEDrkAd3IEGaAIMnsErmIB368V6sz6sz3k0Zy1mjsEfWN8/sNakEA==</latexit>

T8 = u+ + d+ � 2s+
<latexit sha1_base64="ftOcjJGnPMCSSdKnRVqF1ZmmXGY=">AAAB/3icbVDLSgMxFL3js9bXqODGTbAIQrHMFMFuhKIblxX6gnY6ZNJMG5p5kGSEMnbhr7hxoYhbf8Odf2PazkJbD9zL4Zx7yc3xYs6ksqxvY2V1bX1jM7eV397Z3ds3Dw6bMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNbqd+64EKyaKwrsYxdQI8CJnPCFZacs3jultB1yjpFVER9XW/QGXZK7pmwSpZM6BlYmekABlqrvnV7UckCWioCMdSdmwrVk6KhWKE00m+m0gaYzLCA9rRNMQBlU46u3+CzrTSR34kdIUKzdTfGykOpBwHnp4MsBrKRW8q/ud1EuVXnJSFcaJoSOYP+QlHKkLTMFCfCUoUH2uCiWD6VkSGWGCidGR5HYK9+OVl0iyXbKtk318WqjdZHDk4gVM4BxuuoAp3UIMGEHiEZ3iFN+PJeDHejY/56IqR7RzBHxifPwX/kuA=</latexit><latexit sha1_base64="ftOcjJGnPMCSSdKnRVqF1ZmmXGY=">AAAB/3icbVDLSgMxFL3js9bXqODGTbAIQrHMFMFuhKIblxX6gnY6ZNJMG5p5kGSEMnbhr7hxoYhbf8Odf2PazkJbD9zL4Zx7yc3xYs6ksqxvY2V1bX1jM7eV397Z3ds3Dw6bMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNbqd+64EKyaKwrsYxdQI8CJnPCFZacs3jultB1yjpFVER9XW/QGXZK7pmwSpZM6BlYmekABlqrvnV7UckCWioCMdSdmwrVk6KhWKE00m+m0gaYzLCA9rRNMQBlU46u3+CzrTSR34kdIUKzdTfGykOpBwHnp4MsBrKRW8q/ud1EuVXnJSFcaJoSOYP+QlHKkLTMFCfCUoUH2uCiWD6VkSGWGCidGR5HYK9+OVl0iyXbKtk318WqjdZHDk4gVM4BxuuoAp3UIMGEHiEZ3iFN+PJeDHejY/56IqR7RzBHxifPwX/kuA=</latexit><latexit sha1_base64="ftOcjJGnPMCSSdKnRVqF1ZmmXGY=">AAAB/3icbVDLSgMxFL3js9bXqODGTbAIQrHMFMFuhKIblxX6gnY6ZNJMG5p5kGSEMnbhr7hxoYhbf8Odf2PazkJbD9zL4Zx7yc3xYs6ksqxvY2V1bX1jM7eV397Z3ds3Dw6bMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNbqd+64EKyaKwrsYxdQI8CJnPCFZacs3jultB1yjpFVER9XW/QGXZK7pmwSpZM6BlYmekABlqrvnV7UckCWioCMdSdmwrVk6KhWKE00m+m0gaYzLCA9rRNMQBlU46u3+CzrTSR34kdIUKzdTfGykOpBwHnp4MsBrKRW8q/ud1EuVXnJSFcaJoSOYP+QlHKkLTMFCfCUoUH2uCiWD6VkSGWGCidGR5HYK9+OVl0iyXbKtk318WqjdZHDk4gVM4BxuuoAp3UIMGEHiEZ3iFN+PJeDHejY/56IqR7RzBHxifPwX/kuA=</latexit><latexit sha1_base64="ftOcjJGnPMCSSdKnRVqF1ZmmXGY=">AAAB/3icbVDLSgMxFL3js9bXqODGTbAIQrHMFMFuhKIblxX6gnY6ZNJMG5p5kGSEMnbhr7hxoYhbf8Odf2PazkJbD9zL4Zx7yc3xYs6ksqxvY2V1bX1jM7eV397Z3ds3Dw6bMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNbqd+64EKyaKwrsYxdQI8CJnPCFZacs3jultB1yjpFVER9XW/QGXZK7pmwSpZM6BlYmekABlqrvnV7UckCWioCMdSdmwrVk6KhWKE00m+m0gaYzLCA9rRNMQBlU46u3+CzrTSR34kdIUKzdTfGykOpBwHnp4MsBrKRW8q/ud1EuVXnJSFcaJoSOYP+QlHKkLTMFCfCUoUH2uCiWD6VkSGWGCidGR5HYK9+OVl0iyXbKtk318WqjdZHDk4gVM4BxuuoAp3UIMGEHiEZ3iFN+PJeDHejY/56IqR7RzBHxifPwX/kuA=</latexit>
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Nuclear effects visible in 
quark combination –
negligible for A=4
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Nuclear effects visible in 
quark combination –
negligible for A=4

