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Problem statement
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QCD at the femtoscale

can not directly observe partons due to confinement, 
a fundamental property of QCD

inverse problem

instead, we rely on indirect methods,  
such as deep inelastic scattering experiments,  

to infer their distributions

photon

e
+

q

q

g

e
t



Parton distributions
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⇢ (x,kT ,bT )
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TMDs

PDFs
Parton Distribution Functions

↑

k+ = xP+

x: momentum fraction  
carried by quark

Longitudinal 
momentum

position
momentum



Collinear Parton Distribution Functions
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Deep Inelastic Scattering

<latexit sha1_base64="odYfdilqL0AYTH2ggMPMmlrKV0Q="></latexit>

� =
X

i=q,q̄,g

Z
dx fi(x;Q

2)�̂i(x;Q
2)

partonic cross section

PDF

Factorization theorem
σ = PDFs ⊗ C

Short-distance,  
process dependent coefficient function

convolution integral ⊗ = ∫
1

0
dx

momentum transfer squared,  
related to the resolution at which the proton’s structure is probed Q2

fraction of proton’s momentum carried by the parton x



PDF fit scheme
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at a 
starting scale Q2

0

parameterize  
PDFs

QCD evolution evolve to   
corresponding to  of data

Q2 > Q2
0

Q2
0

compute  
cross section 

calculate  σDIS

compute χ2

[for the purpose of this talk QCD evolution and perturbative calculations  
are treated as a black box]

compare with

minimize with respect to PDF parameters

available data
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this fit
<latexit sha1_base64="3S6+PGXAbx8kQsS1jVe1Ifr1R7Q=">AAACDXicbVDJSgNBEO2JW4zbqEcvjVHwEMKM+0mCHvSYgFkgE0JPp5I06VnorhHDkB/w4q948aCIV+/e/BsnyyEmPih4vFdFVT03lEKjZf0YqYXFpeWV9GpmbX1jc8vc3qnoIFIcyjyQgaq5TIMUPpRRoIRaqIB5roSq27sZ+tUHUFoE/j32Q2h4rOOLtuAME6lpHpToFT2hTs5BeMT4FioDJ0dzNDONppm18tYIdJ7YE5IlExSb5rfTCnjkgY9cMq3rthViI2YKBZcwyDiRhpDxHutAPaE+80A34tE3A3qYKC3aDlRSPtKROj0RM0/rvucmnR7Drp71huJ/Xj3C9mUjFn4YIfh8vKgdSYoBHUZDW0IBR9lPCONKJLdS3mWKcUwCHIZgz748TyrHefs8f1Y6zRauJ3GkyR7ZJ0fEJhekQO5IkZQJJ0/khbyRd+PZeDU+jM9xa8qYzOySPzC+fgFW2pVY</latexit>

Q > 3GeV ,cuts:
<latexit sha1_base64="T7Pq+4GOfs0Dv3Cr15sHgZEppjI=">AAACCnicbVDJSgNBEO2JW4zbqEcvrUHwIGFGjHqSoAc9RjALZIbQ06kkTXoWumvEMOTsxV/x4kERr36BN//GyXKIiQ8KHu9VUVXPi6TQaFk/RmZhcWl5JbuaW1vf2Nwyt3eqOowVhwoPZajqHtMgRQAVFCihHilgvieh5vWuh37tAZQWYXCP/Qhcn3UC0RacYSo1zf0avaR2oUidYwfhEZMbqA5y02iaeatgjUDniT0heTJBuWl+O62Qxz4EyCXTumFbEboJUyi4hEHOiTVEjPdYBxopDZgP2k1GrwzoYaq0aDtUaQVIR+r0RMJ8rfu+l3b6DLt61huK/3mNGNsXbiKCKEYI+HhRO5YUQzrMhbaEAo6ynxLGlUhvpbzLFOOYpjcMwZ59eZ5UTwr2WaF4d5ovXU3iyJI9ckCOiE3OSYnckjKpEE6eyAt5I+/Gs/FqfBif49aMMZnZJX9gfP0C8mSUrQ==</latexit>

W > 1.5GeV

arXiv: 1506.06042

we aim to 
replicate the results of HERAPDF2.0

neutral current DIS 
charged current DIS

The points of the two grids used for the combinationconservative cuts 

data with  or  s = 251 GeV s = 225 GeV
data with  s = 318 GeV

HERA 2.0  
combined dataset

❃ reduced cross sections

Total number of points: 1016
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Monte Carlo replicas
<latexit sha1_base64="w+v2mmCT0OJgKohECGc+hFO+UWc="></latexit>

G(x(k)) / exp
h
�(x(k) � µ)TC�1(x(k) � µ)

i

<latexit sha1_base64="z5boYvVjCJYj0O3iYBRXhtrqbTQ="></latexit>

Cij = �ij�
2
i,unc +

X

�

�(�)
i,corr�

(�)
j,corr

<latexit sha1_base64="pDa9ft+W4A8rjmFH/gnlUZV/k4Y=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0VwVRLfG6HYjQsXFfqCJpbJZNIOnWTCzEQoIR/ixl9x40IRNy4E/8akTaG2Hhg4c8693HuPEzIqlWH8aIWl5ZXVteJ6aWNza3tH391rSR4JTJqYMy46DpKE0YA0FVWMdEJBkO8w0naGtcxvPxIhKQ8aahQS20f9gHoUI5VKPf3U8pEaOF5cS+A1nH7uEmhhl6sZ4aFRmqKnl42KMQZcJGZOyiBHvad/WS7HkU8ChRmSsmsaobJjJBTFjCQlK5IkRHiI+qSb0gD5RNrx+LgEHqWKCz0u0hcoOFZnO2LkSznynbQyW1bOe5n4n9eNlHdlxzQII0UCPBnkRQwqDrOkoEsFwYqNUoKwoOmuEA+QQFileWYhmPMnL5LWScW8qJzfn5WrN3kcRXAADsExMMElqIJbUAdNgMETeAFv4F171l61D+1zUlrQ8p598Afa9y/1RZ6v</latexit>

C = L · LT

 standard normal random variables  r

<latexit sha1_base64="1MYgRpPWRpfVm2lJOwIO/WtRUiY="></latexit>

x(k) = µ+ L · r(k)

<latexit sha1_base64="62iXc7gIDAk2/1TJOWLTjSvc6fU="></latexit>

1

Nrep

X

k

x(k)
i ' µi

<latexit sha1_base64="V7Ra34zQUpIcI/9MKO1R1k4fxAM="></latexit>

1

Nrep

X

k

x(k)
i x(k)

j ' µiµj + Cij

Gaussian assumption  

Covariance matrix Cholesky decomposition

Replica generation

each replica fitted independently
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Monte Carlo replicas
<latexit sha1_base64="w+v2mmCT0OJgKohECGc+hFO+UWc="></latexit>

G(x(k)) / exp
h
�(x(k) � µ)TC�1(x(k) � µ)

i

<latexit sha1_base64="1MYgRpPWRpfVm2lJOwIO/WtRUiY="></latexit>

x(k) = µ+ L · r(k)
<latexit sha1_base64="62iXc7gIDAk2/1TJOWLTjSvc6fU="></latexit>

1

Nrep

X

k

x(k)
i ' µi

<latexit sha1_base64="V7Ra34zQUpIcI/9MKO1R1k4fxAM="></latexit>

1

Nrep

X

k

x(k)
i x(k)

j ' µiµj + Cij

Gaussian assumption  

Replica generation
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Maximum Likelihood Estimation  

Levenberg–Marquardt

minimization carried out 
by ceres-solver

need the knowledge of the 
derivatives of the  with respect to the parameters χ2 θ

likelihood function

<latexit sha1_base64="DDBlODpeFzTbBVywCtomPmYV6RQ="></latexit>

max
✓

ln (L(✓|d)) ! min
✓

✓
1

2
[t(✓)� d]TC�1[t(✓)� d]

