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Recent progress in Al & machine learning

Natural language processing

- Transformers

Image generation
- Diffusion models
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Recent progress in Al & machine learning

Natural language processing S EIC simulations
- Transformers bt <

Image generation

Improve constraints on PDFs - Diffusion models
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Neural networks

Feed forward neural network

Inputs Neuron Nonlinear activation function
&1 w;
w9 :
&2 — Ny
&3 ) &

4 parameters: weights bias

Build up a complex function by adding many neurons & layers
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Neural networks

Can be trained efficiently with

Input Hidden Hidden Hidden Output

layer (L-4) layer (L-3) layer (L-2) layer (-1) layer (L) . .
* Backpropagation (chain rule)

— » Stochastic gradient descent
&

- e * Up to ~billion parameters
§ <
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Neural networks

E§=\'§@E\ - ~ q(z|7)
e Subsampling Convolutions Subsampling connzction
1
* Convolutional neural networks * Stochastic nodes e.g. Bayesian NN,
*RG flow diffusion models
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Parametrization of PDFs

2203.05506
* Flexible functional form g at 100.0 GeV
* Minimize associated biases . NNPDF3.0 (68% c.l.)
] | =1 NNPDF3.1 (68% c.l.)
e NNPDF Collaboration . NNPDE3.1' (68% c.l)
 Extractions from lattice QCD H e
e
=
=l
see Pavel Nadolsky’s talk S
O
T 0.9-
0.8 -
v g s B
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Jet physics & Machine learning

* Various jet classifiers have been developed

* Typically ML significantly outperformed
traditional observables

* Event-by-event information vs. low-
dimensional observables

J pre-process

dense layer

quark jet

AN

max-pooling

NN 7

Fig. Komiske, Metodiev, Schwartz
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Jet physics & Machine learning

* Various jet classifiers have been developed W W \U/ W W
| 5 i Covs.

* Example: Quark vs. gluon jet classification

u d ) C g
* Quantify using a ROC curve
mas_s/Pt L0 T Q}&e}
- 1 B
— 6:_ E 0.8
> ' -
Ee NN q Al/ML
s :3: £
© 4r A .8 0.6 4 Quark vs. Gluon Jets
~ F : ::: - g PyTHIA 8.230, /s = 14 TeV
- e g R =0.4, pr € [500,550] GeV
1 O - ° °
% < s Traditional observable
of & —— PFN-ID
- —— RNN-ID
1c 0.2 EFPs === Multiplicity
- —— DNN -—- ngp
of ST e OV Jet Mass Gallicchio, Schwartz
02 025 03 035 0.0 : , . . | : : .
m/Pt 0.0 0.2 0.4 0.6 0.8 1.0 Komlske, MetOdleV, Thaler " 19

Quark Jet Efficiency

Sliding Cut
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EIC & RHIC jets

10738
* Relatively low particle multiplicities Transverse el e > PR
T —o- o £
at the EIC momentum [N R '
'; 10° —=—
*PYTHIAG6 S 10
S ;\/O§1= 89G(?)\/85 )
S 10.1<y<0.
0 Particle (pri, ni, i, PID;) 10%102 > 25 GeV?
g/ —¢°-n<04 _ —=
6, 5 10 15 20 25 30 35 40
Lab frame pr(GeV/c)
I/t, d’ S’ C ¢ * N éltlmaprag:iflsasrticles
12 Decay photons

e p Particle #

Neutral hadrons

Vs =89GeV,0.1<y<0.85
pharticle > 250 MeV/c

=
o

o0

ijet > 10 GeV ‘
’ jet

Number of Jet Constituents

0 5 10 15 | 20 25 30
Lab frame p’£* (GeV/c)

* Note: Not limited to jets
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Machine learning setup

Lee, Mulligan, Ploskon, FR,Yuan "22
* Binary classification tasks

see Komiske, Metodiev, Thaler JHEP 01 (2019) 121

* Particle Flow Networks Permutation invariant Deep Sets
M
f(p1,-- . pum) F(Z<I> ps >
f K i=1 4
Classifier
o) Neural
"f networks

* Possible improvements: Graph neural networks, transformers
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Example: strange jet identification

u,d vs. s jets

Lee, Mulligan, Ploskon, FR,Yuan "22

Significant gain with machine learning!

Quantifies total information content
Motivates further theory efforts

Soft particles, tracking & PID important
Impact on EIC detector!?

