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or, can we understand what ML models are actually doing
in the quest to quantify PDFs and their uncertainties...
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HEP motive: PDFs are ubiquitous in precision theory

o(PP—>W/Z+X) = Z o Z/dxadxb QCD factorization theorem(s)
n a,b

X fa/P(Za) 62,7;)—>W/Z+X (8) fosp ()

fa,/P(xa)

W/Z

MANY measurements to test the SM involve colliding protons

—» protons scatter through parton-level interactions: quark-quark, quark-gluon, ...

—» precision means accurate theory + parton distribution functions (PDFs) \

[inverse problem: extract from data...]
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result: QCD global fits — precision from diverse data

pheno needs high-precision = (reproducible) reductions to PDF uncertainties

= necessary to push theory accuracy; (N)NNLO QCD, NLO EW, ...

CT18: PRD103 (2021) 1, 014013
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—> HEP pheno requirements impose stringent demands on PDFs

— extensive benchmarking for high-stakes channels; UQ
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discovery reach closely tied to PDF precision

= SM baselines at colliders depend on PDFs
o~ fo(z) ® PP @ fi(x)

PRL77, 438 (1996)
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= cautionary e.g., CDF incl-jet E; anomaly

% Difference from NLO QCD with MRSD(/

—» quark compositeness?

- ..no: mismodeling of gluon PDF
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high theory accuracy; PDF precision; faithful Jet Transverse Energy GeV
uncertainties essential to BSM interpretations
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PDF errors translate into phenomenological limitations

o from PDF analysis, state-of-the-art predictions for fundamental LHC
observables - e.g., total cross sections at 14 TeV

Higgs and tt charged-current DIS neutrino cross section
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o pervasive issue beyond LHC: neutrino cross sections similarly PDF-limited

...above, for v telescopes; analogous PDF uncertainties at low energies relevant for DUNE

interface with MC event generators, experimental interpretation
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two types of modern PDF analysis approaches

Two powerful, complementary representations.

* Analytic parametrizations + Neural network parameterizations +
° Hessian PDF eigenvector sets Monte Carlo PDF replicas (NNPDF)
(ABM, CTEQ, HERA, MMHT,...)
o X f(x,Q) vs. X xg(X, QZ)
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Hessian PDFs can be converted into MC ones, and vice versa.
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reproducible, robust PDF uncertainties

[see talk, Nadolsky]

o community-wide interest in quantifying PDF uncertainties

—=> quandaries in stat theory (e.g., MC sampling challenges); explore large model spaces

CT18 NNLO
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neural network status and open questions

» various potential pitfalls exist

- systematics of inference and UQ can
differ relative to traditional methods

. [ [] ?
Cx‘g(x. Q) xZ(x,Qy  xV(x.Qp) xVa(x,Qy) xVy(x.Qp) aT3(x.Qy) xTy(x.Qp) xTs(x, Qo)j u d I SS e Ct P D F u n Ce rta I n t I e S *

(st Q) xutrQ) a0 Q) xdr,Qp) xst:Qy) x5x.Q0 (. Q0) aleato ric, epistemic, distributional ) see
NNPDF, arXiv: 2109.02653

* more broadly: can ML tools be used to quantify correspondence
among PDF parametrizations?

— might such models be used generatively, to produce PDFs?

— relation to previously studied PDF-lattice analyses?  1904.00022 [hep-ph]

06-14-2024 T. Hobbs, INT24 --- QCD at the Femtoscale 8



guestion: can we ‘stress test’ ML models for PDFs?

specifically, ability to parametrize and interpolate..

~—

arXiv:2312.02278

ANL-186490

Learning PDF's through Interpretable Latent Representations in Mellin Space

Brandon Kriesten and T. J. Hobbs

High Energy Physics Division, Argonne National Laboratory, Lemont, IL 60439
(Dated: December 6, 2023)

oo e — this work: toy demonstration;
0.4 . "\ -
™ 0 — many unanswered questions to explore
Rw e 3 3 . .
0.0r%%"—— decoded —7%1  — Introduces numerical platform (PpFdecoder)
— true '
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5= e 50 [public code available shortly]
X
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learning likelihoods with NNs

= quantify agreement of theory/data through y 2.

Cack, (AN =) é (Dk ~Ti({ac) = ) ﬁkz,o)‘a) + ) A

— train a feed-forward neural network (NN) on PDF replicas
Liu, Sun, and Gao; arXiv: 2201.06586
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NNs effectively learn (PDF-SMEFT) likelihood function

= generate 1.2x10% replicas over PDFs, SM parameters, SMEFT coeffs.

— validate performance on 4x103 test set 2211.01094 [hep-ph]
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— strong, permille-level agreement achieved!