◆
⌘ 1

2
min
✓

�2(✓)

<latexit sha1_base64="aL6aIVk8yjVdnSQmEDl5YtjWX/0="></latexit>

L(✓|d) ⌘ P(d|✓) = 1p
(2⇡)n|C|

exp

✓
�1

2
[t(✓)� d]TC�1[t(✓)� d]

◆

combines the gradient-descent algorithm  
to the Gauss-Newton method  

trust region

NNAD
analytic derivatives 

provided by
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<latexit sha1_base64="6YM7mtG3qau94eLOpBaflYCU+Qs="></latexit>

Nk(⇠; {!(`)
ij , ✓(`)i }) = �L

0

@
NL�1X

j(1)

!(L)

kj(1)
y(L�1)
j(1)

+ ✓(L)
k

1

A

<latexit sha1_base64="/+BPIuKxu2L2aUBu0bLhqMrPNCQ="></latexit>

= �L

0

@
NL�1X

j(1)=1

!(L)

kj(1)
�L�1

0

@
NL�2X

j(2)=1

!(L)
j(1)j(2)

y(L�2)
j(2)

+ ✓(L�1)
j(1)

1

A+ ✓(L)
k

1

A <latexit sha1_base64="aqza0R+gF8ki2lMcT4B647Aowik=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr41QdOOygn1AO5RMmrahmcyQ3BHK0N9w40IRt/6MO//GTDsLbT0QOJxzD/fmBLEUBl332ymsrK6tbxQ3S1vbO7t75f2DpokSzXiDRTLS7YAaLoXiDRQoeTvWnIaB5K1gfJf5rSeujYjUI05i7od0qMRAMIpW6t6Qbj9CU8rQK1fcqjsDWSZeTiqQo94rf9kwS0KukElqTMdzY/RTqlEwyaelbmJ4TNmYDnnHUkVDbvx0dvOUnFilTwaRtk8hmam/EykNjZmEgZ0MKY7MopeJ/3mdBAfXfipUnCBXbL5okEiCEckKIH2hOUM5sYQyLeythI2opgxtTVkJ3uKXl0nzrOpdVi8eziu127yOIhzBMZyCB1dQg3uoQwMYxPAMr/DmJM6L8+58zEcLTp45hD9wPn8A3tGPoQ==</latexit>= . . .

Forward propagatio

NNAD C++ Library: arXiv:2005.07039

Output  
layer L

Hidden  
layer L − 1

Hidden  
layer L − 2

Hidden  
layer L − 3

Input 
layer L − 4

<latexit sha1_base64="2jcUOdjc+968DF0oQhlD+fYazsE="></latexit>

x(`)
i =

N`�1X

j=1

!(`)
ij y(`�1)

j + ✓(`)i

inputs neuron weights

bias

activation function

Basis

<latexit sha1_base64="2W9YYweYVdt7tQHFU1JM8Um41d8="></latexit>

N1(⇠; {w1j , ✓1}) = �

0

@
3X

j=1

w1j⇠j + ✓1

1

A

<latexit sha1_base64="wtNRvaXinOagOIQnN3xYs/o0uzQ=">AAACJnicbVDLSsNAFJ34tr6iLt0MFqHdlER8bQqiG5cKVoWmhsn0phk6eTBzI4bQr3Hjr7hxoYi481NM2i609cDAmXPOZeYeL5FCo2V9GTOzc/MLi0vLlZXVtfUNc3PrRsep4tDisYzVncc0SBFBCwVKuEsUsNCTcOv1z0v/9gGUFnF0jVkCnZD1IuELzrCQXLOZueI+rzkgZX1Am9RJAuHm5XVAHQk+1ujj74SjRC/AemUE16xaDWsIOk3sMamSMS5d883pxjwNIUIumdZt20qwkzOFgksYVJxUQ8J4n/WgXdCIhaA7+XDNAd0rlC71Y1WcCOlQ/T2Rs1DrLPSKZMgw0JNeKf7ntVP0Tzq5iJIUIeKjh/xUUoxp2RntCgUcZVYQxpUo/kp5wBTjWDRblmBPrjxNbvYb9lHj8Oqgeno2rmOJ7JBdUiM2OSan5IJckhbh5Im8kDfybjwbr8aH8TmKzhjjmW3yB8b3D4DPopo=</latexit>

y(`)i = �`

⇣
x(`)
i

⌘
<latexit sha1_base64="w5WkFBozX4/H74n3j2RQ6jOvxBc=">AAACKHicbVDLSsNAFJ34tr6qLt0MFrFuSiK+NmLRjcsKthWaGibTm3Zw8mDmRqyhn+PGX3Ejoki3folJm4VWDwycOedcZu5xIyk0mubQmJqemZ2bX1gsLC2vrK4V1zcaOowVhzoPZahuXKZBigDqKFDCTaSA+a6Epnt3kfnNe1BahME19iNo+6wbCE9whqnkFM8eHXGblG2Qcm9AT6ld6wknya6DXWpL8LBMH35GbCW6Pdwr5HCKJbNijkD/EisnJZKj5hTf7E7IYx8C5JJp3bLMCNsJUyi4hEHBjjVEjN+xLrRSGjAfdDsZLTqgO6nSoV6o0hMgHak/JxLma9333TTpM+zpSS8T//NaMXon7UQEUYwQ8PFDXiwphjRrjXaEAo6ynxLGlUj/SnmPKcYx7TYrwZpc+S9p7Feso8rh1UGpep7XsUC2yDYpE4sckyq5JDVSJ5w8kRfyTj6MZ+PV+DSG4+iUkc9skl8wvr4BBCaiwA==</latexit>

z(`)i = �0
`

⇣
x(`)
i

⌘
Defining:

in a fully connected NN
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<latexit sha1_base64="2B9rnqsDUqwjUGUI23WjrMEiKVI="></latexit>

f̂(⇠, ⇣) =
X

i=1

[Ci ⌦⇠ Ni(⇠, ⇣)]

theory prediction as a convolution 

the computation of the gradient of the  requires the derivatives χ2

<latexit sha1_base64="Pu9F3mGAbgDdC1fG264WjRvwOpI="></latexit>

@�2

@!(`)
ij

= 2
NdataX

k=1

✓
[C⌦⇠ N] (⇠k, ⇣k)� dk

�2
k

◆"
C⌦⇠

@N

@!(`)
ij

#
(⇠k, ⇣k),

<latexit sha1_base64="BMFKdGeaS8+clERlOZGrGDVxyNE="></latexit>

@�2

@✓(`)i

= 2
NdataX

k=1

✓
[C⌦⇠ N] (⇠k, ⇣k)� dk

�2
k

◆"
C⌦⇠

@N

@✓(`)i

#
(⇠k, ⇣k),

NNAD C++ Library: arXiv:2005.07039

Simplified case 

chi-square formula
<latexit sha1_base64="5wLK6h9EEfxSx57Jh9bOA0obsIw="></latexit>

