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Motivation
• Significant deviations from unity in measurements of nuclear to nucleon structure 

function ratios (EMC effect) 

à Structure functions of the nucleus cannot be 
described as a sum of the free nucleon structure 
functions (up to Fermi motion corrections)

à Determining the modification of free 
nucleon PDFs in nuclei can provide 
crucial insight to various nuclear effects

• Origin of EMC effect still not well understood
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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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Motivation

• nPDFs 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 the upcoming Electron-
Ion Collider

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

• Can be determined from ratio of nuclear to proton PDFs:

A. Accardi et. al. EIC White Paper  arXiv:1212.1701
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Global QCD Analyses

• Collinear factorization à distributions depend on the fraction of longitudinal 
proton momentum
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Parton distribution function (PDF)
Hard scattering 
coefficient

Factorization à separation of short and long distance physics in pQCD expressions of 
experimental observables, e.g. for electron-proton scattering

• The same formalism can be used to study modification of PDFs in nuclei 

Unpolarized deep inelastic 
scattering (DIS) observable

`+ (p, d) ! `0 +X

• Method to extract information of the nonperturbative dynamics associated with 
nuclei structure within QCD

f (p)(x,Q2) ! f (p/A)(x,Q2, A)
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• Nuclear PDFs are extracted from global data of lepton-nucleus and hadron-
nucleus collisions using QCD factorization



5

Global QCD Analyses

• Issues with performing single chi-squared minimization

à Need a consistent theoretical framework and robust fitting procedure to reliably determine 
nuclear PDF central values and uncertainties

à Parameters difficult to constrain are typically fixed 

à Uncertainties computed by a Hessian method introduce tolerance criteria (uncertainties 
inflated by arbitrary factor)

à Highly non-linear chi-squared function = many local minima that a single fit can be trapped 

• Standard determination of nonperturbative functions form global QCD analyses:

à Objects are parameterized xf(x) = Nxa(1� x)b(1 + c
p
x+ dx)

à Parameters are optimized with a least-squares fit
�2 =

NexpX

e

NdataX

i

(De
i � Ti)2

(�e
i )

2

• Nuclear PDFs require proton PDF as boundary condition à typically taken from 
previous global analyses (which often make different theoretical/methodological 
choices!)
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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
<latexit sha1_base64="nOfo8yGPYDRrTabWQGqWYqSnJ0c="></latexit><latexit sha1_base64="nOfo8yGPYDRrTabWQGqWYqSnJ0c="></latexit><latexit sha1_base64="nOfo8yGPYDRrTabWQGqWYqSnJ0c="></latexit><latexit sha1_base64="nOfo8yGPYDRrTabWQGqWYqSnJ0c="></latexit>