10 . I | ]
6@ 1 -
n n ((@: ! . =T
Ve | N7 | o b T
=] > Lot
— |9 0.8 4+ %+ T -
I | ',b/"‘ .I
ot ¢
q) I ."'o" [
S 064 = - o’ o°
(U ’ . 9 7’
7’
ad s"“ o/ /’, 0 0 0
Q ) 2 ,//’ Ks, A y = o
E o R Particle Flow Network (w/ PID)
s’
i ¢ o Particle Flow Network (w/ PID), ct> 10 cm
O p 4 ,,/' Particle Flow Network (w/ charge)
al ,/’ Particle Flow Network (w/o PID,charge)
QL /,/’ Jet charge, k =0.3
D) Jet charge, k =0.5
It - Jet charge, k=0.7
Leading strange tagger
| | | |
0.2 0.4 0.6 0.8
y False s
False Positive Rate =
Total u, d

1.0

Data & code available
https://zenodo.org/record//75388 | 0#.Y8RcaS-B2gQ
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ML trained on event-by-event data

Fatemi EINN " 19, Liu DNP " 19
Lee, Mulligan, Ploskon, FR,Yuan "22

* Can we directly train on data!’ 6.
* Enhance spin asymmetries

~ STAR Preliminary # ++tagg-ing
02201242015 :Lot'::;:‘:
\ — - +z/-z Combined B
Burkardt sum rule 04 i .
— — ik
= i + + | ) i
1 - 0 - "
) dzfiP(z) = 0 | Pty Y
0 1T ("r:) -0-1__ | ¥ [average]
a=q,q,9 -
—-0.2— Dijet pT > 6 GeV/c & 4 GeV/c
e L1 I;“n YRS QO R VN0 VAT ) U I (A VO VA S WO VO O W A Nl MARST O e Oy Y ' TSR Ve R T T A
4 3 2 - 0 1 2 3 a 5
n+n

B

* Train classifier on jets in collisions with

different initial proton spin ——p effectively mgx Ayr(6)]

Can potentially obtain better constraints on spin PDFs
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Generative modeling

* Generative Adversarial Networks

* Variational Autoencoders

* Normalizing Flows

e Diffusion Models Fast

sampling
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Normalizing flows for lattice field theory

Shanahan et al

* Sampling of lattice gauge field

configurations Qg | [
0 = 1y
* Multi-modal distributions %, i ~ Flow
(l) 20(l)00 4O(I)OO 6O(I)OO 80(I)OO IOOIOOO
* Asymptotically exact with ' il s o
additional accept/reject step U(1) & extended to QCD
'@
2 . P
Invertible map with
tractable Jacobian " A I s 2N

Apblications to multi-loop integrals see Butter et al.
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Simulating electron-proton scattering events

e Full ep events at /s = 105 GeV

Scattered leading electron

Develop a generative model

Azimuth ¢

* Development of MC event generators

* Searches of BSM physics :
e /e/ Pseudorapidity 7

y PYTHIAS, @Q > 10 GeV

* Event-level data analysis

Devlin, Qiu, FR, Sato "23
see also Mikuni, Nachman et al.
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Diffusion models

* Represent events as images (pixelated)

q(z¢|Ti—1) .
e - Tt +—— Ti—1 «— 29 Noising

PYTHIAS
Denoising 7 — e 0 — X0
po(Ti—1|T¢)

T e, KT (RGB)

T

* Markovian noising process q(z1,...,zrlz0) = | [ a(me|me—1)
t—1
adding Gaussian noise g (zi|Ti—1) = N(zs; /1 — Bixi—1, BiI)

Devlin, Qiu, FR, Sato "23
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Diffusion models

* Represent events as images (pixelated)

q(zt|Ti—1) .
e - gyt R | «— 2o Noising

Denoising 7 — s R R

po(xi—1|Ts)

", e, KT (RGB)

* Learn denoising process pg (zi—1|xt) =N (xi—1; po (x4, t) , X0 (4, 1))

Stochastic differential

equation in continuum limit Train convolutional U-Net

Devlin, Qiu, FR, Sato "23
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Simulating electron-proton scattering events

104:_ = Pythia 8
* Sparse data | el
i Fye DX
o 10°F —— Py8 — pix(64)
g |
O 10%
) : i
o o o o 1:_ _:l i
* Steeply falling distributions & PNHIH
0.0001 0.01 1 100
Use suitable rescaling pr (GeV)
. 2pT; .
e Momentum variable z; = /s cosh 7; Event-wide momentum

conservation

with Z Zi <2
vEevent Devlin, Qiu, FR, Sato 23

F. Ringer EINN2023 Cyprus November 3,2023



Simulating electron-proton scattering events

: : : Devlin, Qiu, FR, Sato 23
* Momentum & angular distributions

104-
@ 20000r
-
- Bl Pythia 8 10000F
8 101 10%F — Py8 — pix(64)
— Diffusion@pix(64)
0.0001 0.01 1 Sy G Pl | RO sy | g 0 2
z 7 ¢
£ =1 |l Pythia 8 . .
* Momentum sum rule 10000 ﬁ_ el Event-wide constraint
| — Diffusion@pix(64)
o 7500F : learned by the model
-
3 5000f
2500F Z zi <2
1€Eevent

00 s 0 )

ZiEevent 2
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Simulating electron-proton scattering events