�2
n
!(`)
ij , ✓(`)i

o
=

NdataX

k=1

 
f̂(⇠k, ⇣k; {!(`)

ij , ✓(`)i })� dk

�k

!2

it’s possibile to write these derivatives in a closed form  

thanks to the feed forward nature of the NN
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<latexit sha1_base64="2B9rnqsDUqwjUGUI23WjrMEiKVI="></latexit>

f̂(⇠, ⇣) =
X

i=1

[Ci ⌦⇠ Ni(⇠, ⇣)]computation of the gradient of the  χ2

<latexit sha1_base64="Pu9F3mGAbgDdC1fG264WjRvwOpI="></latexit>

@�2

@!(`)
ij

= 2
NdataX

k=1

✓
[C⌦⇠ N] (⇠k, ⇣k)� dk

�2
k

◆"
C⌦⇠

@N

@!(`)
ij

#
(⇠k, ⇣k),

NNAD C++ Library: arXiv:2005.07039

reduce the computation  
of the derivatives 

of the  to the computation of the  
derivatives of the NN  

χ2

apply chain rule, starting from the output  

layer all the way back  

backward propagatio

<latexit sha1_base64="BMFKdGeaS8+clERlOZGrGDVxyNE="></latexit>

@�2

@✓(`)i

= 2
NdataX

k=1

✓
[C⌦⇠ N] (⇠k, ⇣k)� dk

�2
k

◆"
C⌦⇠

@N

@✓(`)i

#
(⇠k, ⇣k),

<latexit sha1_base64="depyRoTws0u7LEwiLFAPYg4I49s=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia1nqxmUF+4AmlMl00g6dTMLMRAihv+HGhSJu/Rl3/o2TNAttPXDhcM693HuPH3OmtG1/W5W19Y3Nrep2bWd3b/+gfnjUU1EiCe2SiEdy4GNFORO0q5nmdBBLikOf074/u8v9/hOVikXiUacx9UI8ESxgBGsjuW6bTdx5rcCo3rCbdgG0SpySNKBEZ1T/cscRSUIqNOFYqaFjx9rLsNSMcDqvuYmiMSYzPKFDQwUOqfKy4uY5OjPKGAWRNCU0KtTfExkOlUpD33SGWE/VspeL/3nDRAe3XsZEnGgqyGJRkHCkI5QHgMZMUqJ5aggmkplbEZliiYk2MeUhOMsvr5LeRdO5bl49XDZa7TKOKpzAKZyDAzfQgnvoQBcIxPAMr/BmJdaL9W59LForVjlzDH9gff4ArCOPfw==</latexit>o
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<latexit sha1_base64="2B9rnqsDUqwjUGUI23WjrMEiKVI="></latexit>

f̂(⇠, ⇣) =
X

i=1

[Ci ⌦⇠ Ni(⇠, ⇣)]computation of the gradient of the  χ2

<latexit sha1_base64="Pu9F3mGAbgDdC1fG264WjRvwOpI="></latexit>

@�2

@!(`)
ij

= 2
NdataX

k=1

✓
[C⌦⇠ N] (⇠k, ⇣k)� dk

�2
k

◆"
C⌦⇠

@N

@!(`)
ij

#
(⇠k, ⇣k),

NNAD C++ Library: arXiv:2005.07039

apply chain rule, starting from the output  

layer all the way back  

backward propagatio

<latexit sha1_base64="oeD1sXb2A5PY/Gtc5uPs+4PcDJA=">AAACKHicbVDLSsNAFJ3UV42vqEs3g0Wom5KIr51FNy4r2ge0MUymt+3YycOZSaGGfo4bf8WNiCLd+iUmbRd9eGDgcM653LnHDTmTyjSHWmZpeWV1Lbuub2xube8Yu3sVGUSCQpkGPBA1l0jgzIeyYopDLRRAPJdD1e3epH61B0KywH9Q/RBsj7R91mKUqERyjCv93onZ0+AxzjeA8+MBbsBzxHr4xWFTWuBBm8wG9REcI2cWzBHwIrEmJIcmKDnGZ6MZ0MgDX1FOpKxbZqjsmAjFKIeB3ogkhIR2SRvqCfWJB9KOR4cO8FGiNHErEMnzFR6p0xMx8aTse26S9IjqyHkvFf/z6pFqXdox88NIgU/Hi1oRxyrAaWu4yQRQxfsJIVSw5K+YdoggVCXdpiVY8ycvkspJwTovnN2d5orXkzqy6AAdojyy0AUqoltUQmVE0St6R1/oW3vTPrQfbTiOZrTJzD6agfb7B55UpGU=</latexit>

S(`)
ij ⌘ z(`)i !(`)

ij

can be computed explicitly

defining:
<latexit sha1_base64="6D3ZqEuF5lo3B5lbOmRQ41gvq1w="></latexit>

⌃(`) ⌘
`+1Y

↵=L

S(↵),
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computation of the gradient of the  χ2

<latexit sha1_base64="Pu9F3mGAbgDdC1fG264WjRvwOpI="></latexit>

@�2

@!(`)
ij

= 2
NdataX

k=1

✓
[C⌦⇠ N] (⇠k, ⇣k)� dk

�2
k

◆"
C⌦⇠

@N

@!(`)
ij

#
(⇠k, ⇣k),

NNAD C++ Library: arXiv:2005.07039

chain rule  

<latexit sha1_base64="BMFKdGeaS8+clERlOZGrGDVxyNE="></latexit>

@�2

@✓(`)i

= 2
NdataX

k=1

✓
[C⌦⇠ N] (⇠k, ⇣k)� dk

�2
k

◆"
C⌦⇠

@N

@✓(`)i

#
(⇠k, ⇣k),

<latexit sha1_base64="ie/OY8EkcFVjVMMQpUgKh2gii3A="></latexit>

@Nk

@✓(`)i

= ⌃(`)
ki z

(`)
i

<latexit sha1_base64="PihMUP+ICPMCM/m9CfU5tpO/YnQ="></latexit>

@Nk

@!(`)
ij

= ⌃(`)
ki z

(`)
i y(`�1)

j

backward propagatio
 matrix           can be computed recursively moving backwards  

<latexit sha1_base64="PtpXuMmn6jqK0/PvlItcw/QspcQ=">AAACAnicbVC7TsMwFHV4lvIKMCEWiwqJqUoQr7GChbEI+pCaqHIcp7VqO5HtIFVRxcKvsDCAECtfwcbf4KQZoOVIlo/OuVf33hMkjCrtON/WwuLS8spqZa26vrG5tW3v7LZVnEpMWjhmsewGSBFGBWlpqhnpJpIgHjDSCUbXud95IFLRWNzrcUJ8jgaCRhQjbaS+ve8FMQvVmJsv8+7ogKNJtUDfrjl1pwCcJ25JaqBEs29/eWGMU06Exgwp1XOdRPsZkppiRiZVL1UkQXiEBqRnqECcKD8rTpjAI6OEMIqleULDQv3dkSGu8i1NJUd6qGa9XPzP66U6uvQzKpJUE4Gng6KUQR3DPA8YUkmwZmNDEJbU7ArxEEmEtUktD8GdPXmetE/q7nn97Pa01rgq46iAA3AIjoELLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH9PSBavs2QN/YH3+ANktlcM=</latexit>

⌃
allows to compute the derivatives w.r.t. all  

free parameters of a NN
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Performance

NNAD C++ Library: arXiv:2005.07039
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Number of hidden nodes

analytic  
back-propagation formula  

differentiation methods 
as implemented in  

ceres-solver  

NNAD

performance advantage
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C++ code - ‘NavyPier’

<latexit sha1_base64="gOC6T8A7EHkftrvlp+Fh5dwWCrM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnk2TI7Ow60yuEJT/hxYMiXv0db/6Ns8keNLGgoajqprsriKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZRoxhsskpFuB9RwKRRvoEDJ27HmNAwkbwXj28xvPXFtRKQecBJzP6RDJQaCUbRSuxuhCLkp9coVt+rOQJaJl5MK5Kj3yl/dfsSSkCtkkhrT8dwY/ZRqFEzyaambGB5TNqZD3rFUUbvFT2f3TsmJVfpkEGlbCslM/T2R0tCYSRjYzpDiyCx6mfif10lwcO2nQsUJcsXmiwaJJBiR7HnSF5ozlBNLKNPC3krYiGrK0EaUheAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awEDCM7zCm/PovDjvzse8teDkM4fwB87nD8Awj8s=</latexit>⌦<latexit sha1_base64="0OOxTWstYxSEEEVkqKBrnanB27w=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEYhacKueGuEoI1lhNwgu4bZyWwyZPbCzFkhLPsCNr6KjYUitvZ2vo2TZAVN/GHg4z/nMOf8biS4AtP8MhYWl5ZXVnNr+fWNza3tws5uU4WxpKxBQxHKtksUEzxgDeAgWDuSjPiuYC13eD2ut+6ZVDwM6jCKmOOTfsA9Tgloq1s4xLZPYOB6ST0t/aANAwYkvUtKw3JaxpfdQtGsmBPhebAyKKJMtW7h0+6FNPZZAFQQpTqWGYGTEAmcCpbm7VixiNAh6bOOxoD4TDnJ5JoUH2mnh71Q6hcAnri/JxLiKzXyXd053lfN1sbmf7VODN6Fk/AgioEFdPqRFwsMIR5Hg3tcMgpipIFQyfWumA6IJBR0gHkdgjV78jw0jyvWWeX09qRYvcriyKF9dIBKyELnqIpuUA01EEUP6Am9oFfj0Xg23oz3aeuCkc3soT8yPr4BrjebTw==</latexit>

