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To	a	certain	approximation,	the	probability	of	finding	quarks	and	gluons	in	a	
hadron	carrying	a	momentum-fraction	 	of	the	hadron's	momentum	is	encoded	in	

non-perturbative	parton	distribution	functions	(PDFs).
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To	a	certain	approximation,	the	probability	of	finding	quarks	and	gluons	in	a	
hadron	carrying	a	momentum-fraction	 	of	the	hadron's	momentum	is	encoded	in	

non-perturbative	parton	distribution	functions	(PDFs).


In	addition,	fragmentation	functions	(FFs)	encodes	the	probability	

of	producing	a	hadron	from	a	quark	fragmentation.
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We	extract	these	objects	from	the	scattering-probabilities	off	protons	and	nuclei	
that	we	measure	in	collider-experiments.


Scattering	probability 									Scattering	probability 


Scattering	probability 				

= ̂σ ⊗ f (p) = ̂σ ⊗ f (A)

= ̂σ ⊗ f (p) ⊗ D(π±)

Substructure	of	nucleons	and	nuclei
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d2σlp→lX

dxdQ2
∝ LμνWμν ∝ ∑

a
∫

1

x
dξ fa/H(ξ, Q2)

d2 ̂σ
dxdQ2

(x /ξ, Q2) = ̂σ ⊗ fa/H

To	calculate	a	cross	section	involving	a	hadron	in	renormalizable	perturbation	series:

μ ∼ Q ≫ 0 ⟹ αs(μ2) ≪ 0 ⟹ O(Q, m, μ) = O(0) + O(1) + O(2) + . . .

Collinear	factorization	theorems

allows	us	to	separate	them	systematically.

Deep	inelastic	scattering

e
e′￼

k
k′￼

qγ*

pp
p′￼

Lμν

X
Wμν

Wμν =
1

4π ∫ d4yeiq⋅y ∑
X

⟨p | jμ(y) |X⟩ ⟨X | jν(0) |p⟩

= ∑
a

∫
1

x

dξ
ξ

fa/p(ξ, μ) Hμν
a (qμ, ξpμ, μ, αs(μ))+H.T.
Hard	scattering	coefficientPDF

Bjorken 

limit

	μ appears in O(Q, m, μ) as
Q
μ ∼ 1 ⟹  short-distance
μ
m ≫ 1 ⟹  long-distance

Proton PDFs
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EMC	Effect: 
FA

2

FD
2

≠
2
A

⋅ C ⊗
Zf p + (A − Z)f n

f p + f n
Nucleus	is	not	an	ensemble	of	Z	free	

protons	and	(A-Z)	free	neutrons.

Four	equally	possible	scenarios:

a) the	fundamental	interactions	are	the	same	but	PDFs	in	nucleus	are	different.

b) The	fundamental	interactions	are	different	in	the	medium	but	PDFs	are	the	same.

c) Both	(a)	and	(b).

d) The	factorization	picture	is	no	longer	valid.

Working	with	the	assertion	(a): W̃μν =
1

4π ∫ d4yeiq⋅y ∑
X

⟨A | jμ(y) |X⟩ ⟨X | jν(0) |A⟩

= ∑
a

∫
1

x

dξ
ξ

fa/A(ξ, μ) Hμν
a (qμ, ξpμ, μ, αs(μ))+H.T.
Hard	scattering	coefficientNuclear	PDF

Bjorken 

limit

Replace	proton	with	nuclear	states

fa/A = Z ⋅ f̃a/p + (A − Z ) ⋅ f̃a/n ⟹
d2σlA→lX

dxdQ2
∝ LμνW̃μν ∝ Z ⋅ F̃2

p/A + (A − Z ) ⋅ F̃2
n/A = ̂σ ⊗ fa/A

Physical	quantity

to	be	fitted

Effective	quantities

Nuclear PDFs
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(A) (B) (C)

A. 	SIA:	single-inclusive	hadron	production	in	electron-positron	annihilation,	 . 

 
	


B. 	SIDIS:	semi-inclusive	deep-inelastic	lepton-nucleon	scattering,	  

																																		  

C. 	Single-inclusive	hadron	production	in	proton-proton	collisions,	  

																																

e+ + e− → h + X

σe++e−→h+X = ̂σ ⊗ Dh

ℓ + N → ℓ + h + X

σℓ+p→ℓ+h+X = ̂σ ⊗ f p ⊗ Dh

p + p( p̄) → h + X

σp+p( p̄)→h+X = ̂σ ⊗ f p ⊗ f p ⊗ Dh

Fragmentation Functions
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In	measurements	where	a	hadron	is	identified...



	Scattering	probability (													)				
= ̂σ ⊗

Neural Networks parameterisation
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Due	to	DGLAP	being	perturbative,	we	only	need	to	extract	

the	renormalised	PDFs	or	FFs	at	one	arbitrary	scale	μ

[xf(μ, θ) | |zD(μ, θ)] →What kind of Parameterisation?

Since	PDFs	and	FFs	functional	form	is	not	known	from	first	principles,	

we	parameterise	them	using	feed-forward	neural	networks	(NNs)


since	NNs	can	approximate	any	continuous	function	within	the	data	range

t(θ) = Hhard(Q) ⊗ ΓDGLAP(Q, μ) ⊗ [xf(μ, θ) | |zD(μ, θ)]



NNPDF3.1	—	proton	PDFs
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Loss	function

Parameterisation NNPDF3.1 — arXiv:1706.00428

NNPDF4.0 — arXiv:2109.02653



NNPDF3.1	—	proton	PDFs
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nNNPDF2.0 —	nuclear	PDFs
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Parameterisation

Loss	function

nNNPDF1.0 — arXiv:1904.00018

nNNPDF2.0 — arXiv:2006.14629

nNNPDF3.0 — arXiv:2201.12363

A



nNNPDF2.0 —	nuclear	PDFs
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7 flavours assuming a partially symmetric sea
π+: {u, d̄, d = ū, s+, c+, b+, g}
K+: {u, s̄, s = ū, d+, c+, b+, g}

zDh
i (z, μ0 = 5 GeV) = (Ni(z; θ) − Ni(1; θ))2

MAPFF1.0 —	Fragmentation	Functions
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Parameterisation

Loss	function

MAPFF1.0 — arXiv:2105.08725



zDh
i (z, μ0 = 5 GeV) = (Ni(z; θ) − Ni(1; θ))2

MAPFF1.0 —	Fragmentation	Functions
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Tutorial 2 — Fitting the gluon PDF
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Time	for

	Tutorial	2!

https://colab.research.google.com/drive/18UjN9GCApw1NcWUPAJkY6Fs2pAjO6e2F?usp=sharing

