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Problem statement

QGCD at the femtoscale

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

instead, we rely on indirect methods,
such as deep Inelastic scattering experiments,
to infer their distributions

inverse problem
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Parton distributions  — romenur
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momentum Distributions
kT =zPT TMDs
x: momentum fraction g l

carried by quark
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\ Parton Distribution Functions

PDFs
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Collinear Parton Distribution Functions

Deep Inelastic Scattering

’ i
‘ c=PDFs® C
i—t_ Factorization theorem | shon-distance

process dependent coefficient function

1
convolution integral X = [ dx
0

SDE o= Z /dm-ﬁi(aﬁ;QQ)

1=q,q,9 L

partonic cross section

fraction of proton’'s momentum carried by the parton X

momentum transfer squared, 2
related to the resolution at which the proton’s structure is probed Q
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PDF fit scheme

——-——+ ata
starting scale O/

evolve to 0* > Q7
corresponding to O of data

N

calculate o

[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
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Data and observabples H1 and ZEUS
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we aim to 2 - -
. © ., HERA20 -
replicate the results of HERAPDF2.0 5 10°: . E
- combined dataset E

10° = ALttt =

% reduced cross sections 10%: ETEIE E
neutral current DIS 10¢ SEETEETE o E

charged current DIS A ittt -

- 10 =
this fit : :
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cuts: Q >3GeV, W > 1.5GeV 107 10° 10° 10* 10° 102 10

M
&

conservative cuts The points of the two grids used for the combination

O data with /s = 318 GeV

Total number of points: 1016 ® data with /s = 251 GeVor /s =225 GeV
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Statistics Gaussian assumption
Monte Carlo replicas G(x")) ocexp | = (x" — p)TCTH(x™ — )
Covariance matrix Cholesky decomposition
C’LJ — 52] Jz ,UNc T Z fﬁclrr ](5(:)0rr C=0L-: LT
g
Replica generation
x(F) — -+ L - r(F) each replica fitted independently

r standard normal random variables

k 1 k) (K
L_______, Zx()_,uz ng )ZE§-)2M¢M3"|‘CM

rep 1
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Gaussian assumption

Statistics

Monte Carlo replicas G(x M) oc exp | —(x®) — ) TCTH(xM) — )

Replica generation
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Probability distribution function

Probability distribution function
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MEthOdOIOgy - VILE kelhood function

. - L £(0]d) = P(d|6) = — exp ( —=[t(8) — d]"CT[t(0) — d
Maximum Likelithood Estimation v/ 2m)"[C) ( 2 )

max In(£(0]|d)) — mgin (%[t(@) —d|' Ct(0) — d]> = ; mein X~ (0)

minimization carried out

~ by ceres-solver

/

trust region

| Levenberg—Marquardt

":‘,0, / \ /
e \3}."

/AN U

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

need the knowledge of the
derivatives of the y* with respect to the parameters 6

wza@t[a derivalived

provided by

NNAD
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NNAD C++ Library: arXiv:2005.07039

Viethodology - Neural Network

Badis A0 _ Z SO 4 0

J
inputs heuron Defini ng:
P weights activation function

(€) 1 (£) (£) (0)
&1 T T z; =9, (5'3@ ) Y, = Qe (% )
\

& M (f {wlj7 6)1 Zwljgj + 64

¢ — | Input Hidden Hidden Hidden Output
’ layer /. — 4 layer /. — 3 layer /. — 2 layer /. — 1 layer L.

bias

=

In a fully connected NN

Nrp -1 52
0) (¢ L)y (L-1 L

Ni(€s{wy 007D = on | D @iy + 6,7
5
Np -1 Nrp—2

L L L—2 L-1 L
= L Z w,ij()l)CbL—1 Z ;(1))](2)y3((2) )+6’((1) ) +91(€) = ...

j=1 i@ =1
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NNAD C++ Library: arXiv:2005.07039