T(✓(k)) =

: replicak

<latexit sha1_base64="4WWxW33j3VexUzwoJ2zQtWQ9NQY="></latexit>

�2(k) ⌘
⇣
T(✓(k))� x(k)

⌘T
·C�1 ·

⇣
T(✓(k))� x(k)

⌘

<latexit sha1_base64="ZUhjn2tvPNQbKJhmHvhY03o5Jd0=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCC7hNnJJBkys7vO9AbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk4143UWy1i3Qmq4FBGvo0DJW4nmVIWSN8Ph3dRvjrg2Io4ecZzwQNF+JHqCUbRSQPwBxcw3oq/opFMquxV3BrJMvJyUIUetU/ryuzFLFY+QSWpM23MTDDKqUTDJJ0U/NTyhbEj7vG1pRBU3QTY7ekJOrdIlvVjbipDM1N8TGVXGjFVoOxXFgVn0puJ/XjvF3k2QiShJkUdsvqiXSoIxmSZAukJzhnJsCWVa2FsJG1BNGdqcijYEb/HlZdI4r3hXlcuHi3L1No+jAMdwAmfgwTVU4R5qUAcGT/AMr/DmjJwX5935mLeuOPnMEfyB8/kDzTGSJA==</latexit>

�̂
theoretical prediction

PDFs

x

N1

N2

N6

⋮

H10

H1

H2

⋮

⋮

⋮

θ(k)

NangaParbat
data handling,  

, covariance matrix, uncertainties treatment 
Monte Carlo replica generation, statistical analysis…
χ2

NNAD
Neural Network

apfel++
perturbative computations,  
NNLO

NavyPier
data, input cards with choices for NN,  

main code that runs the fit ceres-solver
minimization
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‘Sort of’ benchmark

<latexit sha1_base64="gOC6T8A7EHkftrvlp+Fh5dwWCrM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnk2TI7Ow60yuEJT/hxYMiXv0db/6Ns8keNLGgoajqprsriKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZRoxhsskpFuB9RwKRRvoEDJ27HmNAwkbwXj28xvPXFtRKQecBJzP6RDJQaCUbRSuxuhCLkp9coVt+rOQJaJl5MK5Kj3yl/dfsSSkCtkkhrT8dwY/ZRqFEzyaambGB5TNqZD3rFUUbvFT2f3TsmJVfpkEGlbCslM/T2R0tCYSRjYzpDiyCx6mfif10lwcO2nQsUJcsXmiwaJJBiR7HnSF5ozlBNLKNPC3krYiGrK0EaUheAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awEDCM7zCm/PovDjvzse8teDkM4fwB87nD8Awj8s=</latexit>⌦<latexit sha1_base64="0OOxTWstYxSEEEVkqKBrnanB27w=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEYhacKueGuEoI1lhNwgu4bZyWwyZPbCzFkhLPsCNr6KjYUitvZ2vo2TZAVN/GHg4z/nMOf8biS4AtP8MhYWl5ZXVnNr+fWNza3tws5uU4WxpKxBQxHKtksUEzxgDeAgWDuSjPiuYC13eD2ut+6ZVDwM6jCKmOOTfsA9Tgloq1s4xLZPYOB6ST0t/aANAwYkvUtKw3JaxpfdQtGsmBPhebAyKKJMtW7h0+6FNPZZAFQQpTqWGYGTEAmcCpbm7VixiNAh6bOOxoD4TDnJ5JoUH2mnh71Q6hcAnri/JxLiKzXyXd053lfN1sbmf7VODN6Fk/AgioEFdPqRFwsMIR5Hg3tcMgpipIFQyfWumA6IJBR0gHkdgjV78jw0jyvWWeX09qRYvcriyKF9dIBKyELnqIpuUA01EEUP6Am9oFfj0Xg23oz3aeuCkc3soT8yPr4BrjebTw==</latexit>

T(✓(k)) =
<latexit sha1_base64="ZUhjn2tvPNQbKJhmHvhY03o5Jd0=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCC7hNnJJBkys7vO9AbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk4143UWy1i3Qmq4FBGvo0DJW4nmVIWSN8Ph3dRvjrg2Io4ecZzwQNF+JHqCUbRSQPwBxcw3oq/opFMquxV3BrJMvJyUIUetU/ryuzFLFY+QSWpM23MTDDKqUTDJJ0U/NTyhbEj7vG1pRBU3QTY7ekJOrdIlvVjbipDM1N8TGVXGjFVoOxXFgVn0puJ/XjvF3k2QiShJkUdsvqiXSoIxmSZAukJzhnJsCWVa2FsJG1BNGdqcijYEb/HlZdI4r3hXlcuHi3L1No+jAMdwAmfgwTVU4R5qUAcGT/AMr/DmjJwX5935mLeuOPnMEfyB8/kDzTGSJA==</latexit>

�̂
theoretical 
prediction

x

N1

N2

N6

⋮

H10

H1

H2

⋮

⋮

⋮

θ(k)

NangaParbat NNAD

NavyPier

apfelxx
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HERA parameterization

‘Sort of’ benchmark

<latexit sha1_base64="gOC6T8A7EHkftrvlp+Fh5dwWCrM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnk2TI7Ow60yuEJT/hxYMiXv0db/6Ns8keNLGgoajqprsriKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZRoxhsskpFuB9RwKRRvoEDJ27HmNAwkbwXj28xvPXFtRKQecBJzP6RDJQaCUbRSuxuhCLkp9coVt+rOQJaJl5MK5Kj3yl/dfsSSkCtkkhrT8dwY/ZRqFEzyaambGB5TNqZD3rFUUbvFT2f3TsmJVfpkEGlbCslM/T2R0tCYSRjYzpDiyCx6mfif10lwcO2nQsUJcsXmiwaJJBiR7HnSF5ozlBNLKNPC3krYiGrK0EaUheAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awEDCM7zCm/PovDjvzse8teDkM4fwB87nD8Awj8s=</latexit>⌦<latexit sha1_base64="0OOxTWstYxSEEEVkqKBrnanB27w=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEYhacKueGuEoI1lhNwgu4bZyWwyZPbCzFkhLPsCNr6KjYUitvZ2vo2TZAVN/GHg4z/nMOf8biS4AtP8MhYWl5ZXVnNr+fWNza3tws5uU4WxpKxBQxHKtksUEzxgDeAgWDuSjPiuYC13eD2ut+6ZVDwM6jCKmOOTfsA9Tgloq1s4xLZPYOB6ST0t/aANAwYkvUtKw3JaxpfdQtGsmBPhebAyKKJMtW7h0+6FNPZZAFQQpTqWGYGTEAmcCpbm7VixiNAh6bOOxoD4TDnJ5JoUH2mnh71Q6hcAnri/JxLiKzXyXd053lfN1sbmf7VODN6Fk/AgioEFdPqRFwsMIR5Hg3tcMgpipIFQyfWumA6IJBR0gHkdgjV78jw0jyvWWeX09qRYvcriyKF9dIBKyELnqIpuUA01EEUP6Am9oFfj0Xg23oz3aeuCkc3soT8yPr4BrjebTw==</latexit>