(NB: perfect agreement corresponds to x% /x> = 1)

» allows rapid exploration of combined PDF-SMEFT uncertainties
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(aside) NN parametrization allows fast PDF+BSM fits

= jet data modestly sensitive to C, (4-fermion contact interaction)

g at 1.295GeV
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= evidence of very weak correlations between EFT parameter, high-x gluon PDF

* fixing PDFs: slight underestimate of EFT (Wilson coeff.) uncertainty

TeV 2 nominal CMS 8 dijet CMS 8 jet CMS 13 jet
PDF free | —0.0015 0015 | —0.002270 0051 —0.0009 0’0545 —0.00137 007
PDF fixed | —0.001570 0057 | —0.0022F00037  —0.000970077  —0.001370-00%%
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NNs for PDF parametrization

" previous learning task was associational

: : 2
— 1L.e., connecting parameter (or PDF) values to a target function, X

— can then bypass challenging, expensive theory calculations

= testbed to explore NN-based parametrizations of PDFs (?)
— 1nstead of NN proceeding to a target, telescope back to original input
— this is a reconstruction task
— large class of ML models for this

— simultaneously provide arena to explore systematics of training, etc.

hyperparameter optimization, training procedures, network structure,
activation function choices, ....
Try1 = A (Wi g + by)

(rough NN analogue of Hessian parametrization dependence)
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PDF reconstruction: autoencoder

" basic structure: encoder takes input space, x, to latent vector, z

— corresponding decoder maps latent, z, to decoded output, x'

— feed-forward NNs —

L=z —dg(es())|3

" undercomplete network structure

— latent space of lesser dimensional size than input (dimensionality reduction)
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(aside) autoencoders in HEP phenomenology

* ML dimensionality reduction --- applicable in ‘big data’ contexts

* anomaly detection

— distinguish between in- vs out-of-distribution (ID vs OOD) behavior

— e.g., train model on SM-only baseline events; BSM appears OOD

c
= Farina, Nakai, Shih: 1808.08992
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X
Q- .
QCD jets top jets gluino jets
= QCD analysis inverse problems Almaeen, Alanazi, Sato, Melnitchouk, Li (2022)
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base PDF reconstruction problem

* how might such an ML model encapsulate PDFs?

» generate a sizable training validation set for SU(2) toy problem
q(x) £ q(z) = Nyx 2%+ (1 — )P Pp(x) q=u,d
Por(z) = 14+ vV + 022

* sample this basic form to obtain 10,000 MC PDF replicas

...impose number sum rules, sample parameters over uniform distribution, ...

— evaluate each replica a 196 x-values per flavor/charge combination (784 total)
z € [1072,0.999]
— the resulting set of x-dependent PDF values are the inputs to reconstruct

split 10%-member set 70/15/15 for training, validation, testing
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iImposing physics logic on ML model

» could stop at previous slide, explore autoencoder PDF reconstruction

" but what about interpretability of the model?

— typically requires imposing some structure, constraint on intermediate latent

— 1dea: use PDFs’ x-integrated Mellin moments to organize latent space,

(22, = / dzz® [q(z) — g(o)

(2, = / dza® [q(z) + 4(a)]

— nspired by recent physics-informed (e.g., equivariant) NN development(s)

— 1n addition to (PDF) reconstruction loss, there is a moment reconstruction loss

* during training, build into network constrained behavior for:
<1>u—7 <CU>U+, <5132>u_, <x3>u+7 c e
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many alternative network models possible

Name

Diagram

Loss

Recreates
PDFs

Tractable
Latent

Free
Latent
Dimension

variations on encoder-decoder structure; different internal topologies

Moment
Constraint
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v

X

v

X
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+ |lz = mmll3

AE-WC

L = |z —ds(es(z))ll3

+ [lm — |3

VAE
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+KL(N (po,06/N(0,1))
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)
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trained model performance: VAIM
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exercise: compare ML model against pheno PDFs (i)

= given imposed tractability of the latent,
amputate the VAIM: [moments] = [PDFs]

— predict pheno PDFs from their moments
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exercise: compare ML model against pheno PDFs (ii)

= the resulting framework generally results in concordance at highest x

— can also be reimagined as an out-of-distribution detector

(i.e., quantify the parametric dissimilarity of NNPDF)
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towards interpretable learning through correlations

— -

— tractable latent allows cross-network MC correlations (e.g., latent to decoded PDF)

= default VAIM: some expected pattern of correlations; also spurious

effects Corr[d™ (z), @)yt a]
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more compressed latent space

* can demonstrate via more undercomplete network (8-dim latent)

— greater dimensionality reduction: tame spurious moment encodings of x dependence

(statistically nonzero correlations only with d" moments)
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more compressed latent space

variational AE, VAIM methods encapsulate ‘realistic’ PDF model
- illustrated in generalizable (toy) problem

—> can be improved and extended systematically

as end-to-end framework, can incorporate more theory ingredients

interpretability allows model, dimensionality to be optimized
What about “explainability” --- discussed during Week 17
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XAl: connect assumed theory to fitted PDFs