NN Analytic Derivatives - NNAD

Simplified case

theory prediction as a convolution chi-square formula
Ndata r (6) (ﬁ) 2
F ) : w@' ) ) 9@ o d
F£,0) =) [Ci®e Ni(€, Q)] 2 {w(@’@@} 3 f (ks Grs {wiy”» 05 }) — di
1=1 * ’ L—1 O

the computation of the gradient of the y*requires the derivatives

Ox° e
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arXiv-2005.07039

NN Analytic Derivatives

computation of the gradient of the ,°

F(6,0) =) [Ci ®e Ni(&, Q)]

i=1
Ndata i i
Ox” _ Z ([C ®e N] (fk,Ck)—dk> C o ON (6. ()

14 2 9 9

&%(j) k=1 Tk i 8%(5) _ reduce the computation
of the derivatives
] ) of the y* to the computation of the

> : Ndata ([C e N (€x, Cr) — dk) C o ON (6.0 derivatives of the NN
00\ = o RS

apply chain rule, starting from the output
layer all the way back
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NNAD C++ Library: arXiv:2005.07039

NN Analytic Derivatives

computation of the gradient of the ;> f(6,6) = 2_[Ci @e Ni(&, )

i=1
X" _ 2 &L ([C ®e N (6. Gk) — di -C ON
8w(€) Z O-I% @ oo (¢) (gka Ck)v
17 k=1 _ zg N
BNk B By(L)
y wd WY
. a i % _ LW oz},
apply chain rule, starting from the output RPN
layer all the way back ’
Nil [ (L),,(D) ] Oy
p— A 1
defining: S e
/41 Ni_1 Ni_o 8y(f’2) 2)

||
(]
M

() (L) (L—1) (L—-1)
W (1)] [zj(l) wj(l)j(2)]

=@ =TT 5. S@(J@ —|, (6) g)
a=L

M =142)=1

= ... can be computed explicitly
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NNAD C++ Library: arXiv:2005.07039

NN Analytic Derivatives

computation of the gradient of the ,°

) Ndata L

backward plopagalion

matrix 2 can be computed recursively moving backwards
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NNAD C++ Library: arXiv:2005.07039

NN Analytic Derivatives

Perrormance Number of hidden nodes
/(10 13 16 19 22 25 28 31 34 37 40 43 46 4
- mmmmm Analytic oo
T Automatic differentiation methods
g \___/' as implemented in
[ | Nyata = 1000
| ceres-solver
£
" 10% F /—\
analytic
back-propagation formula
101 | | I I I I I I I I I I | I

S5 U D D D D
SUEENEPNZERNJINCIIPN

Number of parameters

P R PP

performance advantage

| Laboratory is a
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Framework NavyPier

C++ COde - ‘NavyPieI" data, input cards with choices for NN,

main code that runs the fit

ceres-solver
N @ [ﬁ] @ P@ WE@@{E minimization

data handling,

»*, covariance matrix, uncertainties treatment
Monte Carlo replica generation, statistical analysis...

NNAD

Neural Network

200 — (T(g(k)) _ X(k))T ol (T(9<k>) ~ X(k))

k: replica

T = | o0 | &

theoretical prediction

apfel++ —

perturbative computations,
NNLO
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Reproducing HERAPDF2.0 with NavyPier

‘Sort of’ benchmark

NavyPier

NangalParbat

T(0")) = O 0%

"4

0
A
(7

heoretical
prediction |_aptebox =
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Reproducing HERAPDF2.0 with NavyPier

‘Sort of’ benchmark

NavyPier
NangaParbat
TeM)= | 0 | &
predicton _apfelox

HERA parameterization
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No NN, HERAPDF2.0-like
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Neural network structure tentative | of n..

for PDF extraction

XX

VA 7S,
\— LY
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SBRER
QKKK

BN

' N AV AAV%‘
T ERIR
2L SR
. KT SIS
sigle L KNS N,

parameterization
no preprocessing function

zfi (x,Qo) = NN;(x;0)

L _, outputof the NN,
no factor in front




Q = 2 GeV

This fit
HERAPDF2.0

PDF extraction -

NNLO S

2.5 1 1 IIIIIII

zfi (x,Qq) = NN;(x;0) Sof
: R 0.5}
stable results even when varying NN structure :
0.0 |
Q =2 GeV E2F | |
81 | IRELLRRRY LR E ‘
: ©0 This fit _ slf
SO " HERAPDF2.0 - ;O T
~ F o - 10~ 10~ 10~2
8l NNPDF3.1 pch - Wm 4
. ' / 4 =2GeV
. i not bad ' ' -
Tl I This fit ]
o [ 3 - " HERAPDF2.0 -
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Ratio to This fit
ek
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large uncertainties and
central values not so close to other extractions
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Neural network structure

for PDF extraction

X

N
sigle
Input \ Iy =yt +dt —2s7"

