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High-energy particle collisions

CMS Experiment at the LHC, CERN
Data recorded: 2011-Dec-01 14:35'39.907994 GMT
Run/Event /LS: 182798 / 2268703 / 117

sPHENIX Simulation
Au + Au @ VSN = 200 GeV

Green-tield design of ion o\ \.(C:O\‘\‘-’
complex directly aimed Ge\\ 0"\\

at full exploitation of A 39 c\\ Q

science program 96

C >

Jefferson Lab

o wen b diny

8 T

RHIC, sPHENIX

Few to 1000s particles/event Flectron-lon Collider
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High-energy particle collisions

Electron-lon Collider

Few to several 10s of particles
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High-energy particle collisions

Data representations examples

* Images

%

Electron-lon Collider
May seem natural, pixels

analogous to detector granularity

F. Ringer QCD at the Femtoscale in the Era of Big Data June 24,2024



High-energy particle collisions

Data representations examples

* Images
Sparse
Devlin, Qiu, FR, Sato 23
EIC
Jet (averaged) - 3
; sPHENIX ¢
Mikuni, Nachman, Pettee 23 - i
: :
__I | | | .I | I. | -I | | |

Torbunov, Huang, Lin, Ren, Go, Rinn,Yu,Viren, Huang "24
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High-energy particle collisions

Data representations examples

* Images

Sparse

Devlin, Qiu, FR, Sato 23

EIC

* Point clouds

Eventy: (P71,71,¢1,PID1), (pr2,m2, ¢2,PID2), ..., (prn,tin, ¢n, PID,) Variable length

EVeIthI (pTl, 1, (;51, PIDl), Ce e (me, Tm ¢m7 PIDm)

Torales Acosta, Nachman, Mikuni et al, Kasieczka, Thaler et al.,
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High-energy particle collisions

Data representations examples

* Images

Sparse

Devlin, Qiu, FR, Sato 23

EIC

* Point clouds

Eventy: (P71,71,¢1,PID1), (pr2,m2, ¢2,PID2), ..., (prn,tin, ¢n, PID,) Variable length

EVeIthI (pTl, 1, (;51, PIDl), Ce e (me, Tm ¢m7 PIDm)

See Vinicius, Fernando’s talk

Torales Acosta, Nachman, Mikuni et al, Kasieczka, Thaler et al.,
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Generative modeling

* Generative Adversarial Networks

* Variational Autoencoders

* Normalizing Flows

e Diffusion Models Fast

sampling
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Generative models for EIC events

* Surrogate models
Scattered leading electron

* Searches of physics beyond the Standard Model

Recoiling hadronic system

* Event-level data analysis (differentiable)

Azimuth ¢

* Development of MC event generators

GANs e.g. Lai, Neill, Ploskon, FR "20
Pseudorapidity n

Full ep events at /s = 105 GeV PYTHIAS, @ > 5 GeV

w/o photoproduction & CC

Develop a generative model :

Devlin, Qiu, FR, Sato "23
see also Mikuni, Nachman et al.
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Pixelation effects

* Example: Electron distribution Scattered leading electron

€
. /
>

~

100

Devlin, Qiu, FR, Sato "23
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Diffusion models

Devlin, Qiu, FR, Sato "23
* Represent events as images (pixelated)

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

PYTHIAS

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

Sohl-Dickstein et al.” 1 5
Ho, Jain, Abbeel "20
Nichol, Dhariwal "2 |
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Diffusion models

Devlin, Qiu, FR, Sato "23
* Represent events as images (pixelated)

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

PYTHIAS
Denoising 7 — e 0 — X0

po(xi—1|Ts)

", e, KT (RGB)
* Learn denoising process pg (zi—1|xt) =N (4—1; po (T4, t) , X0 (4, 1))

Stochastic differential

equation in continuum limit Sohl-Dickstein et al.” |5

Ho, Jain, Abbeel "20
Nichol, Dhariwal "2 |

Train convolutional U-Net
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Diffusion models for the EIC