Larger uncertainties for gluon 
distribution – consistent with 

unity

nNNPDF1.0 Results
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• Analysis of EIC pseudodata –
extended kinematic coverage

10�4 10�3 10�2 10�1 1

x

1

10

100

1000

Q
2

(G
eV

2 )

EIC high

EIC low

BCDMS

EMC

FNAL

NMC

SLAC

Scenario A Ee EA/A Q2
max xmin Ndat

eRHIC 5x50C 12 5 GeV 50 GeV 440 GeV2 0.003 50
eRHIC 5x75C 12 5 GeV 75 GeV 440 GeV2 0.002 57
eRHIC 5x100C 12 5 GeV 100 GeV 780 GeV2 0.001 64
eRHIC 5x50Au 197 5 GeV 50 GeV 440 GeV2 0.003 50
eRHIC 5x75Au 197 5 GeV 75 GeV 440 GeV2 0.002 57
eRHIC 5x100Au 197 5 GeV 100 GeV 780 GeV2 0.001 64
eRHIC 20x50C 12 20 GeV 50 GeV 780 GeV2 0.0008 75
eRHIC 20x75C 12 20 GeV 75 GeV 780 GeV2 0.0005 79
eRHIC 20x100C 12 20 GeV 100 GeV 780 GeV2 0.0003 82
eRHIC 20x50Au 197 20 GeV 50 GeV 780 GeV2 0.0008 75
eRHIC 20x75Au 197 20 GeV 75 GeV 780 GeV2 0.0005 79
eRHIC 20x100Au 197 20 GeV 100 GeV 780 GeV2 0.0003 82

<latexit sha1_base64="A6OU58+DUaoAAgZT3WBXtPwt+hk="></latexit><latexit sha1_base64="A6OU58+DUaoAAgZT3WBXtPwt+hk="></latexit><latexit sha1_base64="A6OU58+DUaoAAgZT3WBXtPwt+hk="></latexit><latexit sha1_base64="A6OU58+DUaoAAgZT3WBXtPwt+hk="></latexit>

• Two scenarios: low energy (5 
GeV) vs high energy (20 GeV) 
electron beam

• Pseudodata constructed 
with nNNPDF1.0 PDF sets 
for carbon and gold nuclei 

• Uncertainty projections 
from analysis of E.C. 
Aschenaur et al.  
[arXiv:1708.05654]
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• Methodology:

à Positivity constraints (!):

• Experimental data:

à CC DIS data from CHORUS (Pb) & NuTeV (Fe)

à W/Z production from LHC 

PRELIMINARY

à Boundary condition: NNPDF3.1 without heavy nuclear target data

Results on remaining slides are

à Valence sum rules

�2
! �2 + � max

�
0,�O(x,Q2)

�
<latexit sha1_base64="4pTHvCn9AnUf3jdwJmnMZKrSLNA="></latexit><latexit sha1_base64="4pTHvCn9AnUf3jdwJmnMZKrSLNA="></latexit><latexit sha1_base64="4pTHvCn9AnUf3jdwJmnMZKrSLNA="></latexit><latexit sha1_base64="4pTHvCn9AnUf3jdwJmnMZKrSLNA="></latexit>

where observables O (F2, cross-sections, etc) computed for grid in x and Q2

Based on 100 replica fit
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The equations used:

�2 =
X

i

X

j

(Di � Ti)C
�1
ij (Dj � Tj) (1)

�2
i = (Di � Ti)

X

j

C�1
ij (Dj � Tj) (2)

where D is the experimental central values, T the theoretical ones and C is the fit covmat.