à Kinematic cuts: W 2 > 12.5 GeV2

Q2 > 3.5 GeV2
<latexit sha1_base64="nRD2ShcBRA2YOLErxXzjJalBZPs=">AAACG3icbVDLSsNAFJ3UV42vqEs3g0VxFZKo6EqKLnTZgn1Ak5bJdNoOnUnCzEQoof/hxl9x40IRV4IL/8Zpm4W2HrhwOOde7r0nTBiVynG+jcLS8srqWnHd3Njc2t6xdvfqMk4FJjUcs1g0QyQJoxGpKaoYaSaCIB4y0giHNxO/8UCEpHF0r0YJCTjqR7RHMVJa6lheo+3B4yvoeva5DzNfcHhL6uO25/tmdWadzjkdq+TYzhRwkbg5KYEclY716XdjnHISKcyQlC3XSVSQIaEoZmRs+qkkCcJD1CctTSPEiQyy6W9jeKSVLuzFQlek4FT9PZEhLuWIh7qTIzWQ895E/M9rpap3GWQ0SlJFIjxb1EsZVDGcBAW7VBCs2EgThAXVt0I8QAJhpeM0dQju/MuLpO7ZrmO71bNS+TqPowgOwCE4AS64AGVwByqgBjB4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoBLNOcjw==</latexit><latexit sha1_base64="nRD2ShcBRA2YOLErxXzjJalBZPs=">AAACG3icbVDLSsNAFJ3UV42vqEs3g0VxFZKo6EqKLnTZgn1Ak5bJdNoOnUnCzEQoof/hxl9x40IRV4IL/8Zpm4W2HrhwOOde7r0nTBiVynG+jcLS8srqWnHd3Njc2t6xdvfqMk4FJjUcs1g0QyQJoxGpKaoYaSaCIB4y0giHNxO/8UCEpHF0r0YJCTjqR7RHMVJa6lheo+3B4yvoeva5DzNfcHhL6uO25/tmdWadzjkdq+TYzhRwkbg5KYEclY716XdjnHISKcyQlC3XSVSQIaEoZmRs+qkkCcJD1CctTSPEiQyy6W9jeKSVLuzFQlek4FT9PZEhLuWIh7qTIzWQ895E/M9rpap3GWQ0SlJFIjxb1EsZVDGcBAW7VBCs2EgThAXVt0I8QAJhpeM0dQju/MuLpO7ZrmO71bNS+TqPowgOwCE4AS64AGVwByqgBjB4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoBLNOcjw==</latexit><latexit sha1_base64="nRD2ShcBRA2YOLErxXzjJalBZPs=">AAACG3icbVDLSsNAFJ3UV42vqEs3g0VxFZKo6EqKLnTZgn1Ak5bJdNoOnUnCzEQoof/hxl9x40IRV4IL/8Zpm4W2HrhwOOde7r0nTBiVynG+jcLS8srqWnHd3Njc2t6xdvfqMk4FJjUcs1g0QyQJoxGpKaoYaSaCIB4y0giHNxO/8UCEpHF0r0YJCTjqR7RHMVJa6lheo+3B4yvoeva5DzNfcHhL6uO25/tmdWadzjkdq+TYzhRwkbg5KYEclY716XdjnHISKcyQlC3XSVSQIaEoZmRs+qkkCcJD1CctTSPEiQyy6W9jeKSVLuzFQlek4FT9PZEhLuWIh7qTIzWQ895E/M9rpap3GWQ0SlJFIjxb1EsZVDGcBAW7VBCs2EgThAXVt0I8QAJhpeM0dQju/MuLpO7ZrmO71bNS+TqPowgOwCE4AS64AGVwByqgBjB4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoBLNOcjw==</latexit><latexit sha1_base64="nRD2ShcBRA2YOLErxXzjJalBZPs=">AAACG3icbVDLSsNAFJ3UV42vqEs3g0VxFZKo6EqKLnTZgn1Ak5bJdNoOnUnCzEQoof/hxl9x40IRV4IL/8Zpm4W2HrhwOOde7r0nTBiVynG+jcLS8srqWnHd3Njc2t6xdvfqMk4FJjUcs1g0QyQJoxGpKaoYaSaCIB4y0giHNxO/8UCEpHF0r0YJCTjqR7RHMVJa6lheo+3B4yvoeva5DzNfcHhL6uO25/tmdWadzjkdq+TYzhRwkbg5KYEclY716XdjnHISKcyQlC3XSVSQIaEoZmRs+qkkCcJD1CctTSPEiQyy6W9jeKSVLuzFQlek4FT9PZEhLuWIh7qTIzWQ895E/M9rpap3GWQ0SlJFIjxb1EsZVDGcBAW7VBCs2EgThAXVt0I8QAJhpeM0dQju/MuLpO7ZrmO71bNS+TqPowgOwCE4AS64AGVwByqgBjB4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoBLNOcjw==</latexit>

• Significant range in atomic mass values (A 
from 2 to 208)

• 451 total data points
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nNNPDF1.0 Fitting Methodology
• Based on NNPDF framework:

à PDFs modeled with neural networks (removes parameterization bias)

à Monte Carlo sampling of parameter space

à Cross-validation with early stopping (prevents overfitting)

Data Resampling

Validation

Training Fit

Validate Best Fit

à Gaussian smearing of experimental data

à Many fits are performed to obtain sample distribution that represents the parent 
probability distribution of nPDFs



8

nPDF Optimization
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Experimental measurements

Theoretical predictions (functions of the parameterized PDFs)
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Experimental measurements

Theoretical predictions (functions of the parameterized PDFs)

Covariance matrix – encodes all uncorrelated and correlated experimental 
uncertainties
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Experimental measurements

Theoretical predictions (functions of the parameterized PDFs)
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• t0 prescription: multiply correlated 
multiplicative uncertainties by central 
theory values from previous fit 
iterations (iterated until convergence)
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Boundary condition (imposed for x from 10-3 to 0.7)
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nPDF Optimization

• Minimize 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>

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
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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!
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Optimization with TensorFlow
• Open source machine learning software library developed by 

Google’s AI organization

• Gradients of cost function (chi-squared) computed by reverse-mode automatic 
differentiation

• Parameters are optimized by the 
Adapative Moment Estimation 
(ADAM) algorithm – improved 
stochastic gradient descent (SGD)

• Highly optimized numerical computations + machine 
learning tools

• Improved performance over numeric 
genetic algorithm (NGA) 
optimization used in previous 
NNPDF analyses
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Data vs Theory – EMC + NMC
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Data vs Theory – NMC Sn/C
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Data vs Theory – BCDMS + SLAC + FNAL
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For every value of x:

90% CL range:

Only linear combination of 
quark singlet and octet

distributions constrained by 
NC DIS
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and uncertainties 

reproduced! 