Devlin, Qiu, FR, Sato "23
* Sparse collider data

0.1 { 0.2 |0.01

0.1 . 0.4

0.4 1 0.1 |10.01

Need to generate empty
& isolated colored pixels

* Empty pixels for the
simulated EIC events 99.95 1 0.02% for 64 x 64 pixels
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Diffusion models for the EIC

Devlin, Qiu, FR, Sato "23

* Sparse collider data

Need to generate empty
& isolated colored pixels

¢ U-Net R |
: Ronneberger et al. " |5
* 3 layers | B I 1™
) . . . Phase . Phase |

* Circular/periodic H ¥ : B i

convolutional network FTR BT '

i — g ik oo
l..... - ...-..- § max pool 2x2 .
Teat doen (schematic)
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Diffusion models for the EIC

Devlin, Qiu, FR, Sato "23
* Steeply falling distributions

Use rescaled _ 2Mrp;
. Zi = cosh y; with M2, = p2.. +m?
momentum variable V'8 Ti = PTi i
0<% <1
.. - 2p7;
Massless limit Zi = cosh n;
/S

F. Ringer QCD at the Femtoscale in the Era of Big Data June 24,2024



Diffusion models for the EIC

* Steeply falling distributions

Devlin, Qiu, FR, Sato "23

Use rescaled . 2Mry
, Zi = cosh y; with M?Z2. = pa. + m?
momentum variable V'8 Ti = PTi i
0<z <1
101=
For example - B B N
3 & ;\ 10 T
S > ﬁ
—2 ~— -
S < 107
T~
© _ﬁ o
i ®) I oS
0.0001 0.01 1 0.0001 0.01

Large-z peak / Small-z peak /
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Diffusion models for the EIC

Devlin, Qiu, FR, Sato "23
* Steeply falling distributions

101=
For example — 10! +
P . U
S 3
ﬁ 10 N 10
s 5
0.0001 0.01 I 10,0001 0.01
< <
. z—= S(2)E(z)+ (1= 5(2))L(2)
e Use suitable |-to-|
remapping with  E(2) = a1e* + by
L(Z) — ad9 In (Z -+ 62) -+ b2
' 1
(same for all particles) S() =
1 4+ e—a(z—p)
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Diffusion models for the EIC

Devlin, Qiu, FR, Sato "23
* Steeply falling distributions

101=
For example —~ 10! +
I . o
S S
3 10 N 10
£ s
0.000 0.0l i 00000 0.01
v v
. z—= S(2)E(z)+ (1= 5(2))L(2)
* Use suitable |-to-| .
, | linear map
remapping with  E(z) = a1e“* + by | _&
L(Z) — a2 In (Z T 62) T b2 0 <min <max 1
' 1 |
(same for all particles) S(2) = -
1+ e-a(=H) Empty pixels

F. Ringer QCD at the Femtoscale in the Era of Big Data June 24,2024



Diffusion models for the EIC

Devlin, Qiu, FR, Sato "23

* Training procedure
Training loss

* 500 diffusion steps

* Cosine variance schedule ;
* Hybrid loss function go 4
* Training data set of 10¢ events B

Lxvis=Lo+L1+...+Lp_1+ Ly —4 -

. OTO 0?5 110 1t5 QTO 215 3?0 315 .
with L, ; = Dxi, (q (xi—1 | T¢, 20) ||po (xe—1 | T¢)) Samples x10

Lyybria = Lsimple + ALVLB .
’ )  Sampling O(hours) for 10¢ events
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Diffusion models for the EIC

Devlin, Qiu, FR, Sato "23
* Momentum distributions

101=
5 e T o KT g
s F _
N 1072t 10-3k =g "l Pythia 8
3 — Py8 — pix(64) 10—3_
% i — Diffusion@pix(64)
0.0001 0.01 1 0.0001 0.01 1 0.0001 0.01
2 2 2
1 | 1
00,0001 0.01 i 7% 0.0001 0.01 i 0"5.0001 0.01 i
< < <

lo Statistical uncertainties only
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Devlin, Qiu, FR, Sato "23
1072
0.0001 0.01 i _ o
2 : : Momentum, rapidity,
- 1 1 1 .
<ﬂ' 0—0.0001 0.01 T N R | R R 025 0 5 azimuthal angle
/\10—1 04'
<
~ | Pythia 8 I
?.\10_3 — P§8%pix(64) -2
\‘\I/ — Diffusion@pix(64)
b 00001 001 i I T B ;
~ °? 2 2
..g 1 1 1
0=0.0001 0.01 T N, R | R R S 0 5
0 KT Back-to-back with leading
' electron is ¢ = 0
1073
0.0001 0.01 1
)
1 1 1
0—0.0001 0.01 T N R | R R 025 0 >

z n ¢
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Diffusion models for the EIC