Dataset �2 Ndata �2/Ndata

nNMCALC 4.991 14 0.357
nNMCBEC 3.784 14 0.27
nNMCCAC 10.119 23 0.44
nNMCCALI 2.119 9 0.235
nNMCCLI 10.025 9 1.114
nNMCFEC 9.511 14 0.679
nNMCPBC 13.251 14 0.946
nNMCSNC 70.293 119 0.591

nBCDMSFED 49.685 16 3.105
nBCDMSND 24.01 9 2.668
nSLACAGD 1.366 2 0.683
nSLACALD 2.436 3 0.812
nSLACAUD 3.852 3 1.284
nSLACBED 5.29 3 1.763
nSLACCAD 2.011 2 1.006
nSLACCD 0.573 2 0.287
nSLACFED 19.97 8 2.496
nSLACHED 1.741 3 0.58
nNMCCAD 21.064 12 1.755
nNMCCD 56.053 26 2.156
nNMCLID 13.622 12 1.135
nNMCHED 14.537 13 1.118
nEMCCAD 4.212 3 1.404
nEMCCD 14.495 12 1.208
nEMCCUD 16.476 27 0.61
nEMCFED 53.479 58 0.922
nEMCSND 17.944 8 2.243
nFNALCD 2.584 3 0.861
nFNALCAD 3.649 3 1.216
nFNALPBD 6.895 3 2.298
nFNALXED 1.483 4 0.371

CHORUSNBPb 376.367 423 0.89
CHORUSNUPb 419.117 423 0.991
NTVNUDMNFe 8.627 39 0.221
NTVNBDMNFe 26.467 37 0.715

Total: 1292.098 1373 0.941

Table 1: �2 breakdown of nNNPDF20 pos DISonly nonis fit

1

nNNPDF2.0 Preliminary Results
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• Excellent agreement with CC data (chi-squareds
similar to proton fits)

nNNPDF2.0 Preliminary Results
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Table 1: �2 breakdown of nNNPDF20 pos DISonly nonis fit

1

• Excellent agreement with CC data (chi-squareds
similar to proton fits)

nNNPDF2.0 Preliminary Results

• Possible CC and NC tension?

nNNPDF1.0 : (0.6)

(1.38)

(1.66)
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• Possible CC and NC tension?

• Excellent agreement with CC data (chi-squareds
similar to proton fits)

nNNPDF2.0 Preliminary Results

nNNPDF1.0 : (0.6)

(1.38)

(1.66)
• Good overall chi-squared
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• Significant reduction in uncertainties • Agreement with nNNPDF1.0
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• Significant reduction in uncertainties 
à Mostly from positivity constraint!

Comparison of 2.0 
quark singlet with and 

without positivity 
(similar effect in octet 

distribution) 

• Agreement with nNNPDF1.0
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• Significant reduction in uncertainties • Agreement with nNNPDF1.0
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• Growth of uncertainties with A
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• Strange suppression for large nuclei
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• Evidence of gluon shadowing unclear
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• 14 data points from pPb à Z à dilepton
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• 14 data points from pPb à Z à dilepton

