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Hadronic Spectrum
Periodic table of Mesons arranged by J©¢ (1)

’1' 0=y Quantum ChromoDynamics
@ @ e Include “gluonic” interactions to

build up states
S =1 e Predicts

e Total Spin (J) from |L — S|to|L + S|

e “Hybrid ” mesons

e “Exotic” States NOT
allowed 1n Quark Model

JPC [O+— 1—t 2+— 3—+]

e Parity (P) = (—1)!

e Charge Conjugation (C) = (—1)*™

TotalSpinJPC I=0|1=1|1=

State 251, Name S| L 5
1S, Pseudo Scalar | 0 | 0 0~ + n,n s K
>S5S, Vector 1|0 17~ W, 0 K*
1P Axial Vector | 0 | 1 1= hi, h; by K
S P, Scalar 1|1 0+ fo, fo | ao K}
3P, Axial Vector | 1 | 1 1t fi, fi aq K,
3P, Tensor 1|1 21+ for fr | as Kg‘
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Light Meson Spectrum in LQCD
The Exotic 7;(1600) and its decay to b,z

P=—1

Karthik Suresh TLUO 2024

P=+1

Jozef' J. Dudek, et al. HadronSpectrum Collaboration
Phys. Rev. D 88, 094505

Exotic

7,(1600)

my, = 391 MeV

243 x 128
/
isoscalar W

1sovector

—— = —
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Prediction of lightest Exotic decay

The Exotic 7;(1600) and its decay to b«

£1(1420)7 - )
N ’f < 128
1550 1600 1650 mp / MeV /s

| I I

. i . isoscalar M
Antoni J. Woss, et al. HadronSpectrum Collaboration

Phys. Rev. D 103, 054502

1sovector
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The Standard Model of Physics

Check out Talk from William Imoehl

week ending
PRL 94, 032002 (2005) PHYSICAL REVIEW LETTERS 28 JANUARY 3005

Exotic Meson Decay to w77~
M. Lu,"* G.S. Adams,'! T. Adams,>" Z. Bar-Yam,> J. M. Bishop,2 V. A. Bodyagin,“‘ D.S. Brown,>® N. M. Cason,?
S.U. Chung,6 J.P. Cummjngs,1 K. Danyo,6 A. L Demianov,4 S.P. Denisov,7 V. Dorofeev,7 J.P. Dowd,3 P. Eugenio,8
X.L. Faln,5 A.M. Gribushin,4 R. W. Hacke:nburg,6 M. Hayek,3 L Hu,l’(“ E.I Ivanov,9 D. Joffe,5 L. Kachaev,7 W. Kern,3
E. King,> O.L. Kodolova,* V.L. Korotkikh,* M. A. Kostin,* J. Kuhn,""** V. V. Lipaev,’ J. M. LoSecco,” J.J. Manak,”
M. Nozar,"'" C. Olchanski,®! A.I. Ostrovidov,® T. K. Pedlar,>** A.V. Popov,” D.I. Ryabchikov,’ L.I. Sarycheva,*
K. K. Seth,” N. Shenhav,3’|| X. Shen,>!%%% W.D. Shf:phard,2 N.B. Sinev,* D. L. Stienike,? J.S. Suh,6’IIII S.A. Taegar,2

A. Tomaradze,” I. N. Vardanyan,4 D.P. Weygand,lo D.B. White,! H. J. Willutzki,®* M. Witkowski,' and A. A. Yershov*

Available online at www.sciencedirect.com
SCIENCE@DIRECT‘“
PHYSICS LETTERS B

ELSEVIER Physics Letters B 563 (2003) 140-149

www.elsevier.com/locate/npe

Confirmation of a¢(1450) and 771 (1600)
in pp - wrTw 7" at rest

C.A. Baker?, C.J. Batty ?, K. Braune ¢, D.V. Bugg ¢, N. Djaoshvili ¢, W. Diinnweber ¢,
M.A. Faessler ¢, F. Meyer-Wildhagen ¢, L. Montanet®, I. Uman ®!, pectrum Collal
S. Wallis-Plachner ¢, B.S. Zou %2
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https://indico.jlab.org/event/856/contributions/14484/attachments/11166/17158/JLUOTalkDraft.pdf

b, meson

The Axial Vector

This talk's focus

by

—> WTT

JP C

IG

0

b, (1235)

[G(JPC) — 1+(1+—)

.277+0.027 (Error sca

Mass

1229.5 £ 3.2MeV

Width

142 £ 9MeV

D/S Amplitude Ratio (b;(1235) — wm)

0.277 -

- 0.0270.27 £0.2)F

D/S Amplitude Phase Difference

10 =

=

Dominant Decay Mode

Other Decay Modes

Y, np, K=KF, KK, ¢m

VEIGHTED AVERAGE

led by 2.4)

¢
ﬂ

Karthik )

0.1 0.2 0.3 0.4 0.5 0.6 07

Particle Data Group Review of Particle Physics,

= GESSAROLI 77 HBC

DI/S = 0.277 + 0.027

X
Heoo NOZAR .
 EIEIRIIINE AMSLER 94C CBAR 24
—+— - AMSLER 938 CBAR 18.8
---------- ATKINSON ~ 84C OMEG 0.8
|

-------- CHUNG 758 HBC 0.7

----- CHALOUPKA 74 HBC

> KARSHON 74B HBC

,Jk/x

02 MPS 0.3

230

Coid e Level = 0.0001)

Volume 2022. Issue 8. August 2022. 083C01.