: : : Devlin, Qiu, FR, Sato 23
* Momentum & angular distributions

104-
@ 20000°
-
g B Pythia 8 10000+
O (olt 10%F — Py8 — pix(64)
— Diffusion@pix(64) :
0.0001 0.01 1 R e B =9 0 2
= | @
10%F . x(64) 10%F
: : y8 — pix -
* DIS kinematics -
N |
3L 3L
> 10 10
S
2. e
S 10%F - EE 10%F
- = b
0.01 0.1 1 0.01 0.1 1
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MCMC sampling with diffusion models

* Assist Metropolis-Hastings algorithm

* [teratively train diffusion model on obtained
samples

- Gaussian proposal
function

unt-Smith, Melnitchouk, FR, Sato, Thomas, White "23
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* Assist Metropolis-Hastings algorithm |
* [teratively train diffusion model on obtained v
samples

* Interleave chain with global proposal function
from the diffusion model

* Example: 2d Himmelblau function

f(0)= (6240, —11)2 + (6: + 65 —7)2

unt-Smith, Melnitchouk, FR, Sato, Thomas, White "23

MCMC sampling with diffusion models

—— mode jumps

. 20 contour
30 contour

/. Gaussian proposal
function
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MCMC sampling with diffusion models

Hunt-Smith, Melnitchouk, FR, Sato, Thomas, White "23
o= 116; =04, 6_%|oi_9 5.2 Gabrie, Rotskoff,Vanden-Eijnden "21, 22

. mixtur ) = | see also Yamauchi et al. "23
|0d Gaussian mixture £(0;) = wy iR T VBT g

Acceptance rate

5 . (\ 0.8 - acc rate

5 60/ 0.6 -

% 40t 0.4 -

2

a0 D
Additionally, it . L i i i B .
requires probability D huining terations. L e L

Diffusion model
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for accept/reject step

Normalizing flow




Bayesian posterior sampling

* Analysis of (toy) PDFs
/] True
L« | Algorithm 1
Pure MH
L(D|0)p(6)
6|D) =
POIP) = 146 2(DI6) p(6)
libal: - 1 1.10
Likelikhood £ = exp(—5x?)
5 1.05
=
.9 1.00
~
T 0.95
e - i 0.4 0.6 0.8
Fast convergence of diffusion .
model-assisted MCMC Hunt-Smith, Melnitchouk, FR, Sato, Thomas, White "23
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Conclusions & outlook

* Various new applications of Al in fundamental physics

* Classification, regression, generative modeling

* Also multi-loop integrals, sigh problems, nuclear structure etc.

* Physics-inspired learning theory

e EFTs for neural networks b Scattered g D

Recoiling hadronic system

Azimuth ¢

Pseudorapidity n
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Hadron structure & spin physics

Lee, Mulligan, Ploskon, FR,Yuan "22
* How can we apply these techniques to hadron structure & spin physics!?

0 Supervised machine learning

do! — do*
dot + do¥

e Trainondata eg. Ayr=

e Reformulate regression task as  max |Ayr(0)]

classification problem 9
——p Upper limit on what can possibly be achieved .?
— |dentify new observables
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Example: quark vs. gluon scattering

gq, gg vs. gg process

1.0
1o 1T a » -~
O: - 663‘( = | : . /’,/
o | T Q 2 | ® -,
@y @y o ® ! ® //’,
Vs 0.8- - — = r
”’
l: I‘e 4 \ ¢ /,/
& R4
”’

" PY 8 ,/’

Q 0614 #F o 2"

R y ,/’

g |

”’
v : -
S 04 7% ,’/’
”’

O / S

Ao 0.2 g Pt -

O c Leading jet

S o Leading jet + subleading jet

”’
l: . All event particles
”’
0.0 | | | |
0.0 0.2 0.4 0.6 0.8 1.0
. False qqg, qq
False Positive Rate =
Total gg

Photoproduction region

Lee, Mulligan, Ploskon, FR,Yuan "22

Significant gain with machine learning!

Quantifies total information content
Motivates further theory efforts

Soft particles, tracking & PID important
Impact on EIC detector!?

Data & code available
https://zenodo.org/record//75388 | 0#.Y8RcaS-B2gQ
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Jet classification & IRC safety

* Can we make use of all this
additional information? Y ,
g 0o .Eﬁo a0 ?“0
*Several jet classification tasks are .
IRC safe -8 we can find tractable os] .
observables in pQCD G RO S e

* Recluster particles into IRC-safe

' INi ' 7 vs. QCD
subjets before training ML algorithms . Q
0.9+ -k Ogr < ~om
0.8 . 0.8 1| Pythia8, 1/s=14 TeV,
= Pythia8, /s=14 TeV, = R=0.8, m; € [45,135] GeV
= R=0.4, pr €[500,550] GeV = 0.7 |pr € 1500350] Gev
Athanasakos, Larkoski, Mulligan, Ploskon, FR "23 - 0.6-
“BEN 003.005 001 02 05 01 2 304 FN 0.01 TO-OS 0.1 .2.34.0.8
T
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