T(✓(k)) =
<latexit sha1_base64="ZUhjn2tvPNQbKJhmHvhY03o5Jd0=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCC7hNnJJBkys7vO9AbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk4143UWy1i3Qmq4FBGvo0DJW4nmVIWSN8Ph3dRvjrg2Io4ecZzwQNF+JHqCUbRSQPwBxcw3oq/opFMquxV3BrJMvJyUIUetU/ryuzFLFY+QSWpM23MTDDKqUTDJJ0U/NTyhbEj7vG1pRBU3QTY7ekJOrdIlvVjbipDM1N8TGVXGjFVoOxXFgVn0puJ/XjvF3k2QiShJkUdsvqiXSoIxmSZAukJzhnJsCWVa2FsJG1BNGdqcijYEb/HlZdI4r3hXlcuHi3L1No+jAMdwAmfgwTVU4R5qUAcGT/AMr/DmjJwX5935mLeuOPnMEfyB8/kDzTGSJA==</latexit>

�̂
theoretical 
prediction

NangaParbat

NavyPier

apfelxx

<latexit sha1_base64="crM9/Wyf+1l8Ice6RN8A2l+tUn0="></latexit>

xg(x) = Agx
Bg (1� x)Cg �Agpx

Bgp(1� x)Cgp ,

xuv(x) = Auvx
Buv (1� x)Cuv

�
1 + Euvx

2
�
,

xdv(x) = Advx
Bdv (1� x)Cdv ,

xŪ(x) = AŪx
BŪ (1� x)CŪ (1 +DŪx) ,

xD̄(x) = AD̄xBD̄ (1� x)CD̄ .



No NN, HERAPDF2.0-like

19

NNLO PDFs
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<latexit sha1_base64="cWYGScw3zPkDmPtT/mWBXH7tL6U="></latexit>

xfi (x, µ0 = 1.4 GeV) = (Ni(x; ✓)�Ni(1; ✓))
2

parameterization

x

6 output  
nodes10   

nodes

sigle  
input  

no preprocessing functiong

u

d

d−

u−

s+

for PDF extraction

N1

N2

N3

N4

N5

N6

<latexit sha1_base64="6fULFINIrYYBcejJdjkk/CIyCd0="></latexit>

xfi (x,Q0) = NNi(x; ✓)

output of the NN, 
no factor in front

<latexit sha1_base64="kvvsRUrNHiTaqjtT6fs93lOWXF8=">AAACCXicbVA7T8MwGHR4lvIKMLJYVEhMVYJ4jRUsjEWiD6kJleM6rVXHTmynUhVlZeGvsDCAECv/gI1/g9N2gJaTLJ3uvrP9XRAzqrTjfFtLyyura+uljfLm1vbOrr2331QilZg0sGBCtgOkCKOcNDTVjLRjSVAUMNIKhjeF3xoRqajg93ocEz9CfU5DipE2UteGyUPmxVHukSSlI5gYDj1hEsWFWZKXu3bFqToTwEXizkgFzFDv2l9eT+A0IlxjhpTquE6s/QxJTTEjedlLFYkRHqI+6RjKUUSUn002yeGxUXowFNIcruFE/Z3IUKTUOArMZIT0QM17hfif10l1eOVnlMepJhxPHwpTBrWARS2wRyXBmo0NQVhS81eIB0girE15RQnu/MqLpHladS+q53dnldr1rI4SOARH4AS44BLUwC2ogwbA4BE8g1fwZj1ZL9a79TEdXbJmmQPwB9bnDxlImpg=</latexit>

q± ⌘ q ± q

for x → 1

tentative 1 of n…
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NNLO

large uncertainties and  
central values not so close to other extractions

<latexit sha1_base64="6fULFINIrYYBcejJdjkk/CIyCd0="></latexit>

xfi (x,Q0) = NNi(x; ✓)

stable results even when varying NN structure

overall,  
it’s not bad 

BUT
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for PDF extraction

7 output  
nodes

2 hidden layer  
nodes

sigle  
input  

g

x

Σ

V

T3

T8

V3

V8

parameterization 
with preprocessing function

we changed the NN structure

reduce the number of  
parameters

one more output node

<latexit sha1_base64="nGwFSi9maqnY24soo880u4sMiqU=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEQSiJSHUjFN24rGgf0MQwmU7aoTNJOjMRSihu/BU3LhRx61e482+ctFlo64ELh3Pu5d57/JhRqSzr2ygsLC4trxRXS2vrG5tb5vZOU0aJwKSBIxaJto8kYTQkDUUVI+1YEMR9Rlr+4CrzWw9ESBqFd2oUE5ejXkgDipHSkmfuObe0xxG8gI5MuJcOx8P741IGzyxbFWsCOE/snJRBjrpnfjndCCechAozJGXHtmLlpkgoihkZl5xEkhjhAeqRjqYh4kS66eSFMTzUShcGkdAVKjhRf0+kiEs54r7u5Ej15ayXif95nUQF525KwzhRJMTTRUHCoIpglgfsUkGwYiNNEBZU3wpxHwmElU4tC8GefXmeNE8qdrVSvTkt1y7zOIpgHxyAI2CDM1AD16AOGgCDR/AMXsGb8WS8GO/Gx7S1YOQzu+APjM8f0RKVHw==</latexit>

⌃ =
X

q

q+

<latexit sha1_base64="i3JOmmh7lEaRvxh3G9jXTDO/EfA=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwY0lEqhuh6MZlBfuANobJdNoOnZmkMxOhhuKvuHGhiFv/w51/4yTNQlsPXDiccy/33hNEjCrtON/WwuLS8spqYa24vrG5tW3v7DZUGEtM6jhkoWwFSBFGBalrqhlpRZIgHjDSDIbXqd98IFLRUNzpcUQ8jvqC9ihG2ki+vd+4hB0Vcz8ZTUb3J8UMvl1yyk4GOE/cnJRAjppvf3W6IY45ERozpFTbdSLtJUhqihmZFDuxIhHCQ9QnbUMF4kR5SXb9BB4ZpQt7oTQlNMzU3xMJ4kqNeWA6OdIDNeul4n9eO9a9Cy+hIoo1EXi6qBczqEOYRgG7VBKs2dgQhCU1t0I8QBJhbQJLQ3BnX54njdOyWylXbs9K1as8jgI4AIfgGLjgHFTBDaiBOsDgETyDV/BmPVkv1rv1MW1dsPKZPfAH1ucP1jSS4g==</latexit>

V =
X

q

q�

<latexit sha1_base64="gzVs0N7ACsqGxHYABQt4jiDS7vY=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBGEYklUqhuh6MZlhb6gTcNkMmmHTh7MTIQQ6q+4caGIWz/EnX/jJM1CWw9cOJxzL/fe40SMCmkY39rK6tr6xmZpq7y9s7u3rx8cdkUYc0w6OGQh7ztIEEYD0pFUMtKPOEG+w0jPmd5lfu+RcEHDoC2TiFg+GgfUoxhJJdl6pW1fwBsYj2pn7qhWzmHrVaNu5IDLxCxIFRRo2frX0A1x7JNAYoaEGJhGJK0UcUkxI7PyMBYkQniKxmSgaIB8Iqw0P34GT5TiQi/kqgIJc/X3RIp8IRLfUZ0+khOx6GXif94glt61ldIgiiUJ8HyRFzMoQ5glAV3KCZYsUQRhTtWtEE8QR1iqvLIQzMWXl0n3vG426o2Hy2rztoijBI7AMTgFJrgCTXAPWqADMEjAM3gFb9qT9qK9ax/z1hWtmKmAP9A+fwARiZEr</latexit>