"Phys.Rev.D 100 (2019) 5. 054506
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.054506

Timeline of wr studies*: with focus on /),

Diffractive Photoproduction of b — wr'n pp at rest to wn’z’
b,m Omega Photon Collaboration p Crystal Barrel Collaboration
BENKEI, KEK
1984 1988 | 5002 - Now

1991 19903 2017 2019
== -

T T I T T T T I T T T T [ T T T T I

O i 4.183 10’ . . c c . .
i Yp — pworn o0~ YD — pw JZ'OT By far most precise Significant LQCD predictions
vel D/S Rati t from theory.....
. - : ) atio measurement «
~]13000 Events ! ~ 300 Events - N ,f
300 i 1 o . Full PWA performed
— — = \a§ ¥
K Only known *°f | =P . Adapt methodology '
= Photoproduction ‘ E f
N 200 / . — 4179 //
w ' F A E \ 7{
2 % Experiments - - | y
<100 — : I | X y
% - B \;"\ ’
!/ / i | 4177+ xe ;'*/*
0 17 ///// ; | I ] 0 0 1 2 3 J' D 5 4176 . . l
1 15 2 25 M,, (GeV/c?) ' 0.15 0.2 0.25 0.3 0.35
Mrownln® - GeV J.E Brau et al. Phys. Rev. D 37, 2379 ID/SI
10.1016/0550-3213(84)90382-1 10.1016/S0370-2693(02)02194-9

*Selected experiments/studies that has the most impact for this dissertation
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https://doi.org/10.1016/0550-3213(84)90382-1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.37.2379
https://doi.org/10.1016/S0370-2693(02)02194-9

The Experiment

Forward Calorimeter
Time of Flight

Barrel Calorimeter

Start Counter

Target

Photon Beam

c 05E (b E -
2 = (b) ¢ e PARA - Tagging \ NT Forward Drift
© 0.4 ¢ R o= Magnet ZJ# Chamber
E A * ' = PERP - Electron
S 0.3 * = Central Drift
O - # = Beam
o 0.23_ & + —f \ Chamber
0 15 ﬁ * # & i * _E Solenoid
it AIMMIEITF
T T BE 9 0 10 105 1T 115 e Photo-production experiment (@ Jlab

~hoton Beam Energy (Gev) e Goal : Map light meson spectrum

e Nearly 47 detection using hermetic setup
e Phase-I Data ( ~ 12()pb_1)
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Photoproduction of wn" at GlueX :

yp — wrn’p — (tx~7)7x"p

N
Q00000 QQ

p t=Ip=-p°

!

Karthik ”

Selection Cuts

400

300

“Hard” Cut Selection

200

Events / 004 GeV

100

Dwarfs

previous measurements

High purity events of

o’ selected.

Weighted events

VOUlIlS

Accidental Side band subtraction

2D-w side band subtraction

9.0 1.1 12 13 14 15 16 1.7 18 19 20
M(w 7°) [GeV]

*Only Fe
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Partial Wave Analysis

Intensity Model: analyzing intensity beyond “Mass Spectrum”™

A~
, : [(wr’) = k|A|” = kApA*
w7 t :
Kinematic factor Polarization factor M (X ) [G CV]
e How to extract contributions for J©'¢ from the spectrum?

<y(p, E). p(5.m)| A | (0n®)B.m)p . m)> e Using “only” mass spectrum incomplete

\Intensity

e Study and analyze intensity in more “dimensions”

e “Dimensions” - Decay angles of constituent particles.
Develop model from scattering theory

e PWA - A tool extracting contribution of J©¢ by studying
intensity 1n multiple decay angles
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Partial Wave Analysis

Intensity Model: Angular distribution 1n helicity frame

Normal to .
Production Plane j

S

Production
Plane
P P
I T Karthik 12 -of-36

)
-
)

3m Decay
Plane
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Partial Wave Analysis

Intensity Model: Angular distribution 1n helicity frame

3
2
1
0
1
2
3

Intensity (6, P, Oy, Py, J?FOCM

N
Q0 QO Q Q Q Q Q (

3
2
1
0
1
2
l

1.0-0.8-0.6-0.4-0.20.0 0.2 04 0.6 0.8
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Partial Wave Ana1y51s

Intensity Model: Measuring b,(17 7) in wz" spectrum

In “thin” M(wz") and |?| bin
K . N
1(Q,Qp, ®) = Z(l — P)|AL(,Qn,®) + A_(Q,Qy, ®)|°

+ 5 (14 P A (Q,Q, @) — A-(Q, 1, @)

A

> Y @)Y ¢

P J=12...m=—J,...J; A,=—1.0.1
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Partial Wave Analysis

Intensity Model: Encoding of DS Ratio for 1™ ~ state

In “thin” M(wz") and |¢| bin dsratio dphase
' N/ :
Z(®,Q, Q) = zg{u—py) > [t (:fm(z<5>) +D/S e"ﬁDs:Tm(Z(D)))

| m=-—1,0,1

2_

+ Y A9 (iRe(Z(S))+D/S ei%sme(zw)))

m=—1,0,1

N

+1+P) || Y RSP (Jm(Z(S)) + D/S ei%szjm(Z(D)))

| m=-—1,0,1

+ Z 17(8)] ) (D‘{e(Z(S))—I—D/S eiCbDSERe(Z(D))) }

m=—1,0,1

For the state 17 ~ which is b, extract ratio between D-S wave amplitude and phase

'—” f—36 Partial Wave ﬂna@sis on Cl\ﬁautm“[ b, Meson at gfuex
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Partial Wave Ana1y51s

Intensity Model: Measuring b,(17 7) in wz" spectrum

In “thin” M(wz") and |?| bin
1(9,92,05) =26 )
k

{(1&) Y [ Im(Z) g Y [ Re(Z)

. 1,m 1,

N

+(1+P) || [ Iam(Z) "4 ) (] 1 Re(2) : }

7,M 1,M

pl

For observed intensity, fit model with various J*¢ states across various reflectivities
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Partial Wave Analysis

Lets get to Fitting: AmpTools
o Results presented as fit fractions for each J©¢

AmpToolS e Extract D/S Ratio as well
Parameters Input Type Fit Results
D /S ratio 0.27  float 0.2697 + 0.0062
17 0 Fit Fraction  0.0100 + 0.0005
e Unbinned Maximum Likelihood fitting L 5 e o
e Input decay angles + model params, Eg. 171 0 it Fraction  0.0009 £ 0.0003

[1+ 7199, (17 715

N +GIueX Data Fit Result : : :ZZ?\-.". ' fA
—21n 8(0) = — 2( Z In I(x; 0) — u) + ¢ P o P e | et

i=1 (11”7 @) {117 (P)

e @ — Model Parameters

e x — 5D Decay angles

Candidates /0.13
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Partial Wave Analysis : Results

Extracted b, properties

0.50<Itl <1.00
GeV?