= (QCD/EW) theory settings have subtle downstream PDF implications

PDF Factorization scale ATLAS 7 TeV W/Z CDHSW F? “ " Pole charm
fits in DIS data included? data included? mass, GeV
CT18 NNLO e prs = Q° No Yes 1.3
CT18A NNLO /,L%,DIS =Q? Yes Yes 1.3
CT18X NNLO 4, prs = 0.8° (Q* + ‘“”S—‘;W) No Yes 1.3
CT18Z NNLO 12, prs = 0.8 (Q2 + 0355—‘3"2) Yes No 1.4
105} 90% C.L.,LHC 7 TeV 1= simultaneous variations of multiple
| x CT14 ] . . .
5 | - Cri4HERA2 . theory/analysis settings influence
> | T Crisa | PDFs and pheno in hard-to-
= 1.00F ~ CTI8X | .
= o crisz _ disentangle ways
(5} I
o [classical methods: L, sensitivity, 2306.03918]
|
5 095F .
— - might Al methods provide some
5 140 145 150 useful (complementary) guidance?

o(gg — h) 7 TeV [pb]
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identify salient features: guided backpropagation

appearing soon, with Kriesten, Gomprecht

Input / i \\

Input Guided Backprop

l f[ FC Dense ]\
I ReLU ]I
I‘[ Dropout ] )
Dense % T_-*_ ——
ResModule 2| [ FCDense }\
% I ReLU ]I
< |
| g 1

‘ FC Dense

)
[ Softmax } % PP
l | ReLU )
Lowput | L )

afout 8]00111: afout
o7 ~ =0 <8ff+1 ” O) o

0.9¢7~

0.8;

2 — 100 GeV? . . :
@ ———, . ~—N\ N train a ResNet-like model on MC PDF replicas;
1041031072100 02 03 04

x ' - backpropagate classification scores to PDF shapes
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theory classification: ~few-percent accuracy

= evaluate a confusion matrix on test set of MC replicas (normalized PDF ratios)

CT18

CT18A

True label

CT18X 1

CT18Z -

0.3% 5.5%

CT18

06-14-2024

CT18A CT18X
Predicted label

T. Hobbs, INT24 --- QCD at the Femtoscale

CT18Z

100%

80%

60%

-40%

-20%

0%

strongly diagonal matrix at
several-percent level

- weak tendency to
misidentify CT18 as
CT18A

can we explain the origin
of these classifications in
(input) feature space?
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GBP: local PDF x dependence - classification score

= classification score gradients relative to input PDF(s); highlight salient features

CT18NNLO CT18ANNLO CT18XNNLO CT18ZNNLO
1.41 1.41 1.41 1.41
1.21 1.21 1.21 1.21
(=)
210 1.0 1.0 1.0
©
0.81 0.81 0.81 0.81
0.61 0.6 0.61 0.6
1041031021071 02 03 04 1010310210102 03 04 10*10310210102 03 04 1041031021071 0.2 03 04
1.21 1.21 1.21 1.21
1.11 1.11 1.11 1.11
(=)
29101 1.0 1.0 1.0
%)
0.91 0.9 0.91 0.9
2 2
0.8 0.8 0.8 08! Q° = 100GeV
1041031021071 02 03 04 1041031021002 03 04 10%10310210102 03 04 1041031021071 0.2 03 04
X X X X

= in line with CT18 main study

—> high-, low-x gluon and strangeness provide most model discrimination
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stay tuned: evidential learning & prior networks

(Dirichlet) Prior Networks, DPNs Malinin and Gales (2018)

= factorize predictive posterior to model
dependence on prior ensemble

=
!

0

P(w.|x*,D) = /dud@ p(we|p) p(p|x*,0) p(0|D)

= g . ) 2
| JL J J 6 4 2 0 2 1

Aleatoric Distributional Epistemic

= forward pass: map aleatoric, epistemic, and distributional errors on
low-dimensional simplex

ID
high error

ID
low error
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stay tuned: evidential learning & prior networks

= train on combined EW parameter shifts, PDFs; weak coupling
map classification uncertainties (NSI?)

Shift 3 Shift 3

£ | relimin
Shift 1 Shifi Shift 1 Shift p e a ry
o
0.1
3 X
=
A
Ng 0.0
St
s
h|E —01 7 x
)
shiftl
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conclusions, outlook

= jnitial studies on ML-model PDF realizations

— encoder networks: flexibility with many possible variations

— advantages to ‘hardwiring’ physics assumptions, symmetries

(introduces notion of tractability; use as generative model)

= calculations, toolset mesh with precision QCD PDF theory program

= various pitfalls, some familiar

— challenges 1n UQ (forthcoming analyses), mode collapse

= extensions: PDF interpolation, query pheno PDFs via OOD behavior

= cearly XAI/PDF methods show promise; complement classical approaches
— both offer mutual lever arm to intercompare PDF analysis methods
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