Devlin, Qiu, FR, Sato "23
 Event-wide momentum conservation

.| Pythia 8
—~ol — Py8 — pix(64)
Rescaled momentum . 2My; - E Diffusion Gpix(64)
. Zi = cosh y; <
variable V'S N
2
< 1r
. 3 b
with > = Z 2 = 2 S
1€ event . |
2
. . 1
when all particles are included
U 0.5 10 15
>
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F. Ringer

1/0 do/d{N)

10"

Diffusion models for the EIC

* Particle multiplicities

- Pixelation effect

-0 Pythia 8
-1+ Diffusion@pix(64)
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cf. e.g.Alanazi et al.




Diffusion models for the EIC

Devlin, Qiu, FR, Sato 23

. . :
MUItI PartICIe . Py8 — pix(64) . Diffusion@pix(64) . Diffusion /Py8@pix(64)
correlations Z2 Z2 2 I

A
001_ 102 01 01' :
: F10Y
0.01F 100 0.01 0.01F - "L
H B .-l: ‘. | |
Il. || | - | =
i el
. 100 L - !
ot : : ual
0.01 0.1 2 0.01 0.1 2
0.1F 10! 0.1 0.1r e |
;100
0.01F 0.01 0.01F Fet™ | W
H B - f
Nt I
= 0.01 0.1 g+ O DO K+
zq <1
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Diffusion models for the EIC

Devlin, Qiu, FR, Sato 23
* Correlation of Deep Inelastic
Scattering (DIS) variables

Q° 2 2
m= gt Q= (k)
Py8 — pix(64) Diffusion@pix(64) Diffusion /Py8Qpix(64)
10 10*F 10*F
n 10!
103F _:EE-'.-. |
S
= | S ;100
10°T e - I
0.0l 0.1 1
X

Pixelation effects
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Diffusion models for the EIC

Devlin, Qiu, FR, Sato "23

* DIS reduced _ep—e+X _ do 7T Qa
cross section red- N dzd@? 2ma?Yy Inelasticity
2 Y.
= Fy (2,Q%) — 2-Fp (2,Q%) + -~2F; (z,Q%) Yi=12£(1-y)
Y, Y,
Pythia 8 Py8 — pix(64) Diffusion@pix(64)
1.5r ¢ @ €[25,38] (GeV?) 1.5¢ . 1.57
T
B QQE 38,57 LA - .f*‘
S1.0p 4 @ebnsd 0| S10p "o & | SLOF e ox
~ t Q?€ (86,128 @ * ~ A ® = Ay ©
b - b B = - b A%y o o A
0.5 o o | 057 T .| 0.5 T *
u * xe o e
e s au®
00601 01 1 00PTE0T 01 1 00PN 01
£ £ £
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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
see also Vargas, Grathwohl, Doucet "23
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MCMC sampling with diffusion models

* Assist Metropolis-Hastings algorithm |
* [teratively train diffusion model on obtained v
samples

* Interleave chain with global proposal function
from the diffusion model

—— mode jumps
B 10 contour
20 contour

* Example: 2d Himmelblau function " 30 contour

f(0)= (6240, —11)2 + (6: + 65 —7)2

Gaussian proposal
function

unt-Smith, Melnitchouk, FR, Sato, Thomas, White "23
see also Vargas, Grathwohl, Doucet "23
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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

. IXtur ) = | 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

* Generative models for collider physics
* Simulation of full EIC events with unique challenges

* Various possible future applications

* Point cloud-based diffusion model

See Vinicius, Fernando’s talk
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Py8 — pix(64) . Diffusion@pix(64)
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