0.30 < Itl < 0.50
GeV?

0.15<1tl < 0.30
GeV?

022 0.24 0.26 0.28 0.30

PDG-2022

0.9 1.0

0.8

0.7

[1T'T" FitFraction

(171 dominant — b, decays

dsratio
t| bins GeV~
Cut Name 0.15 < [¢] < 0.30 | 0.30 < [{] < 0.50 | 0.50 < [¢] < 1.00
Fit Wave combos 0.0325 0.0165 0.0173
Mass bin 0.0048 0.0025 0.0104
Beam Energy 0.0012 0.0015 0.0019
Dalitz Parameter 0.0007 0.0007 0.0007
Benchmark DS Ratio 0.2530 0.2650 0.2310
Statistical Uncertainty Ag;.: 00012 00008 QU0
Systematic Uncertainty A, 0.0329 0.0168 0.0203

through Natural exchange

‘Kcm“ﬁzﬁ Suresﬁ jL‘UO 2024
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Partial Wave Analysis

Extracted b, properties - A closer look in | 7]

This overwhelming stats
allows us to look closer and finer !!!!

dsratio average

0.15 < Itl < 0.30 GeV?

0.30 < Itl <0.50 GeV?

0.50 < Itl < 1.00 GeV?

02 03 04 05 06 0.7 08 09 1.0
Itl [GeV?]

Strong monotonous
decrease at hlgh \ t\

‘Kcm“ﬁzﬁ Suresﬁ jL‘UO 2024

: Results

Fit Fraction

HAT T

1.0

02 03 04 05 06 0.7 08 0.9
It [GeV?]

Effect “Independent” of
possibly “other” effects?

— Baryomc effect M(pn") — Work in progress
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Partial Wave Analysis : Results

Extracted b, properties - A data driven observation

Fit Fraction

1.0
0.9
0.8
0.7
0.6
0.5

0.4

0.3
0.2
0.1

[T'T S-Wave

+m=+14+m=0+m= -1

-.:.."'-Q"."_‘_

‘...'0 —0—

——

() Sensmve to m

| ‘KartﬁzﬁSuresﬁjL‘UOizozzl

07 08 09 1.0

Entri 50 i
Mean 0.007641 ;'_
Std Dev 1.766 §

(

J=1 — m=[-1,0,1]
Z)\w:—l,o,l D;{fi\w (Q)Fiw D(%,*)\w (Q2g)

Data driven observations made on
dependence of m on|?|

Note : No explicit dependence of | 7]
encoded 1n the model
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Partial Wave Analysis : Summary

o wn’ spectrum (1.135 < M(wz") < 1.155 GeV) dominated by
1+ ~ state; over 80% Fit Fraction

o ' fi _
Natural Exchange 1s preferred + [1+]+ +[1 ]+

[T 01T

DS Ratio consistent with PDG & theoretical prediction
 Unprecedented statistical precision; systematics dominate

e A strong correlation found in DS Ratio as a function of | 7]

e Extracted contribution of m states and their dependence on | 7|

e Recipe for computing cross-section; over entire wz' mass range

* Additional systematics to be done
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Detector Design optimization
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Multi Objective Design
ptimization

Design space spanned by ‘X’

min / max f,(x),m

s.t. gj(x) <0,,7

hk X :O,,k’

|
\t—‘

Functional space Direct Inverse Inverse

™

Desired properties (redox
potential, solubility, toxicity)

Optimization
evolutionary strategies,
generative models (VAE,

GAN, RL)

Experiment or High-throughput virtual
simulation (Schrodinger screening (e.g., with 3
equation) filtering stages)

Fig. 2. Schematic of the different approaches toward molecular design. Inverse design starts
from desired properties and ends in chemical space, unlike the direct approach that leads from
chemical space to the properties.

]_ g o o o K B. Sanchez-Lengeling, A. Aspuru-Guzik. Science 361.6400 (2018): 360-365.

Multiobjective genetic algorithm approach to optimize beam matchi
and beam transport in high-intensity hadron linacs

M. Yarmohammadi Satri,l’z’* A. M. Lombardi,2 and F. Zimmermann®

'School of Particles and Accelerators, Institute for Research in Fundamental Sciences (IPM),
P.O. Box 19395-5531, Tehran, Iran
2CERN, 1211 Geneva 23, Switzerland

ons 8.4 (2021): 1153-1172.

