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General	Motivations
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• Understanding QCD in the nuclear 
environment, e.g EMC effect.


• Combining data across different  
nuclear targets allows testing 
different nuclear models. 

• Neutrino-induced CC-DIS on  
heavy nuclear targets  
helps disentangling the  
proton’s q and q distributions. 
[See R. Pearson’s talk @ 14:20]


• Lead, Xenon PDF  
for the LHC heavy-ion program.

EPPS16, Fig.19, [1612.05741]

EMC, Fig.2,  
[1983PhLB..123..275A]
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Kinematical cuts

Consistent with our 


Proton PDF Boundary

NNPDF3.1



Parametrisation
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xg(x, Q0, A) = Bg(A)x−αg(1 − x)βg ξ(3)
3 (x, A) ,

xΣ(x, Q0, A) = x−αΣ(1 − x)βΣ ξ(3)
1 (x, A) ,

xT8(x, Q0, A) = x−αT8(1 − x)βT8 ξ(3)
2 (x, A)

Isoscalar nuclei F2 as observable

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

Evolution basis

Σ =
nf

∑
i=1

q+
i

T3 = u+ − d+

T8 = u+ + d+ − 2s+

where: q± = q ± q̄
No contribution from T3 
in isoscalar observables

Bg(A) =
1 − ∫ 1

0
dx xΣ(x, Q0, A)

∫ 1
0

dx xg(x, Q0, A)
.

Momentum Sum Rule Anti-correlated 
[backup]



Cost	Function
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χ2 ≡
Ndat

∑
i, j=1

(R(exp)
i − R(th)

i ({fm})) (covt0)
−1

ij (R(exp)
j − R(th)

j ({fm}))

+λ ∑
m=g,Σ,T8

Nx

∑
l=1

(fm(xl, Q0, A) − f (p+n)/2
m (xl, Q0))

2
.
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Per replica boundary condition on the level of minimisation  
to reproduce NNPDF3.1 central value and uncertainties  at 
A=1 with x ∈ [10−3, 0 . 7]



Cost	Function
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.

R =
C ⊗ nNNPDF1.0(A)
C ⊗ nNNPDF1.0(A′�)

Fitting pdf in ratio

Per replica boundary condition on the level of minimisation  
to reproduce NNPDF3.1 central value and uncertainties  at 
A=1 with x ∈ [10−3, 0 . 7]



Minimisation

6

- Training and validation splitting  
- Architecture: [3, 25, 3] 
- Linear solver:  Reverse Automatic Differentiation 
- Minimisation: Backpropagation + gradient descent [ADAM]

With TensorFlow
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- Training and validation splitting  
- Architecture: [3, 25, 3] 
- Linear solver:  Reverse Automatic Differentiation 
- Minimisation: Backpropagation + gradient descent [ADAM]

With TensorFlow

x11 faster! 



Data	vs.	Theory
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Errors computed 
as 90% CL (1k replicas)

NNPDF3.1 central value 
and uncertainties 

reproduced

f(x, Q, A = 1)

=
1
2 [fp(x, Q2) + fn(x, Q2)]

The boundary condition 
constrain the nPDFs 

for low-A nuclei

Σ +1/4 T8 
g
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Important constraints on  
nPDF central values and  
uncertainties across A

x ∈ [10−3, 0 . 7]

Pronounced reduction  
of uncertainty due to  

the accurate determination  
of the proton’s quark sea 

 at small-x in   
NNPDF3.1 + LHCb 

No BC 
NNPDF3.1 

NNPDF3.1+LHCb

λ ∑
m=g,Σ,T8

Nx

∑
l=1

(fm(xl, Q0, A) − f (p+n)/2
m (xl, Q0))

2

In the 𝟀2 : 

Imposed for



nPDFs	comparison



A=1	limit
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• Per replica boundary condition 
to reproduce NNPDF3.1 overall 
uncertainties (correlations included)  

• Imposed on the level of minimisation 

χ2 ≡
Ndat

∑
i, j=1

(R(exp)
i − R(th)

i ({fm})) (covt0)
−1

ij (R(exp)
j − R(th)

j ({fm}))

+λ ∑
m=g,Σ,T8

Nx

∑
l=1

(fm(xl, Q0, A) − f (p+n)/2
m (xl, Q0))

2
.