(Prior) �2/Ndata = 2.004
<latexit sha1_base64="4ZQZJu34dMyxc1o+IYlIhxx9v1Q=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoLmpSCroRim5cSQX7gCaGyWTSDp08mJkIJeQf3Pgrblwo4taNO//GSZuFth643MM59zJzjxszKqRhfGulpeWV1bXyemVjc2t7R9/d64oo4Zh0cMQi3neRIIyGpCOpZKQfc4ICl5GeO77K/d4D4YJG4Z2cxMQO0DCkPsVIKsnRT2qpxQPY5jTi2bEFLTyi943TG2cqe0iiDF7ARt0wmo5eNVTPAReJWZAqKNB29C/Li3ASkFBihoQYmEYs7RRxSTEjWcVKBIkRHqMhGSgaooAIO53elMEjpXjQj7iqUMKp+nsjRYEQk8BVkwGSIzHv5eJ/3iCR/rmd0jBOJAnx7CE/YVBGMA8IepQTLNlEEYQ5VX+FeIQ4wlLFWFEhmPMnL5Juo24adfO2WW1dFnGUwQE4BDVggjPQAtegDToAg0fwDF7Bm/akvWjv2sdstKQVO/vgD7TPH0QJm9U=</latexit><latexit sha1_base64="4ZQZJu34dMyxc1o+IYlIhxx9v1Q=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoLmpSCroRim5cSQX7gCaGyWTSDp08mJkIJeQf3Pgrblwo4taNO//GSZuFth643MM59zJzjxszKqRhfGulpeWV1bXyemVjc2t7R9/d64oo4Zh0cMQi3neRIIyGpCOpZKQfc4ICl5GeO77K/d4D4YJG4Z2cxMQO0DCkPsVIKsnRT2qpxQPY5jTi2bEFLTyi943TG2cqe0iiDF7ARt0wmo5eNVTPAReJWZAqKNB29C/Li3ASkFBihoQYmEYs7RRxSTEjWcVKBIkRHqMhGSgaooAIO53elMEjpXjQj7iqUMKp+nsjRYEQk8BVkwGSIzHv5eJ/3iCR/rmd0jBOJAnx7CE/YVBGMA8IepQTLNlEEYQ5VX+FeIQ4wlLFWFEhmPMnL5Juo24adfO2WW1dFnGUwQE4BDVggjPQAtegDToAg0fwDF7Bm/akvWjv2sdstKQVO/vgD7TPH0QJm9U=</latexit><latexit sha1_base64="4ZQZJu34dMyxc1o+IYlIhxx9v1Q=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoLmpSCroRim5cSQX7gCaGyWTSDp08mJkIJeQf3Pgrblwo4taNO//GSZuFth643MM59zJzjxszKqRhfGulpeWV1bXyemVjc2t7R9/d64oo4Zh0cMQi3neRIIyGpCOpZKQfc4ICl5GeO77K/d4D4YJG4Z2cxMQO0DCkPsVIKsnRT2qpxQPY5jTi2bEFLTyi943TG2cqe0iiDF7ARt0wmo5eNVTPAReJWZAqKNB29C/Li3ASkFBihoQYmEYs7RRxSTEjWcVKBIkRHqMhGSgaooAIO53elMEjpXjQj7iqUMKp+nsjRYEQk8BVkwGSIzHv5eJ/3iCR/rmd0jBOJAnx7CE/YVBGMA8IepQTLNlEEYQ5VX+FeIQ4wlLFWFEhmPMnL5Juo24adfO2WW1dFnGUwQE4BDVggjPQAtegDToAg0fwDF7Bm/akvWjv2sdstKQVO/vgD7TPH0QJm9U=</latexit><latexit sha1_base64="4ZQZJu34dMyxc1o+IYlIhxx9v1Q=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoLmpSCroRim5cSQX7gCaGyWTSDp08mJkIJeQf3Pgrblwo4taNO//GSZuFth643MM59zJzjxszKqRhfGulpeWV1bXyemVjc2t7R9/d64oo4Zh0cMQi3neRIIyGpCOpZKQfc4ICl5GeO77K/d4D4YJG4Z2cxMQO0DCkPsVIKsnRT2qpxQPY5jTi2bEFLTyi943TG2cqe0iiDF7ARt0wmo5eNVTPAReJWZAqKNB29C/Li3ASkFBihoQYmEYs7RRxSTEjWcVKBIkRHqMhGSgaooAIO53elMEjpXjQj7iqUMKp+nsjRYEQk8BVkwGSIzHv5eJ/3iCR/rmd0jBOJAnx7CE/YVBGMA8IepQTLNlEEYQ5VX+FeIQ4wlLFWFEhmPMnL5Juo24adfO2WW1dFnGUwQE4BDVggjPQAtegDToAg0fwDF7Bm/akvWjv2sdstKQVO/vgD7TPH0QJm9U=</latexit>

