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Substructure of nucleons and nuclel

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

Free proton

Proton bound
within a nucleus
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Substructure of nucleons and nuclel

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

nuclear PDFs

Free proton

Proton bound
within a nucleus

In addition, fragmentation functions (FFs) encodes the probability
of producing a hadron from a quark fragmentation.
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Substructure of nucleons and nuclel

We extract these objects from the scattering-probabilities off protons and nuclel
that we measure 1n collider-experiments.

Deep inelastic Deep inelastic
proton-electron scattering Nucleus-electron scattering

Scattering probability =6 ® (7 Scattering probability = 6 ® f@

Perturbative Non-perturbative Perturbative Non-perturbative

PDFs nuclear PDFs

oe@f

Scattering probability =6 ® f» ® D)

Perturbative Non-perturbative
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Proton PDFs

To calculate a cross section involving a hadron in renormalizable perturbation series:
u~0>0 = au) <0 = 0Q,mu)=0Y+0Y+09+ ...

Q. ]l = short-distance
i appears in O(Q,m, ) as{ "
% > ] = long-distance
Deep inelastic scattering Collinear factorization theorems
allows us to separate them systematically.
e k 1
WH = — Jd“ye"” D PO IX) (X140)| p)
4 =
Bjorken ! dé KU U M
p p Iiﬁt ? a/p(§9 //t) Ha (q ? 5p ,ﬂ, as(ﬂ))_l_H'T'
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Nuclear PDFs

EMC Effect: F_A ;,g E C® ZfP + (A —Z)f" Nucleus is not an ensemble of Z free
> F A P 4 fn 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d) The factorization picture is no longer valid.

Replace proton with nuclear states

- 1 . ! !
Working with the assertion (a): WH = . [d4yelq'y 2 (AJF(v) | X) (X|J*(0)]A)
T

Bjorken ! dé 122%
= — Jua(& w) H (g%, EpF, p, a(u))+H.T.

limit
5 Nuclear PDF Hard scattering coefficient

Physical quantity a
to be fitted
| - . d*c'4—-X plA pommmmmmmmeoees :
Jan =2 Jap + (A =2) o =~ 55~ & Ly Wz B+ (A-2) B =6 ®

|

Effective quantities
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In measurements where a hadron 1s identified...

(A) (B) (C)

A. SIA: single-inclusive hadron production in electron-positron annihilation, e* +e¢~ = h + X.

+ - A
o€ +e —>h+X: 0@

B. SIDIS: semi-inclusive deep-inelastic lepton-nucleon scattering, £+ N - ¢+ h+ X
0f+p—>f+h+X — & ®fp ®

C. Single-inclusive hadron production in proton-proton collisions, p +p(p) - h+ X

PP — 5 D P R 7 ®
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Neural Networks parameterisation

Due to DGLAP being perturbative, we only need to extract
the renormalised PDFs or FFs at one arbitrary scale u

1(0) =

Hhard(Q) R FDGLAP(Q,IM)

® |xf (1, 0) 112D, 0)]

[xf(,u, ) || zD(u, «9)] — What kind of Parameterisation?

Since PDFs and FFs functional form 1s 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

Scattering probability =6 @ (
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NNPDF3.1 — proton PDF's

o 3+ NNPDF3.1 — arXiv:1706.00428
Parameterisation {g 2 I3 Is 'V Vs Vg (C ) NNPDF4.0 — arXiv:2109.02653
Hl(l) Hfl)
H2(1) H1(2) Hél) H£2)
& ' &1 XX |
% Hél) H2(2) Ny ° | H:gl)v | __Héz) Ny 9 o o0 Ng
&2 ‘ &2 9
Hil) H§2) Hél) H§2)
H5(1) Hél)

filx, po) = Asfilm, o), filz, o) = z(1 — ) Ni(x)
1 — f01 dxxX(z, po)

fol dzxzg(z, o)
3 1 3

AV — ~ 3 AV3 — ~ ; AVg — ~
f()l d.’L’V(.’L‘, /’LO) fol d.flf‘/:;(fl:, MO) fol d.’L’VS

A, =  As=Agp = Ap =1

t(z,Q;0) = ZH?ard ® ZFDGLAP (Q, 1) ® fi(u; 0)

Loss function Npos N4 Néiﬁt

X —Xexp —}—)\pOSYYYma.X(O FZ)A))

ll]l’Ll
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Q%(GeV?)

NNPDF3.1 — proton PDF's

Kinematic coverage
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Fixed target Drell-Yan
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nNNPDF2.0 — nuclear PDFs

L nNNPDF1.0 — arXiv:1904.00018
Parameterisation {g 2 I3 Is V. V3 Vg } nNNPDF2.0 — arXiv:2006.14629
N S nNNPDF3.0 — arXiv:2201.12363
Q{L
S

) = z°°(1—2)=N;(z, A),

) = fEaTB(l—-’B)BT3Nz( A),

) = 2°%(1—x)"s Ny(z, A),
zVP D (x,Q0) = Byz® (1 —2)PVNy(z, A,

)

)

= Byz*s(1 — z)?s Ny(z, A),
= By,x*(1—z)? Ng(z, A).

— Z H?ard(Q) Q ZFDGLAP(Q, ) R fj*(u; 9)

Loss function

2
X — Xexp + )‘BC Z Z (q(p/ ) Li, QO)A — 1) I q.(fp)(xw QO))

(1)
Npos Na Nya

+APOSZZZmax( f(l (A, )),

=1 7=1 =1
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nNNPDF2.0 — nuclear PDFs
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nNNPDF2.0 — nuclear PDFs

X" = Xexp

f =1

ABCZZ ( (p/4) (i, Qo, A =1)

. qﬁp)

(-’Ez', Qo))2

Npos Na Niar

F o Y Z max (0, ~F (Aj)) ,

ll]lzl
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MAPFF1.0 — Fragmentation Functions

SOE . . . MAPFF1.0 — arXiv:2105.08725
Parameterisation 7 flavours assuming a partially symmetric sea aralv

ﬂ'+: {ua d_, d — I/_t, S+9 C+, b+9 g}

Kt {u, 5, s=ua, d*, c*, b*, g}

2DT (2, o = 5 GeV) = (Nz-(z; 0) — N;(1; 0))2

¢ L P 2

&/ (\ Ny - 1/ N (N,

Fi(z,2,Q) = f’fz {[Czqqx'z@)@fq(x Q) + Cigy(z,2,Q) ® fy(z, Q)]@)DW( , Q)

i [ci,gq@,z,cz)@fq(x,cz)]®Df;*<z,@>}, i—2.L.
Loss function

2 2
X~ = Xexp
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MAPFF1.0 — Fragmentation Functions

Lo L d MAPFF1.0 (i = 5.0 GeV)
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Tutorial 2 — Fitting the gluon PDF

0.8

Time for
Tutorial 2!

Tutorial 2: Non-linear regression with neural networks

Author and references

Rabah Abdul Khalek -

Learning Goals

(Postdoc at JLab | Theory division)

—— NNPDF3.1

—— NNPDF3.1
L ol

(_i ]

(no heavy nuclei)
111 |

This notebook will serve as an introduction to non-linear regression using neural networks. We will learn how to build and train neural networks
with TensorFlow, a powerful machine learning library.
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https://colab.research.google.com/drive/1cG7F0BJCPuInojBuBpCetPrsIY-wvZDW?usp=sharing