T3 = u+ � d+

<latexit sha1_base64="NRQ8/ddzaIaqKpVtxUmzvNAoB3U=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCm5ZEpboRim5cVrAPaNMwmUzaoZNJmJkINRR/xY0LRdz6H+78GydtFtp64MLhnHu59x4vZlQqy/o2CkvLK6trxfXSxubW9o65u9eSUSIwaeKIRaLjIUkY5aSpqGKkEwuCQo+Rtje6yfz2AxGSRvxejWPihGjAaUAxUlpyzYOWewavYNKvVPx+pTSDa5atqjUFXCR2TsogR8M1v3p+hJOQcIUZkrJrW7FyUiQUxYxMSr1EkhjhERqQrqYchUQ66fT6CTzWig+DSOjiCk7V3xMpCqUch57uDJEaynkvE//zuokKLp2U8jhRhOPZoiBhUEUwiwL6VBCs2FgThAXVt0I8RAJhpQPLQrDnX14krdOqXavW7s7L9es8jiI4BEfgBNjgAtTBLWiAJsDgETyDV/BmPBkvxrvxMWstGPnMPvgD4/MHUvGRRQ==</latexit>

V3 = u� � d�

<latexit sha1_base64="RK96vyVO+Zd3eGMmtg8u62QfQiA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIwZIUqd0IRTcuK/QFbRomk0k7dPJgZiKUUHDjr7hxoYhbf8Kdf+OkzUJbD1w4nHMv997jxowKaZrf2srq2vrGZmGruL2zu7evHxy2RZRwTFo4YhHvukgQRkPSklQy0o05QYHLSMcd32Z+54FwQaOwKScxsQM0DKlPMZJKcvTjplOD1zAZGIY3MC4qYmAUczh6ySybM8BlYuWkBHI0HP2r70U4CUgoMUNC9CwzlnaKuKSYkWmxnwgSIzxGQ9JTNEQBEXY6+2EKz5TiQT/iqkIJZ+rviRQFQkwCV3UGSI7EopeJ/3m9RPo1O6VhnEgS4vkiP2FQRjALBHqUEyzZRBGEOVW3QjxCHGGpYstCsBZfXibtStmqlqv3l6X6TR5HAZyAU3AOLHAF6uAONEALYPAInsEreNOetBftXfuYt65o+cwR+APt8wdtUZLj</latexit>

T8 = u+ + d+ � 2s+

<latexit sha1_base64="R50apKMPwDtX+1PLPaFZKKtBL1E=">AAACBXicbVDLSsNAFJ34rPUVdamLwSIIkpIUqd0IRTcuK9gHtGmYTCbt0MkkzEyEErpx46+4caGIW//BnX9j0kbQ1gMXDufcy733uBGjUpnml7a0vLK6tl7YKG5ube/s6nv7LRnGApMmDlkoOi6ShFFOmooqRjqRIChwGWm7o+vMb98TIWnI79Q4InaABpz6FCOVSo5+1HJq8BLGfePM6xvQqMi+UfyBo5fMsjkFXCRWTkogR8PRP3teiOOAcIUZkrJrmZGyEyQUxYxMir1YkgjhERqQbko5Coi0k+kXE3iSKh70Q5EWV3Cq/p5IUCDlOHDTzgCpoZz3MvE/rxsrv2YnlEexIhzPFvkxgyqEWSTQo4JgxcYpQVjQ9FaIh0ggrNLgshCs+ZcXSatStqrl6u15qX6Vx1EAh+AYnAILXIA6uAEN0AQYPIAn8AJetUftWXvT3metS1o+cwD+QPv4Bg6Hkyk=</latexit>

V8 = u� + d� � 2s� we changed the parameterization  
 of the output nodes

❃

❃
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parameterization 
with preprocessing functionfor PDF extraction

7 output  
nodes

2 hidden layer  
nodes

sigle  
input  

g

x

Σ

V

T3

T8

V3

V8

HERA parameterization in the form {g, u, ū, d, d̄, s = s̄}
as preprocessing functions we choose the

14 free params + NN params

<latexit sha1_base64="/uKjtXsHDnI5QPlAdseB4oZso+Y="></latexit>

xg(x) = Agx
Bg (1� x)Cg �Agpx

Bgp (1� x)Cgp ,

xu(x) = AUbx
BUb (1� x)CUb (DUbx+ 1) +Auvx

Buv (1� x)Cuv (Euvx
2 + 1),

xd(x) = ADb(1� fs)x
BDb (1� x)CDb +Advx

Bdv (1� x)Cdv ,

xū(x) = AUbx
BUb (1� x)CUb (DUbx+ 1),

xd̄(x) = ADb(1� fs)x
BDb (1� x)CDb ,

xs(x) = ADbfsx
BDb (1� x)CDb = xs̄(x) .
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as integral constraints on extracted PDFs

notation

<latexit sha1_base64="Y9olZUfAj9m23hFMWFPegU5+afE=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBEEoSTiayMU3bisaB/QxDCZTtqhM0k6MymU0JUbf8WNC0Xc+g3u/BsnbRbaeuDC4Zx7ufceP2ZUKsv6NubmFxaXlgsrxdW19Y1Nc2u7LqNEYFLDEYtE00eSMBqSmqKKkWYsCOI+Iw2/d535jQERkkbhvRrGxOWoE9KAYqS05Jl7zh3tcHQJHZlwL+2P+g9H0CH9hA6gXfTMklW2xoCzxM5JCeSoeuaX045wwkmoMENStmwrVm6KhKKYkVHRSSSJEe6hDmlpGiJOpJuO3xjBA620YRAJXaGCY/X3RIq4lEPu606OVFdOe5n4n9dKVHDhpjSME0VCPFkUJAyqCGaZwDYVBCs21ARhQfWtEHeRQFjp5LIQ7OmXZ0n9uGyflU9vT0qVqzyOAtgF++AQ2OAcVMANqIIawOARPINX8GY8GS/Gu/ExaZ0z8pkd8AfG5w+k6Jf1</latexit>

⌃ =
X

q

q+ ⌘ 1

<latexit sha1_base64="fhx1xncUvcPu5FZO4eqK5nUK8mA=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpL43ghFNy4r2Ac0MUymk3boZJLOTAolFDf+ihsXirj1K9z5N07aLLT1wIXDOfdy7z1+zKhUlvVtzM0vLC4tF1aKq2vrG5vm1nZdRonApIYjFommjyRhlJOaooqRZiwICn1GGn7vJvMbAyIkjfi9GsbEDVGH04BipLTkmbt1eAUdmYRe2h/1H46gQ/oJHcCTomeWrLI1Bpwldk5KIEfVM7+cdoSTkHCFGZKyZVuxclMkFMWMjIpOIkmMcA91SEtTjkIi3XT8wggeaKUNg0jo4gqO1d8TKQqlHIa+7gyR6sppLxP/81qJCi7dlPI4UYTjyaIgYVBFMMsDtqkgWLGhJggLqm+FuIsEwkqnloVgT788S+rHZfu8fHZ3Wqpc53EUwB7YB4fABhegAm5BFdQABo/gGbyCN+PJeDHejY9J65yRz+yAPzA+fwAcpJX6</latexit>