BoTorch

BAvEsiaN OpTIMIZATION IN PYTORCH

jMetalPy
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Multi Objective Design
Optimization

Design space spanned by ‘X’




Multi Objective Design
Optimization

Design space spanned by ‘X’

min /max f,(x),m=1,..., M

Subject to a set of constraints....
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Multi Objective Design
Optimization

Design space spanned by ‘X’

min / max f,(x),m=1,...,M

S.t. gj(X) < O,,j — 1,...,

Bounded optimization




Multi Objective Optimization : Visual Intro

e Multiple “objectives”

e Momentum resolution

® 0O resolution

e KF efficiency
e projected @ resolution (@ PID

e Goal: “Optimize” these Objectives

1-4 ;
h fr X
Obijective Space Design Space

e Map: “Design” < “Objective”?

e Non-Feasbile region to be avoided

Karthik uOg B ” of-36 Partial Wave ﬂna@sis on Neutral b, Meson at GlueX



Multi Objective Optimization : Visual Intro

e What is “Optimal”?
e How to rank solutions?
e How to track convergence?
e Mecthods of MOO
e Evolutionary

e Bayesian inference

A fr X
e Preferential Learmng, etc. Objective Space Design Space
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Al assisted Detector design

Detector design is inherently
Multi Objective

Simulations
computationally expensive

Electron Ion Collider

At Brookhaven National Laboratory

Physics Goal : Structure and dynamics of matter at

high luminosity and energy using polarized beams
larX1v:1212.1701]

P

Al advantage :
Handle a multi-dimensional parameter
space 1n a multi-dimensional objective
space
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https://www.bnl.gov/ec/
https://arxiv.org/abs/1212.1701
https://indico.bnl.gov/event/16586/contributions/68649/attachments/43703/73634/2021010%20-%20AI4EIC%20workshop%20Ax%20BoTorch%20MOO%20tutorial.pdf
https://indico.bnl.gov/event/16586/contributions/68649/attachments/43703/73634/2021010%20-%20AI4EIC%20workshop%20Ax%20BoTorch%20MOO%20tutorial.pdf
https://indico.bnl.gov/event/16586/contributions/68649/attachments/43703/73634/2021010%20-%20AI4EIC%20workshop%20Ax%20BoTorch%20MOO%20tutorial.pdf
https://indico.bnl.gov/event/16586/contributions/68649/attachments/43703/73634/2021010%20-%20AI4EIC%20workshop%20Ax%20BoTorch%20MOO%20tutorial.pdf
https://indico.bnl.gov/event/16586/contributions/68649/attachments/43703/73634/2021010%20-%20AI4EIC%20workshop%20Ax%20BoTorch%20MOO%20tutorial.pdf
https://indico.bnl.gov/event/16586/contributions/68649/attachments/43703/73634/2021010%20-%20AI4EIC%20workshop%20Ax%20BoTorch%20MOO%20tutorial.pdf
https://indico.bnl.gov/event/16586/contributions/68649/attachments/43703/73634/2021010%20-%20AI4EIC%20workshop%20Ax%20BoTorch%20MOO%20tutorial.pdf
https://indico.bnl.gov/event/16586/contributions/68649/attachments/43703/73634/2021010%20-%20AI4EIC%20workshop%20Ax%20BoTorch%20MOO%20tutorial.pdf
https://indico.bnl.gov/event/16586/contributions/68649/attachments/43703/73634/2021010%20-%20AI4EIC%20workshop%20Ax%20BoTorch%20MOO%20tutorial.pdf
https://indico.bnl.gov/event/16586/contributions/68649/attachments/43703/73634/2021010%20-%20AI4EIC%20workshop%20Ax%20BoTorch%20MOO%20tutorial.pdf

Workflow for Al assisted detector design

-1l=

Define Problem t’
I 1

pul | S

Design Parameters Objectives

Choose Optimizer

Develop end-to-end
pipelines

Physics Events Detector Simulations Reconstructed Events

Desired kinematic range

'—” of-36 Partial Wave ﬂna@sis on Neutral b, Meson at GlueX
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e AI assisted EIC Detector optimization pipeline

Detector/Physics Simulation

pymoo [ /7)DASK

& Dask natively scales Python DST l DST
Al Suggested » - Raw Dua (PRDF)  pnati oo, R Dt PRD)

HepMC/Oscar \ Simulated PRDF

Design points -

Input Managers Fun4AllServer Output Managers
+ node trees

Calibrations  Histogram Manager

1l ~

PostGres DB File

Root File

/\ Fit objectives in # & p bins

/\/ Compute Objectives and metrics

Partial Wave ﬂna@sig on Neutral b, Meson at GlueX



https://eic.phy.anl.gov/tutorials/eic_tutorial/

Al assisted Detector design

A Tracking system use case

e Multiple “objectives”

e Across all 7 (angle)
e Momentum resolution
e Angular resolution

e O(10) design parameters

i : = e Map : Objectives <> Design

Objective Space Design Space

e Embed constraints as well

e Multiple “Optimal Solutions

29

uRwell 2

{ CTIL

DIRC uRWELL3 Sagitta ITS3
Vertex ITS3

EST 3

dRICH

- R
.....

.....

'FST4 |

FTTL

Optimization monitoring arxiv:2205 .09 185. arx1v:2203.04530

Karthik

Life cycle of design

e MOEA - Mult1 Objective Evolutionary
Algorithm

Design Parameters Objectives
A

\ 4

[ Physics Events H Detector Simulations } { Reconstructed Events j



https://ai4eicdetopt.pythonanywhere.com/
https://arxiv.org/abs/2205.09185
https://arxiv.org/abs/2203.04530

Al assisted Detector design : Result

Came up with design solution of the tracker that improved
tracking performance by over 20%

.nima.2022.167748 Interactive visualization of results

0.05 0.05 - - 0.05

O<inl<1 1<hfi<15 15<hi<25

PWG requirement
1* Simulation Campaign 0.04
ECCE Simulation 2021 . .