2 hidden layer
nodes

/
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~ parameterization
With preprocessing function

* we changed the NN structure

- one more output node

reduce the number of
parameters

* we changed the parameterization
of the output nodes
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Neural network structure

for PDF extraction
g
/// 5
/ / 1%
X 0::: 1
\ ‘
RN
sigle
input \ Is
2 hidden layer Vs
hodes
7 output
nhodes
() ENERGY LLomimmibtyitstey

~ parameterization
With preprocessing function

as preprocessing functions we choose the

HERA parameterization in the form {g,u,ii,d,d, s = §)

zg(z) = Ay’ (1 — )% — Ay 2Z — )%,

ru(z) = Ay, xP0 (1 — )V (Dy, x + 1) + Ay 2Pu (1 — 2)%% (B, 2? + 1),
vd(z) = Ap, (1 — f)xPPe (1 — 2)Ps + Ay aPde (1 — )%,

ri(x) = Ay, xPU (1 — )V (Dy, x + 1),

xd(z) = Ap, (1 — f)xPPe (1 — 2)“Ps

xs(x) = Ap, fsxPPo (1 — 2)“Pv = 25(x)

|4 free params + NN params
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sum rllleS g p10-°y1 Momentum Sum Rule
‘
as integral constraints on extracted PDFs P W
=
% momentum sumrule X = Z g7 = é_g
q fcj f ) ]
L §_4J_|...|...|....|...|...|..'
—_— / X [fq(ZE,QQ) + fa(x, QQ) + fq(x, QQ)] dr =1 0 20 do 60 80 100
O enliper i1naex
%k total valencesumrule V = Z qg =3
1 1 .
notation
— [ @)~ fula) + falo)  fal@)do =3 Joann
0 q p— q I q
% ... and analogously for other combinations:
T3:u+—d+ ngu_—d_zl
T =ut +dt —2s™ Ve=u +d —2s =3
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Total x’per replica

NN with preprocessing functions ﬁ _
ﬁOG? ]

In the spirt of "proof of concept’ 0.4 F -
107 replicas 0.2;— _
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Results

%k preprocessing function parameters histograms :

Cu,
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NN with preprocessing functions "
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Training and validation

replica 27
T T 1 I

% datasets split in 10* ¢ g
50% training, 507% validation : :
103 = _E
. 8 :
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PDF bands
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All replicas

Q = 1.4 Ge

vV

1.0

wfd(wa Q)

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

—— This Fit central member

— NNPDF central member -
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Q = 1.4 GeV

Conclusions and outlook '~ —

HERAPDF2.0 -
(... It’s still work In progress)
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* we managed to get a PDF extraction compatible
with HERAPDF2.0
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* encouraging results with preprocessing function + NN

. e are dealing with e challenges. e.g. podilivily

X the NavyPier - NNAD framework is extendible to
fit TMDs with NangaParbat

Beyond the Standard Model studies
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Next step

add Beyond the Standard Model to the framework

SMEFT

Energy

Standard Model Effective Field Theory
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BSM framework

Standard Model Effective Field Theory

ZLSMEFT = Z£sM

2.

n>4

* The EFT constructed with SM fields and symmetries

£ Model independent

£ Connect data from different processes

» Number of parameters known for all orders

1 1 1 1
O%SMEFT:O%SM+K$5 | AQC,% | A3$7 | A4$8+”'
2499 36971

operators
Interactions terms

1 mn T
Lo
k

A

Wilson coefficients

SM + new physics

l-l-————-v

precise measurements at low
energy probe BSM beyond the

) ‘ collider reach
%
-
3
5 SV
maximum scale prode at
present colliders
| % 4
My e AN Energy

scale where new
particles appear
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EFT pathway to new physics

precise SM predictions

1 1
AObs,, = Obst*F — Obs>M = e Zc@( )a <6>( ) + O ( A4>
k

precise experimental precise EFT predictions
measurements

huge efforts to improve each one of these steps
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