V =
X

q

q� ⌘ 3

<latexit sha1_base64="EluOIhBrhD0wg3pCq0Zfo6TYzKI=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQvCTMuF+EoBePEcwCyWTo6elJmvQs9hIIYw7+ihcPinj1N7z5N/YkOWjig4LHe1VU1fMSRoW0rG8jt7C4tLySXy2srW9sbpnbO3URK45JDccs5k0PCcJoRGqSSkaaCSco9BhpeP2bzG8MCBc0ju7lMCFOiLoRDShGUkuuuVd3T66g6pRKfqcE2+RB0QG0C65ZtMrWGHCe2FNSBFNUXfOr7cdYhSSSmCEhWraVSCdFXFLMyKjQVoIkCPdRl7Q0jVBIhJOO7x/BQ634MIi5rkjCsfp7IkWhEMPQ050hkj0x62Xif15LyeDSSWmUKEkiPFkUKAZlDLMwoE85wZINNUGYU30rxD3EEZY6siwEe/bleVI/Ltvn5bO702LlehpHHuyDA3AEbHABKuAWVEENYPAInsEreDOejBfj3fiYtOaM6cwu+APj8welrZPz</latexit>

V3 = u� � d� ⌘ 1
<latexit sha1_base64="89iYLapMfICKqH/FV9UFcEWXmfc=">AAACBXicbVDLSsNAFJ34rPUVdamLwSII0pLUVzdC0Y3LCvYBbRomk0k7dPJwZlIooRs3/oobF4q49R/c+TdO2iy09cC9HM65l5l7nIhRIQ3jW1tYXFpeWc2t5dc3Nre29Z3dhghjjkkdhyzkLQcJwmhA6pJKRloRJ8h3GGk6g5vUbw4JFzQM7uUoIpaPegH1KEZSSbZ+0LArVzDuFk/cbhEWy0L1DnmI6RCe5m29YJSMCeA8MTNSABlqtv7VcUMc+ySQmCEh2qYRSStBXFLMyDjfiQWJEB6gHmkrGiCfCCuZXDGGR0pxoRdyVYGEE/X3RoJ8IUa+oyZ9JPti1kvF/7x2LL2KldAgiiUJ8PQhL2ZQhjCNBLqUEyzZSBGEOVV/hbiPOMJSBZeGYM6ePE8a5ZJ5UTq/OytUr7M4cmAfHIJjYIJLUAW3oAbqAINH8AxewZv2pL1o79rHdHRBy3b2wB9onz/0vZWx</latexit>

V8 = u� + d� � 2s� ⌘ 3

<latexit sha1_base64="kvvsRUrNHiTaqjtT6fs93lOWXF8=">AAACCXicbVA7T8MwGHR4lvIKMLJYVEhMVYJ4jRUsjEWiD6kJleM6rVXHTmynUhVlZeGvsDCAECv/gI1/g9N2gJaTLJ3uvrP9XRAzqrTjfFtLyyura+uljfLm1vbOrr2331QilZg0sGBCtgOkCKOcNDTVjLRjSVAUMNIKhjeF3xoRqajg93ocEz9CfU5DipE2UteGyUPmxVHukSSlI5gYDj1hEsWFWZKXu3bFqToTwEXizkgFzFDv2l9eT+A0IlxjhpTquE6s/QxJTTEjedlLFYkRHqI+6RjKUUSUn002yeGxUXowFNIcruFE/Z3IUKTUOArMZIT0QM17hfif10l1eOVnlMepJhxPHwpTBrWARS2wRyXBmo0NQVhS81eIB0girE15RQnu/MqLpHladS+q53dnldr1rI4SOARH4AS44BLUwC2ogwbA4BE8g1fwZj1ZL9a79TEdXbJmmQPwB9bnDxlImpg=</latexit>

q± ⌘ q ± q

<latexit sha1_base64="QrYjrRys2gDaYf9/CJOoh5lRosE="></latexit>Z 1

0
x
⇥
fq(x,Q

2) + fq̄(x,Q
2) + fg(x,Q

2)
⇤
dx = 1

❃ momentum sum rule

❃  total valence sum rule

❃ … and analogously for other combinations:
<latexit sha1_base64="gzVs0N7ACsqGxHYABQt4jiDS7vY=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBGEYklUqhuh6MZlhb6gTcNkMmmHTh7MTIQQ6q+4caGIWz/EnX/jJM1CWw9cOJxzL/fe40SMCmkY39rK6tr6xmZpq7y9s7u3rx8cdkUYc0w6OGQh7ztIEEYD0pFUMtKPOEG+w0jPmd5lfu+RcEHDoC2TiFg+GgfUoxhJJdl6pW1fwBsYj2pn7qhWzmHrVaNu5IDLxCxIFRRo2frX0A1x7JNAYoaEGJhGJK0UcUkxI7PyMBYkQniKxmSgaIB8Iqw0P34GT5TiQi/kqgIJc/X3RIp8IRLfUZ0+khOx6GXif94glt61ldIgiiUJ8HyRFzMoQ5glAV3KCZYsUQRhTtWtEE8QR1iqvLIQzMWXl0n3vG426o2Hy2rztoijBI7AMTgFJrgCTXAPWqADMEjAM3gFb9qT9qK9ax/z1hWtmKmAP9A+fwARiZEr</latexit>

T3 = u+ � d+
<latexit sha1_base64="RK96vyVO+Zd3eGMmtg8u62QfQiA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIwZIUqd0IRTcuK/QFbRomk0k7dPJgZiKUUHDjr7hxoYhbf8Kdf+OkzUJbD1w4nHMv997jxowKaZrf2srq2vrGZmGruL2zu7evHxy2RZRwTFo4YhHvukgQRkPSklQy0o05QYHLSMcd32Z+54FwQaOwKScxsQM0DKlPMZJKcvTjplOD1zAZGIY3MC4qYmAUczh6ySybM8BlYuWkBHI0HP2r70U4CUgoMUNC9CwzlnaKuKSYkWmxnwgSIzxGQ9JTNEQBEXY6+2EKz5TiQT/iqkIJZ+rviRQFQkwCV3UGSI7EopeJ/3m9RPo1O6VhnEgS4vkiP2FQRjALBHqUEyzZRBGEOVW3QjxCHGGpYstCsBZfXibtStmqlqv3l6X6TR5HAZyAU3AOLHAF6uAONEALYPAInsEreNOetBftXfuYt65o+cwR+APt8wdtUZLj</latexit>

T8 = u+ + d+ � 2s+

<latexit sha1_base64="wLsFhQJCWwdqro4u3rwbQguvKDg="></latexit>Z 1

0
[fu(x)� fū(x) + fd(x)� fd̄(x)] dx = 3
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NN with preprocessing functions 
in the spirt of ‘proof of concept’ 

107 replicas
all replicas converged
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NN with preprocessing functions 
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progress …

❃ preprocessing function parameters histograms
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❃  datasets split in  
     50% training, 50% validation

same choice as MontBlanc  
FF extraction with NN

101 102 103

Iteration

10°1

100

101

102

103

104

E
rr

o
r

fu
n
ct

io
n

replica 27

Training

Validation

HERA CCem Vs 318

HERA CCep Vs 318

HERA NCem Vs 318

HERA NCep Vs 225

HERA NCep Vs 251

HERA NCep Vs 300

HERA NCep Vs 318

101 102 103

Iteration

10°1

100

101

102

103

104

E
rr

o
r

fu
n
ct

io
n

replica 86

Training

Validation

HERA CCem Vs 318

HERA CCep Vs 318

HERA NCem Vs 318

HERA NCep Vs 225

HERA NCep Vs 251

HERA NCep Vs 300

HERA NCep Vs 318



PDF bands

28

0

2

4

6

8

x
f

d
+
+

u
+
+

s
+
(x

,Q
)

Q = 1.4 GeV

This fit

HERAPDF2.0

NNPDF3.1 pch

10°4 10°3 10°2 10°1 100

x

0

1

2

R
a
ti
o

to
T

h
is

fi
t

0

2

4

6

x
f

g
(x

,Q
)

Q = 1.4 GeV

This fit

HERAPDF2.0

NNPDF3.1 pch

10°4 10°3 10°2 10°1 100

x

0

1

2

R
a
ti
o

to
T

h
is

fi
t

0.0

0.5

1.0

1.5

2.0

2.5

3.0

x
f

u
+
(x

,Q
)

Q = 1.4 GeV

This fit

HERAPDF2.0

NNPDF3.1 pch

10°4 10°3 10°2 10°1 100

x

0

1

2

R
a
ti
o

to
T

h
is

fi
t

68% c.l. 