Uncertainties computed as 
90% CL range – central 

value taken to be midpoint

f1  f2  . . .  fNrep�1  fNrep
<latexit sha1_base64="XogZVhxpiTNPtyq6Psmof48gWs8=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwY5kpgi6LIriSCvYBnWHIpHfa0MyDJCOUYb7Ijb+iC0FF3PoZpu0sauuBkMM555Lc4yecSWVZ70ZpZXVtfaO8Wdna3tndM/cP2jJOBYUWjXksuj6RwFkELcUUh24igIQ+h44/up74nUcQksXRgxon4IZkELGAUaK05Jk3gWdjhwMOvPr0dng/VnJCK1gj8LI7L3NEiAUk+ZmdF+F5NceeWbVq1hR4mdgFqaICTc98dfoxTUOIFOVEyp5tJcrNiFCMcsgrTiohIXREBtDTNCIhSDebrpvjE630cRALfSKFp+r8REZCKcehr5MhUUO56E3E/7xeqoJLN2NRkiqI6OyhIOVYxXjSHe4zAVTxsSaECqb/iumQCEKVbriiS7AXV14m7XrNtmr2/Xm1cVXUUUZH6BidIhtdoAa6RU3UQhQ9oRf0gT6NZ+PN+DK+Z9GSUcwcoj8wfn4BeIemcA==</latexit><latexit sha1_base64="XogZVhxpiTNPtyq6Psmof48gWs8=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwY5kpgi6LIriSCvYBnWHIpHfa0MyDJCOUYb7Ijb+iC0FF3PoZpu0sauuBkMM555Lc4yecSWVZ70ZpZXVtfaO8Wdna3tndM/cP2jJOBYUWjXksuj6RwFkELcUUh24igIQ+h44/up74nUcQksXRgxon4IZkELGAUaK05Jk3gWdjhwMOvPr0dng/VnJCK1gj8LI7L3NEiAUk+ZmdF+F5NceeWbVq1hR4mdgFqaICTc98dfoxTUOIFOVEyp5tJcrNiFCMcsgrTiohIXREBtDTNCIhSDebrpvjE630cRALfSKFp+r8REZCKcehr5MhUUO56E3E/7xeqoJLN2NRkiqI6OyhIOVYxXjSHe4zAVTxsSaECqb/iumQCEKVbriiS7AXV14m7XrNtmr2/Xm1cVXUUUZH6BidIhtdoAa6RU3UQhQ9oRf0gT6NZ+PN+DK+Z9GSUcwcoj8wfn4BeIemcA==</latexit><latexit sha1_base64="XogZVhxpiTNPtyq6Psmof48gWs8=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwY5kpgi6LIriSCvYBnWHIpHfa0MyDJCOUYb7Ijb+iC0FF3PoZpu0sauuBkMM555Lc4yecSWVZ70ZpZXVtfaO8Wdna3tndM/cP2jJOBYUWjXksuj6RwFkELcUUh24igIQ+h44/up74nUcQksXRgxon4IZkELGAUaK05Jk3gWdjhwMOvPr0dng/VnJCK1gj8LI7L3NEiAUk+ZmdF+F5NceeWbVq1hR4mdgFqaICTc98dfoxTUOIFOVEyp5tJcrNiFCMcsgrTiohIXREBtDTNCIhSDebrpvjE630cRALfSKFp+r8REZCKcehr5MhUUO56E3E/7xeqoJLN2NRkiqI6OyhIOVYxXjSHe4zAVTxsSaECqb/iumQCEKVbriiS7AXV14m7XrNtmr2/Xm1cVXUUUZH6BidIhtdoAa6RU3UQhQ9oRf0gT6NZ+PN+DK+Z9GSUcwcoj8wfn4BeIemcA==</latexit><latexit sha1_base64="XogZVhxpiTNPtyq6Psmof48gWs8=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwY5kpgi6LIriSCvYBnWHIpHfa0MyDJCOUYb7Ijb+iC0FF3PoZpu0sauuBkMM555Lc4yecSWVZ70ZpZXVtfaO8Wdna3tndM/cP2jJOBYUWjXksuj6RwFkELcUUh24igIQ+h44/up74nUcQksXRgxon4IZkELGAUaK05Jk3gWdjhwMOvPr0dng/VnJCK1gj8LI7L3NEiAUk+ZmdF+F5NceeWbVq1hR4mdgFqaICTc98dfoxTUOIFOVEyp5tJcrNiFCMcsgrTiohIXREBtDTNCIhSDebrpvjE630cRALfSKFp+r8REZCKcehr5MhUUO56E3E/7xeqoJLN2NRkiqI6OyhIOVYxXjSHe4zAVTxsSaECqb/iumQCEKVbriiS7AXV14m7XrNtmr2/Xm1cVXUUUZH6BidIhtdoAa6RU3UQhQ9oRf0gT6NZ+PN+DK+Z9GSUcwcoj8wfn4BeIemcA==</latexit>