nNNPDF1.0



A=1	limit
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nNNPDF1.0

EPPS16 CT14NLOCentral value:

Uncertainties:  
• Baseline parameters uncorrelated from the nPDF parameters 

• On the level of observables: 
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to reproduce NNPDF3.1 overall 
uncertainties (correlations included)  

• Imposed on the level of minimisation 

χ2 ≡
Ndat
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Uncertainties:  
• Baseline parameters uncorrelated from the nPDF parameters 

• On the level of observables: 

Central value:

For A=1, PDF = Central Value of CTEQ6.1
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All nPDFs  
are normalised to  
nNNPDF1.0(A=1) 

central value

Significant differences 
in uncertainties 

in non-data region

90% CL for all nPDFs 
• Hessian for  

nCTEQ15 and EPPS16 
• Monte Carlo for  

nNNPDF1.0

Anti-shadowing

Within zero

nNNPDF1.0 
EPPS16 

nCTEQ15



Impact	of	a	future		
Electron-Ion	collider



The	need	for	EIC
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Hera DIS data being the backbone of free-proton PDFs,  
we need something similar for nPDFs

Reliable data to constrain the gluon at small-x and low-Q2

EPPS16, Fig.19, [1612.05741] Fig.17, [1708.05654]

EIC  
impact



EIC	kinematics
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Thanks H. Paukkunen for providing 

Kinematics + uncertainties.



EIC	impact	on	nPDFs

15

0.4

0.6

0.8

1.0

1.2

1.4
f

(N
/A

) /
f

N

12C

⌃ + 1
4T8

0.0

0.5

1.0

1.5

2.0

g

nNNPDF1.0

nNNPDF1.0 + EIC (low)

nNNPDF1.0 + EIC (high)

10�3 0.01 0.1 1

x
0.4

0.6

0.8

1.0

1.2

1.4

f
(N

/A
) /

f
N

Q2 = 10 GeV2

197Au

10�3 0.01 0.1 1

x

0.0

0.5

1.0

1.5

2.0

Signification reduction of nPDF uncertainties at low-x for large A  
Particularly for the higher energy scenario



Summary
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• First determination of nPDF using NNPDF methodology. 

• Excellent agreement (NLO and NNLO)  
with all available NC DIS data (A=2 to A=208). 

• Quark distributions are reasonably constrained for x≥10-2 . 

• Significant methodology improvement lead by use of TensorFlow and 
stochastic gradient descent for the first time in NNPDF. 

• Vitality of the boundary condition (A=1 limit), reproducing NNPDF3.1 central 
values and uncertainties of using consistently the same theory settings. 

• Quantification of the future impact of e+A measurements from an Electron-
Ion Collider constraining the quark and gluon nPDFs down to x≈5x10-4. 

• LHAPDF sets available on NNPDF website. 

• Future steps: including CC DIS data, LHC data in a global fit.

http://nnpdf.mi.infn.it/for-users/nuclear-pdf-sets/
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↵g = �0.30 ± 0.56
↵T8 = �0.01 ± 0.52

In previous NNPDF analyses, the preprocessing exponents αf and βf were fixed  
to a randomly chosen value from a range that was determined iteratively. 
Here instead we will fit their values for each Monte Carlo replica, so that they are 
treated simultaneously with the weights and thresholds of the neural network.  
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Fitting pseudo-data is generated from the nCTEQ distributions  
without any additional statistical fluctuations. 

The uncertainties are taken to be the same as the experimental data.  
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Pseudo-data is generated by adding statistical fluctuations to nCTEQ15 predictions.  

These fluctuations are dictated by the corresponding  
experimental statistical and systematic uncertainties, 

and are the same that enter in the t0 covariance matrix. 
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Pseudo-data generated in the L1 case is now used to produce a large Nrep number 
of Monte Carlo replicas. 

A nuclear PDF fit is then performed for each replica, and look-back cross-validation 
is again activated to prevent over-fitting.  
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Parametrisation
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xg(x, Q0, A) = Bgx−αg(1 − x)βg ξ(3)

3 (x, A) ,

xΣ(x, Q0, A) = x−αΣ(1 − x)βσ ξ(3)
1 (x, A) ,

xT8(x, Q0, A) = x−αT8(1 − x)βT8 ξ(3)
2 (x, A)
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