—&— ECCEO R&D .+ o T
g ngoing R& | "t;:k_'* - e

1 <|n|<1.5 - 1.5 < |n] <25 L. 25< | <35

PWG requirement PWG requirement

& 1" Simulation Campaign 0.04 & 1" Simulation Campaign 0.04 &
® ECCE Simulation 2021 L 3 ECCE Simulation 2021 a

—&— ECCE Ongoing R&D —a— ECCE Ongoing R&D

25<hl <35
PWG requirement
#— 1" Simulation Campaign
. 3 ECCE Simulation 2021
—&— ECCE Ongoing R&D

e
: . -
. -tffzzit""'
.
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https://ai4eicdetopt.pythonanywhere.com
https://doi.org/10.1016/j.nima.2022.167748

The AIDE Project

A scalable and distributed Al-assisted Detector Design for the EIC

BNL: T. Wenaus, M. Lin

A collaborative project (DE-FOA-0002875) by: CUA: T. Homn
Duke: A. Vossen
Brookhaven National Lab, CUA, Duke, Jefferson Lab, William & Mary JLab: M. Diefenthaler
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Glimpse of other detector design optimization at EIC

The AIDE Project

S . Imaging
Cherenkov

<~ detectors
. 2 constitute the
N\ g | backbone of PID
b - for the EIC

MOO of Nove
Aeroge
Materia

Software Stack

V. Berdnikov, J. Crafts, E. Cisbani, CF, T. Horn, R. Trotta

MOO can be used to prototype new aerogel materials

Aerogels with low refractive indices are very fragile tiles break during production and
handling, and their installation in detectors.

To improve the mechanical strength of aerogels, Scintilex developed a reinforcement
strategy. The general concept consists of introducing fibers into the aerogel that

increase mechanical strength, but do not affect the optical properties of the aerogel.

Paper in preparation.

Simple Ring Imaging CHerenkov Geant4 based simulation resolution
Aerogel + Optical Fibers

Gmsh - define geometry and produce mesh
ElmerGrid - convert the gmsh mesh to elmer compatible mesh
ElmerSolver - do modeling (solve linear and nonlinear equation) : R
Paraview - visualize ElImer Solver and provide a python interface to automate stability

Far Forward B0 Detectors

Bayesian optimization of the dual-RICH Production and Distributed Analysis (PanDA) System

aerogel (optimal)

e . gas (optimal)

t(n+1) A , aerogel (legacy)
) ' gas (legacy)

E. Cisbani, A. Del Dotto, CE*, M. Williams et al. JINST 15.05 (2020): P05009.
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https://nucleus.iaea.org/sites/ai4atoms/WGAI4PHY%20Documents/IAEA_Fanelli_AI-optimized_design_EIC.pdf
https://link.springer.com/article/10.1007/s41781-024-00114-3

AI Assisted Detector Design: Summary

* Al can assist the design and R&D of complex experimental systems by providing

more efficient design (considering multiple objectives) utilizing effectively the
computing resources needed to achieve that.

* Optimization done 1n phases. Eg. include one detector system at a time
arxi1v:2205.09185

* May not have to reinvent the wheel, leverage on existing SOTA tools,

* Co-develop tools to better adapt and serve our community (EIC Software: Statement
of principles)
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Hadrons : particles made of quarks

The “Molecule” held together

by Strong Force

Karthik

The Standard Model of Physics
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(fermions) (bosons)

1
, .o

- o
, &

=173.1 GeV/c?

7
V2

=4.18 GeV/c?

=2.2 MeV/c? =1.28 GeV/c?

75
Iz

up

=4.7 MeV/c? =96 MeV/c?

Vs
Iz

strange

=0.511 MeV/c? =105.66 MeV/c?

-1
V2

electron

=1.7768 GeV/c?
-1
Yo

tau

<18.2 MeV/c?

<2.2 eV/c? <0.17 MeV/c?

GAUGE BOSONS

} VECTOR BOSONS

& 0 0 0
- electron muon tau
neutrino neutrino neutrino

% 1 “interactions / force carriers

=124.97 GeV/c?

SCALAR BOSONS




The Standard Model of Physics
o000
Theory of Strong interactions : Quark Model
O

e Gell-Mann & Zweig for light flavors quarks in 1964

Mesons Baryons

e States are constructed using “quantum numbers” of the Q
constituent quarks @ Q Q
q
+ Spin (3) 20, 00

* Electric Charge (Q) Tetra quarks ~ Penta quarks
e [sospin (/)

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

e Recipe to build periodic table of hadrons

"1 A Schematic Model of Baryons and Mesons,
Phys, Letter 8 (1964) 214-215

Karthik SuresﬁLO?o 39 -of-36 Partial Wave ﬂna@sis on Neutral 1 ‘Meson at gfue



The Standard Model of Physics

Quark Quantum numbers

-
0
- 0

—r
0
T
0

 C-Charm 0] 0 |[+1] 0 (0] 0
 B-Bottomness 0| 0| 0| 0|0 1
 T-Topness 0] 0|0 00|41

Tetra quarks  Penta quarks

Table 1.1: Quantum numbers of quarks. Antiquarks have the opposite signs for
each of the corresponding quantum number. only u and d have non zero iso-spin of

qq Isospin "(Leven) "(Loaa) s *(Leven).J *(Load)
ud,uﬂ—dd,c_iﬂ I =1 Wi bJ PJ a.j
$S,utl + dd [ = N7 hg,h; W1,PJ f1:.1]
us,ds I=5 Jr=0,1%27,--. K; JP =0t1-,2% ... K*
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The Standard Model of Physics

Quantum ChromoDynamics

e Formalized a decade later than Quark Model

* Introduces - “color charge” to quarks and gluons
e Includes “gluonic” interactions to build up states
* Predicts

e “Hybrid ” mesons

e “Exotic” States NOT allowed in Quark Model
JPC — [O+ -, 1~ +, 2+ - 3~ +]

 [Important outcomes
e (olor confinement — “Free” quarks cannot be observed

e Non negligible a, at low energy scale — “Lattice QCD”

Karthik LO 2 41 -of-36 Partial Wave nafysis on Neutral b, Meson at GlueX



Photoproduction of 7" at GlueX

Yp — wrn P — (7"m ﬂo)ﬂ )2, Selection Cuts

“Hard” Cut Selection | Weighted events

\
|
|
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|
I —
)\
0
\
H
i
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L |
i

2D-w side band subtraction

S

» t=p-p " \2
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Photoproduction of o’ at GlueX

wr” mass* after background subtraction

N
il
-
)
O
D

90 11 12 13 14 15 1.6 17 18 19 20
M(® 7°) [GeV]

50

_. !