⇥
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For every value of x:

90% CL range:



Nuclear PDFs

21

�1

0

1

2

3

x
f
(x

,Q
0)

p+n
2

⌃ + 1
4T8

g

NNPDF3.1

4He

�1

0

1

2

3

x
f
(x

,Q
0)

12C 64Cu

10�3 0.01 0.1 1

x

�1

0

1

2

3

x
f
(x

,Q
0)

119Sn

10�3 0.01 0.1 1

x

208Pb

Uncertainties computed as 
90% CL range – central 

value taken to be midpoint

f1  f2  . . .  fNrep�1  fNrep
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For every value of x:

90% CL range:

Increasing uncertainties 
with A – effect of boundary 

condition
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Ratio to A=1 result –
correlations between nPDFs

included

R(k)
f =

f (N/A)(k)(x,Q2, A)

f (N)(k)(x,Q2)
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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
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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
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• 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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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

• Available NC DIS data not sensitive to separation of singlet and octet 
distributions

à Inclusion of additional observables (new LHC p+Pb observables, CC DIS, Drell-Yan) 
for flavor separation and uncertainty reduction is needed

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
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Neutral Current (NC) DIS – Theory
• Experimental observables given as ratios of cross sections/structure functions

• Nuclear effects encoded in PDFs so that

d2�NC(x,Q2, A2)/dxdQ2

d2�NC(x,Q2, A1)/dxdQ2
' F2(x,Q2, A2)

F2(x,Q2, A1)
= RF2

�
x,Q2, A1, A2

�
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F (NLO)

2
(x,Q2, A) = C⌃ ⌦ ⌃(x,Q2, A) + CT8 ⌦ T8(x,Q

2, A) + Cg ⌦ g(x,Q2, A)
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F2(x,Q
2, A) =

1

A
(ZF (p/A)

2 + (A� Z)F (n/A)
2 )
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(Isoscalar nuclei): F2(x,Q
2, A) =

1

2
(F (p/A)

2 + F (n/A)
2 )

<latexit sha1_base64="kNYQb/TBT1p+4OEL8QTpgg7is8U="></latexit><latexit sha1_base64="kNYQb/TBT1p+4OEL8QTpgg7is8U="></latexit><latexit sha1_base64="kNYQb/TBT1p+4OEL8QTpgg7is8U="></latexit><latexit sha1_base64="kNYQb/TBT1p+4OEL8QTpgg7is8U="></latexit>

• In collinear factorization:
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Neutral Current (NC) DIS – Theory
• Experimental observables given as ratios of cross sections/structure functions

• Nuclear effects encoded in PDFs so that
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2 )
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(Isoscalar nuclei): F2(x,Q
2, A) =

1

2
(F (p/A)

2 + F (n/A)
2 )
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• In collinear factorization:

Coefficient functions (including relevant charge factors)
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Neutral Current (NC) DIS – Theory
• Experimental observables given as ratios of cross sections/structure functions

• Nuclear effects encoded in PDFs so that

d2�NC(x,Q2, A2)/dxdQ2

d2�NC(x,Q2, A1)/dxdQ2
' F2(x,Q2, A2)

F2(x,Q2, A1)
= RF2

�
x,Q2, A1, A2

�
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F (NLO)

2
(x,Q2, A) = C⌃ ⌦ ⌃(x,Q2, A) + CT8 ⌦ T8(x,Q

2, A) + Cg ⌦ g(x,Q2, A)
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A
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(Isoscalar nuclei): F2(x,Q
2, A) =

1

2
(F (p/A)

2 + F (n/A)
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• In collinear factorization:

Coefficient functions (including relevant charge factors)
Nuclear PDFs (in DGLAP evolution basis)

⌃(x,Q2, A) ⌘
nf=3X

i=1

f+
i (x,Q2, A) (quark singlet) ,

T3(x,Q
2, A) ⌘

�
u+ � d+

�
(x,Q2, A) (quark triplet) ,

T8(x,Q
2, A) ⌘

�
u+ + d+ � 2s+

�
(x,Q2, A) (quark octet)
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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)
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• 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)
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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