PDF bands

29

0.0

0.5

1.0

1.5

x
f

d
(x

,Q
)

Q = 1.4 GeV

This fit

HERAPDF2.0

NNPDF3.1 pch

10°4 10°3 10°2 10°1 100

x

0

1

2

R
a
ti
o

to
T

h
is

fi
t

0.0

0.5

1.0

1.5

x
f

d̄
(x

,Q
)

Q = 1.4 GeV

This fit

HERAPDF2.0

NNPDF3.1 pch

10°4 10°3 10°2 10°1 100

x

0

1

2

R
a
ti
o

to
T

h
is

fi
t

0.0

0.5

1.0

1.5

x
f

d
°
(x

,Q
)

Q = 1.4 GeV

This fit

HERAPDF2.0

NNPDF3.1 pch

10°4 10°3 10°2 10°1 100

x

0

1

2

R
a
ti
o

to
T

h
is

fi
t

0

1

2

3

4

x
f

d
+
(x

,Q
)

Q = 1.4 GeV

This fit

HERAPDF2.0

NNPDF3.1 pch

10°4 10°3 10°2 10°1 100

x

0

1

2

R
a
ti
o

to
T

h
is

fi
t

68% c.l. 



All replicas

30

10°5 10°4 10°3 10°2 10°1 100

x

°0.4

°0.2

0.0

0.2

0.4

0.6

0.8

1.0

x
f

d
(x

,Q
)

Q = 1.4 GeV

This Fit central member

NNPDF central member

PDF Members : Replicas

0: repl. c

1: repl. [12]

2: repl. [47]

3: repl. [80]

4: repl. [78]

5: repl. [76]

6: repl. [88]

7: repl. [43]

8: repl. [35]

9: repl. [48]

10: repl. [92]

11: repl. [40]

12: repl. [6]

13: repl. [98]

14: repl. [54]

15: repl. [77]

16: repl. [25]

17: repl. [58]

18: repl. [0]

19: repl. [71]

20: repl. [90]

21: repl. [36]

22: repl. [97]

23: repl. [104]

24: repl. [37]

25: repl. [52]

26: repl. [11]

27: repl. [67]

28: repl. [19]

29: repl. [3]

30: repl. [81]

31: repl. [95]

32: repl. [29]

33: repl. [86]

34: repl. [50]

35: repl. [32]

36: repl. [96]

37: repl. [51]

38: repl. [69]

39: repl. [44]

40: repl. [17]

41: repl. [34]

42: repl. [103]

43: repl. [38]

44: repl. [102]

45: repl. [53]

46: repl. [20]

47: repl. [82]

48: repl. [45]

49: repl. [64]

50: repl. [84]

51: repl. [68]

52: repl. [61]

53: repl. [87]

54: repl. [16]

55: repl. [65]

56: repl. [56]

57: repl. [100]

58: repl. [4]

59: repl. [94]

60: repl. [72]

61: repl. [1]

62: repl. [24]

63: repl. [2]

64: repl. [55]

65: repl. [63]

66: repl. [91]

67: repl. [31]

68: repl. [89]

69: repl. [42]

70: repl. [99]

71: repl. [23]

72: repl. [15]

73: repl. [73]

74: repl. [79]

75: repl. [105]

76: repl. [75]

77: repl. [107]

78: repl. [26]

79: repl. [59]

80: repl. [13]

81: repl. [62]

82: repl. [93]

83: repl. [101]

84: repl. [83]

85: repl. [18]

86: repl. [10]

87: repl. [49]

88: repl. [14]

89: repl. [8]

90: repl. [66]

91: repl. [74]

92: repl. [70]

93: repl. [27]

94: repl. [33]

95: repl. [30]

96: repl. [28]

97: repl. [106]

98: repl. [60]

99: repl. [22]

100: repl. [46]

101: repl. [9]

102: repl. [5]

103: repl. [7]

104: repl. [39]

105: repl. [21]

106: repl. [85]

107: repl. [57]

108: repl. [41]

10°5 10°4 10°3 10°2 10°1 100

x

°0.4

°0.2

0.0

0.2

0.4

0.6

0.8

1.0

x
f

u
(x

,Q
)

Q = 1.4 GeV

This Fit central member

NNPDF central member

PDF Members : Replicas

0: repl. c

1: repl. [12]

2: repl. [47]

3: repl. [80]

4: repl. [78]

5: repl. [76]

6: repl. [88]

7: repl. [43]

8: repl. [35]

9: repl. [48]

10: repl. [92]

11: repl. [40]

12: repl. [6]

13: repl. [98]

14: repl. [54]

15: repl. [77]

16: repl. [25]

17: repl. [58]

18: repl. [0]

19: repl. [71]

20: repl. [90]

21: repl. [36]

22: repl. [97]

23: repl. [104]

24: repl. [37]

25: repl. [52]

26: repl. [11]

27: repl. [67]

28: repl. [19]

29: repl. [3]

30: repl. [81]

31: repl. [95]

32: repl. [29]

33: repl. [86]

34: repl. [50]

35: repl. [32]

36: repl. [96]

37: repl. [51]

38: repl. [69]

39: repl. [44]

40: repl. [17]

41: repl. [34]

42: repl. [103]

43: repl. [38]

44: repl. [102]

45: repl. [53]

46: repl. [20]

47: repl. [82]

48: repl. [45]

49: repl. [64]

50: repl. [84]

51: repl. [68]

52: repl. [61]

53: repl. [87]

54: repl. [16]

55: repl. [65]

56: repl. [56]

57: repl. [100]

58: repl. [4]

59: repl. [94]

60: repl. [72]

61: repl. [1]

62: repl. [24]

63: repl. [2]

64: repl. [55]

65: repl. [63]

66: repl. [91]

67: repl. [31]

68: repl. [89]

69: repl. [42]

70: repl. [99]

71: repl. [23]

72: repl. [15]

73: repl. [73]

74: repl. [79]

75: repl. [105]

76: repl. [75]

77: repl. [107]

78: repl. [26]

79: repl. [59]

80: repl. [13]

81: repl. [62]

82: repl. [93]

83: repl. [101]

84: repl. [83]

85: repl. [18]

86: repl. [10]

87: repl. [49]

88: repl. [14]

89: repl. [8]

90: repl. [66]

91: repl. [74]

92: repl. [70]

93: repl. [27]

94: repl. [33]

95: repl. [30]

96: repl. [28]

97: repl. [106]

98: repl. [60]

99: repl. [22]

100: repl. [46]

101: repl. [9]

102: repl. [5]

103: repl. [7]

104: repl. [39]

105: repl. [21]

106: repl. [85]

107: repl. [57]

108: repl. [41]

colors rank from  
worst chi2 (red) to best chi2 (green)



Conclusions and outlook 
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(… it’s still work in progress) 

we managed to get a PDF extraction compatible  
 with HERAPDF2.0

❃

❃

fit TMDs with

studiesBeyond the Standard Model

encouraging results with preprocessing function + NN
… we are dealing with the challenges, e.g. positivity
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Next step:
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add Beyond the Standard Model to the framework 

+
SM

MLHC Λ Energy

Ra
tio

PDFs SMEFT 
Standard Model Effective Field Theory
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BSM framework
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Standard Model Effective Field Theory

Model independent📌

Number of parameters known for all orders📌
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EFT pathway to new physics
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precise experimental  
measurements

<latexit sha1_base64="m27Pu5ndnz2FlH5WiloXkERVN38="></latexit>
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precise SM predictions

precise EFT predictions

huge efforts to improve each one of these steps