(Post Fit) �2/Ndata = 1.572
<latexit sha1_base64="olj91hL7ei4g0+10Pr61siZ4Ilc=">AAACF3icbVDLSgNBEJz1GeNr1aOXwSDEy7oblHgRgoJ4kgjmAdk1zE4myZDZBzO9QljyF178FS8eFPGqN//GSbIHTSxoKKq66e7yY8EV2Pa3sbC4tLyymlvLr29sbm2bO7t1FSWSshqNRCSbPlFM8JDVgINgzVgyEviCNfzB5dhvPDCpeBTewTBmXkB6Ie9ySkBLbdMqpq4McDVS4OIrDqMjF7u0z+9LxzftidUhQEb4HDvWabnUNgu2ZU+A54mTkQLKUG2bX24noknAQqCCKNVy7Bi8lEjgVLBR3k0UiwkdkB5raRqSgCkvnfw1woda6eBuJHWFgCfq74mUBEoNA193BgT6atYbi/95rQS6Z17KwzgBFtLpom4iMER4HBLucMkoiKEmhEqub8W0TyShoKPM6xCc2ZfnSb1kObbl3J4UKhdZHDm0jw5QETmojCroGlVRDVH0iJ7RK3oznowX4934mLYuGNnMHvoD4/MH+OidPw==</latexit><latexit sha1_base64="olj91hL7ei4g0+10Pr61siZ4Ilc=">AAACF3icbVDLSgNBEJz1GeNr1aOXwSDEy7oblHgRgoJ4kgjmAdk1zE4myZDZBzO9QljyF178FS8eFPGqN//GSbIHTSxoKKq66e7yY8EV2Pa3sbC4tLyymlvLr29sbm2bO7t1FSWSshqNRCSbPlFM8JDVgINgzVgyEviCNfzB5dhvPDCpeBTewTBmXkB6Ie9ySkBLbdMqpq4McDVS4OIrDqMjF7u0z+9LxzftidUhQEb4HDvWabnUNgu2ZU+A54mTkQLKUG2bX24noknAQqCCKNVy7Bi8lEjgVLBR3k0UiwkdkB5raRqSgCkvnfw1woda6eBuJHWFgCfq74mUBEoNA193BgT6atYbi/95rQS6Z17KwzgBFtLpom4iMER4HBLucMkoiKEmhEqub8W0TyShoKPM6xCc2ZfnSb1kObbl3J4UKhdZHDm0jw5QETmojCroGlVRDVH0iJ7RK3oznowX4934mLYuGNnMHvoD4/MH+OidPw==</latexit><latexit sha1_base64="olj91hL7ei4g0+10Pr61siZ4Ilc=">AAACF3icbVDLSgNBEJz1GeNr1aOXwSDEy7oblHgRgoJ4kgjmAdk1zE4myZDZBzO9QljyF178FS8eFPGqN//GSbIHTSxoKKq66e7yY8EV2Pa3sbC4tLyymlvLr29sbm2bO7t1FSWSshqNRCSbPlFM8JDVgINgzVgyEviCNfzB5dhvPDCpeBTewTBmXkB6Ie9ySkBLbdMqpq4McDVS4OIrDqMjF7u0z+9LxzftidUhQEb4HDvWabnUNgu2ZU+A54mTkQLKUG2bX24noknAQqCCKNVy7Bi8lEjgVLBR3k0UiwkdkB5raRqSgCkvnfw1woda6eBuJHWFgCfq74mUBEoNA193BgT6atYbi/95rQS6Z17KwzgBFtLpom4iMER4HBLucMkoiKEmhEqub8W0TyShoKPM6xCc2ZfnSb1kObbl3J4UKhdZHDm0jw5QETmojCroGlVRDVH0iJ7RK3oznowX4934mLYuGNnMHvoD4/MH+OidPw==</latexit><latexit sha1_base64="olj91hL7ei4g0+10Pr61siZ4Ilc=">AAACF3icbVDLSgNBEJz1GeNr1aOXwSDEy7oblHgRgoJ4kgjmAdk1zE4myZDZBzO9QljyF178FS8eFPGqN//GSbIHTSxoKKq66e7yY8EV2Pa3sbC4tLyymlvLr29sbm2bO7t1FSWSshqNRCSbPlFM8JDVgINgzVgyEviCNfzB5dhvPDCpeBTewTBmXkB6Ie9ySkBLbdMqpq4McDVS4OIrDqMjF7u0z+9LxzftidUhQEb4HDvWabnUNgu2ZU+A54mTkQLKUG2bX24noknAQqCCKNVy7Bi8lEjgVLBR3k0UiwkdkB5raRqSgCkvnfw1woda6eBuJHWFgCfq74mUBEoNA193BgT6atYbi/95rQS6Z17KwzgBFtLpom4iMER4HBLucMkoiKEmhEqub8W0TyShoKPM6xCc2ZfnSb1kObbl3J4UKhdZHDm0jw5QETmojCroGlVRDVH0iJ7RK3oznowX4934mLYuGNnMHvoD4/MH+OidPw==</latexit>