1.0 11 12 13 14 15 16 17 18 19 20
M(w n°) [GeV]

High purity events of wz" selected.

*Only Fall2018 PARAO
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Partial Wave Ana1y51s

Intensity Model: Measuring b,(17 7) in wz" spectrum

In “thin” M(wz") and |?| bin

[(2,Q, ®) = 2(1— P)|A4(Q, 2, @) + A-(Q,Qpr, )

+ 5 (14 P A (Q,Q, @) — A-(Q, 1, @)

N
Q0 00Q00Q0QQ
N
N\
N\

l
Zm(d)a Qa £2H)
y Ar= > ooy TL. Y €D (Q)FL Dy o(Qr)Gpaie 3 (po)
P Ji=1.2...m=—dJ,....J; Aw=—1,0,1

—— e ——— e —————— — -—
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Partial Wave Ana1y51s

Intensity Model: Measuring b,(17 7) in wz" spectrum

T

Q0 Op) @y ™

A In “thin” M(wz") and |?| bin
Beam Photon y ‘A+ (2, Qn, @) + A(Q, Qnr, ®)/°
P, - Polarization Fraction \A+ (Q, Qp, @) — A_(Q,Qp, D)|?

® - Production angle

— e ——— e —————— — -—
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Partial Wave Ana1y51s

Intensity Model: Measuring b,(17 7) in wz" spectrum

QH(9H9 (I)H ‘

(44 °* .Y O .
; \ In “thin” M(wx"”) and |¢| bin
(0, T e

@ decay dynamics

A, - w helicity (J = 1)

4 (wr

@) = ~(1 = P)|A (2,2, ®) + A(2, 2, )

504 PIAL(Q, 20, @) — A (2, D)

(), - Decay angled in the w decay i
plane Zm(CI), 2, QH )

G,lit, - Distribution of pions i w T:i:,m T
’ decay plane oo 10D

- - — _ — S — —— - — e ——— ——— e — e - — —_— — —_— ———
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Partial Wave Ana1y51s

Intensity Model: Measuring b,(17 7) in wz" spectrum

~
Q0000 Q0QQ

Karthik uOg B — of-36 CPamaf Wowe ﬂna@szs on Cl\ﬁautm[ bl ﬂ\/leson at gfuex

wr" decay dynamics

. Ti,m - decay amplitude. Depends wz" relative spin, naturality of
exchange

e Q - Decay angled in the wz" decay plane

e F /{w— @ helicity amplitude

For by; Fi = <1/1w\00,1/1w>co + <1,1w\20,uw>cz

e
Defined DS Ratio = —
Co

e i5(py) - Biatt-Weisskopf angular momentum barrier factor. Suppress
high [ waves in low @z’ mass

> Y @)Y ¢

Ji=1,2,.. m=—J;,...J; Aw=—1,0,1




Partial Wave Analysis

Lets get to Fitting: AmpTools
e Results extracted for each

parameter 1n the intensity
model

AmpTools Contribution of J¥¢ state

extracted by computing fit
e Unbinned Maximum Likelithood fractions from complex
fitting amplitudes
N

Data Selection cuts

Beam E cut

—21n 2(@) — 2( 2 In I(x, 9) _ ,l/t) + C Parameters Input Type Fit Results

. D/S ratio 0.27  float 0.2697 + 0.0062
i=1 1] 0 Fit Fraction 0.0100 + 0.0005

Uses GPU computation with CUDA 1] 1 Fit Fraction 0.9871 + 0.0065
kend 171 0 Fit Fraction  0.0020 =+ 0.001
backend. 171 0 Fit Fraction  0.0009 + 0.0003

Input Vectors + model params

+GIueX Data| Fit Result

4117 (84D) 4[177 (S+D)

1P e A @)

Eg. [17 71, [17 7

.0 1.1 12 13 14 15 16 1.7 18 19 2.0
M(wzx®) Cut M(o 7°) [GeV]
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Partial Wave Analysis

Extracting DSRatio uncertainties

Parameter Name Value Remarks dsratio = 0.25307 g,
N Randomized Fits 25 Ensures diversity Statistical Precision
in solution space
M (wr”) [GeV] 1.155 - 1.315 GeV Systematics done
1(0.15 - 0.30),
0.35 0.40
9 (0.30, 0.50), DS Ratio dsratio
] [GeV”] (0.50, 1.00)] Strong correlation A _ (dST&tiO) ‘
GeV? stat — A—21n =1
Fit W Combinations of The most -
th YVaves JP = 0-,1%t,17,2~ | dominant systematic
Maximum A : Sr
Beam Energy [GeV] 8.2 — 8.8 GeV Polarization Fraction | | Systematic Variations
a = 0.1212;
, i From JPAC
Dalitz Parameters (o, 3,7) B jg-%2g7a 10052-020-08576-6 | Benchmark Waveset =J” = ([1*]*). [17]%)
Polarization Fraction (Py) ~ 35% Systematics done
: Discussed Expected ZN (dsratio; — dsratio,)>2
Event Selection . . .. : i l ref
previous slides minimal systematics Agys = Y
. Studied floating B
dphase Fixed to 0.0
dphase
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Partial Wave Analysis : Results

Extracted b, properties

:PDG-2022

Consistent across four orientations |[Forwme

GeV?