Re-analysis of EIC Impact
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• ~20% reduction in 90% CL levels for Pb ratio at low x!

• Analysis of high energy EIC pseudo-data (constructed with prelim 2.0)

nNNPDF2.0 prelim nNNPDF2.0 + EIC high energy
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• ~20% reduction in 90% CL levels for Pb ratio at low x!

• Analysis of high energy EIC pseudo-data (constructed with prelim 2.0)

nNNPDF2.0 prelim nNNPDF2.0 + EIC high energy

• Can help pin down flavor separation at low x
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Summary and Outlook
• Machine learning + Monte Carlo methods are important for robust extractions of 

nPDFs and their uncertainties  

• Methodology improvements in nuclear PDF analysis: 

à Neural networks optimized with stochastic gradient descent in TensorFlow

• Highlights from first Monte Carlo nPDF fit

• Towards nNNPDF2.0

à Inclusion of additional observables (VB production from LHC p+Pb collisions, CC DIS) 
for flavor separation and uncertainty reduction

à Significant impact of A=1 boundary condition for low-A nuclei

à High energy EIC scenario can constrain nPDFs down to x ~ 10-4

à New proton BC (not contaminated with heavy nuclear target data)

à Positivity constraints
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Summary and Outlook
• Machine learning + Monte Carlo methods are important for robust extractions of 

nPDFs and their uncertainties  

• Methodology improvements in nuclear PDF analysis: 

à Neural networks optimized with stochastic gradient descent in TensorFlow

• Highlights from first Monte Carlo nPDF fit

• Towards nNNPDF2.0

à Inclusion of additional observables (VB production from LHC p+Pb collisions, CC DIS) 
for flavor separation and uncertainty reduction

à Significant impact of A=1 boundary condition for low-A nuclei

à High energy EIC scenario can constrain nPDFs down to x ~ 10-4

à New proton BC (not contaminated with heavy nuclear target data)

à Positivity constraints

THANK YOU!
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BACKUP SLIDES



Non-Isoscalarity
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<latexit sha1_base64="A7dZWuXyk7HkPyN277nxt5dTSdk="></latexit><latexit sha1_base64="A7dZWuXyk7HkPyN277nxt5dTSdk="></latexit><latexit sha1_base64="A7dZWuXyk7HkPyN277nxt5dTSdk="></latexit><latexit sha1_base64="A7dZWuXyk7HkPyN277nxt5dTSdk="></latexit>



47

Sum Rules

• Single fit with momentum and valence sum rules 

• Single fit without momentum and valence sum rules 

• Violation < 3%