T T
—§— 0.15<1t <0.30 GeV -I— 0.30 < Itl <0.50 GeV? 0.50 < Itl < 1.00 GeV? —4— 0.15<1ti<0.30 GeV? -I— 0.30 < Itl <0.50 GeV? 0.50 <Itl < 1.00 GeV?

0.30 < Itl < 0.50
GeV?

t—
ol
-
O
e
(&]
4y
-
LL
iy s
LL

Fit Fraction [

0.15<Itl <0.30
GeV?

PARA 0 PERP 45 PERP 90 PARA 135 PARA 0 PERP 45 PERP 90 PARA 135 :
[TT" FitFraction dsratio
—I—0.15<ItI<O.SOGeV2—I— 0.30 < Itl < 0.50 GeV? 0.50 < Itl < 1.00 GeV? —I—0.15<Itl<0.30GeV2—I— 0.30 < Itl < 0.50 GeV? 0.50 < Il < 1.00 GeV? CUt Name |t| blnS Gevz

= = 0.15 < [t| < 0.30 | 0.30 < |t| < 0.50 | 0.50 < |t| < 1.00
E g Fit Wave combos 0.0325 0.0165 0.0173
g g Mass bin 0.0048 0.0025 0.0104
- - Beam Energy 0.0012 0.0015 0.0019
Dalitz Parameter 0.0007 0.0007 0.0007
Benchmark DS Ratio 0.2530 0.2650 0.2310

PERP 45 PERP 90 PARA 135 PARA 0 PERP 45 PERP 90 PARA 135 Statistical Uncertainty Astat 0:0011 0:0008 0:0012
[17]“Fit Fraction [17]Fit Fraction OO0t OO0 oo

Systematic Uncertainty A, 0.0329 0.0168 0.0203

[1+](+) dominant — bl decays through Natural exchange
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I Interplay between expert groups

pal |
|

Optimizations can be done in “Phases”

Physics Events Detector Simulations Reconstructed Events

Desired kinematic range




I Electron Ion Collider D

» To be built at BNL (Brookhaven National Laboratory) . Use
existing infrastructure of RHIC.

» Physics Goal : Structure and dynamics of matter at high luminosity

and energy using polarized beams. Wide range of nuclei
[arX1v:1212.1701]

« The Machine will be capable to perform

o High luminosity measurements (1033 ecm-2s-1 - 1034 cm2s1)  eeooniviecs

o Flexible center-of-mass energy range. Vs = V4E.E,
o Deliver highly polarized electron (0.8) and proton/ light 10on (0.7)

o Almost a 4mr detector to measure particles scattering 1n all

__directions and at wide range of energies N
‘Kcm“ﬁtﬁ Suresﬁ JLUo 2024 52 -of-36 CPamaf Wowe ﬂna@szs on Cl\feutm[ bl ﬂ\/leson at gfuex



https://www.bnl.gov/ec/
https://arxiv.org/abs/1212.1701

§ Example: The ECCE Detector - the Tracking System

Tracker System

‘ uRwell 2
<L
ﬂ‘,fw,' R y

\ !

DIRC URWELL3 Sagitta ITS3

Vertex [TS3 |

EST 3

=

_ __-J — N\

;\\\\\\\\\\\\\\\\ Wiz I

w ell
Iin_,nill

NI |

%d\ 4 e mE
[ ) 1 e ’.':' '_';_»__T:ﬁ o 5 1
B = ESTlm™S =
/ e d
\" w{:&: '.”

"""" EST 1

Rl 7] _]

uRwell 1

Al been used to steer the design

arxiv:2205.09185, arxiv:2203.04530

ECCE design was chosen as reference. Lots of updates/progress from Tracking WG (ePIC) since then.
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https://arxiv.org/abs/2205.09185
https://arxiv.org/abs/2203.04530

§ Example: The ECCE Detector - the Tracking System

Tracker System

‘ uRwell 2
<L
ﬂ‘,fw,' R y

\ !

DIRC URWELL3 Sagitta ITS3
Vertex ITS3 |

EST 3

»\'

//// ,,,,,, /// I

11

Il HH

"""" EST 1

uRwell 1

AC-LGAD . .!'V_“!.. B
W UHIVGFSI TR
& Reina ZTPE -]

Al been used to steer the design

arxiv:2205.09185, arxiv:2203.04530

Major change — BECAL — UofR significant contributor — Expertise from BCAL @ GlueX
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https://arxiv.org/abs/2205.09185
https://arxiv.org/abs/2203.04530

§ Example: The ECCE Detector - the Tracking System

electron beam

high-Q2

Central
Detector

Tracker System

DIRC uRWELL3

Sagitta ITS3

uRwell 2

Vertex ITS3

— ~EE

uRwell 1

Al been used to steer the design

arxiv:2205.09185, arxiv:2203.04530

The tracking system reconstructs charged particle tracks. It combines different technologies.

SR
i

FTTL

For the entire studwhiled0n600kur2otracks ardr b DiRSAnalysis on Neutral b, Meson ar GlueX



https://arxiv.org/abs/2205.09185
https://arxiv.org/abs/2203.04530

I Detector simulation

-1[=
L t |
e Parameterization m
[ 1
. |t
 Encode constraints -l

Design Parameters Objectives

* Encode Design params

* Integrate GEANT4

Physics Events Detector Simulations Reconstructed Events

Desired kinematic range




Reference design

Parametrization

uRwell 2
URWELL3 Sagitta ITS3

Parametrization 1s an essential part of an automated optimization:
e cxplores different designs

e avoids overlaps of volumes 271 el

encodes constraints

o S ESTRRNISE,
— Vertex/Sagitta Support
- (Conical Support ‘

= t,LTH + plateau

0 Plateau (ZZh’ ruRweII-1)

Zoh —

o , = Tutz_h
r vte_ h —

vtx_h 0 tan @
“

0 = Support Cone Angle

ruRweII-1

uRwell 2
uRWELL3 Sagitta ITS3

Verectiss W FsT3 | /e
,

£

‘‘‘‘‘‘‘

=
/
‘ Implementation of support

A % structures with realistic
‘ material budgets

i 0
n=-—1In tan(

| | [EST2 is12] %7
B

_Fixed pars




Constraints

FST/EST Disks
e Design Parameters (O(N) ~ 10)
Barrel Si Layer
o Based on an extensive parameterization.
sub-detector constraint description
soft constraint: sum of residuals
R . disks | pi _ pi in sensor coverage for disks;
C traints bei d > 3 =R IEST disks min{z Row = Riy sensor dimensions: d = 17.8
e (Constraints being used (n const > 3) | a (30.0) mm
strong constraint: minimum
. . . . EST/FST disks Zn+1 — Zn >= 10.0 dist: bet 2 consecutiv
o HARD The minimum distance between 2 disks should be >= ° e . R s
10 cm (giving room for services) soft constraint: residual in

: 27T saittc 2T yoiste
sagitta layers m in{ sagita _ sagttia sensor coverage for every layer;

w w

sensor strip width: w = 17.8 mm

o SOFT The Rmax-Rmin for the disks have to be multiple of
. . strong constraint: minimum
300 CImsS and 18 cms (Tlllﬂg Of plXGlS) uRWELL Insl — Irp >=5.0cm distance between uRwell barrel

layers

® Overlaps CheCkS Extensive details at arXiv:2205.09185
o GEANT4 unstable when overlaps are detected in volumes.

O Overlaps are checked for every demgn explored and penahzed

* Karthik Suresh jL‘UO 2024 58 -of-36 CPamaf che ﬂna@szs on Cl\ﬁeutm( bl Meson at gfuex


https://arxiv.org/abs/2205.09185

I The Design params for this case

ECCE design (non-projective)

Design Parameter

Range

uRWELL 1 (Inner) (r) Radius

[17.0, 51.0 cm]

uRWELL 2 (Inner) (r) Radius

[18.0, 51.0 cm]

EST 4 z position

[-110.0, -50.0 cm]

FST/EST Disks

sub-detector

Barrel Si Layer

constraint

description

EST 3 z position

[-110.0, -40.0 cm]

EST 2 z position

[-80.0, -30.0 cm]

EST 1 z position

[-50.0, -20.0 cm]

FST 1 z position

[20.0, 50.0 cm]

FST 2 z position

[30.0, 80.0 cm]

EST/EST disks

min{

disks R{

Z d d

I

[ /
out R in Rout

- R

n

)

soft constraint: sum of residuals
in sensor coverage for disks;

sensor dimensions: d = 17.8
(30.0) mm

FST 3 z position

40.0, 110.0 cm

FST 4 z position

50.0, 125.0 cm]

FST 5 z position

60.0, 125.0 cm]

ECCE ongoing R&D (projéctive)

Design Parameter

Range

Angle (Support Cone)

[25.0°, 30.0°]

uRWELL 1 (Inner) Radius

[25.0, 45.0 cm]

ETTL z position

[-171.0, -161.0 cm]

EST 2 z position

[45, 100 cm]

EST 1 z position

[35, 50 cm]

FST 1 z position

[35, 50 cm]

FST 2 z position

[45, 100 cm]

FST 5 z position

[100, 150 cm]

EST/EST disks

sagitta layers

[ W

Fnsl — I >= 5.0cm

I

strong constraint: minimum

distance between 2 consecutive
disks

soft constraint: residual in
sensor coverage for every layer;
sensor strip width: w = 17.8 mm

strong constraint: minimum
distance between uRwell barrel

FTTL z postion

[156, 183 cm)]

e — —

Karthik Suresh TLUO 2024



https://arxiv.org/abs/2205.09185

How a distributed Optimization pipeline will look like?
_MCondition for

slurm

| workload manager %
X ol )N Multiple nodes
N, Al Suggested

e Distribute across nodes in
a given site.

® Moderate queue time
overhead.
Moderately heavy

A T . . GPU ol
2= Design points S/ Less queue time overhead
<& . Simulation, relatively
s cheap. (FastSim, Single
N particle tracking only)

& simulations(Calorimetry,
@ Queue time > Sim time PID etc)

Use Joblib to parallelize

. across a massive single
Evaluation of the - 9

DeSign pOintS JLab’s ifarm1900s SChedU"ng.
machine (128 cores) M . .
ultiple sites

. LQueue time << Sim time
Sort solutions e Full Sim, Physics-driven
Approximate Pareto front objectives. Slurm
Job

Suggest next set of design points e Across different OSG sites

Queue time ~ Sim time

Use dask, MPI for V)
DASK "‘J'

o . . Need for better visualizations
Monitoring — MLOps BERACELEESSEEE , L
Beyond 3D Pareto visualizations




The AIDE Project

MOBO

SELECTION

SURROGATE —
ﬁ MODEL RCANDIDATE

objectwes

DATAS ET

\ design parameters Multi-Objective —
~ objectives " Bayesian Optimization }

acqunsmon

& N\ PARETO FRONT d
s UPDATE OBJECTIVES AT

DESIGN CANDIDATE

;i Control/info flow via PanDA/IDDS ;

(i) Will contribute to advance the

undaries of MOBO complexity to ) . (iif) Will leverage cutting-edge
accommodate a large number of (il) Development of suite of data workload management systems
ectives and will explore usage of science tools for interactive navigation capable of operating at massive
physics-inspired approaches of Pareto front (multi-dim design with data and handle complex
multiple objectives) workflows

Examining solutions on the Pareto front of ePIC at different values of the budget can have great cost benefits

A fractional improvement in the objectives translates to a more efficient use of beam time which will make up a
majority of the cost of the EIC over its lifetime




I Implementing Objectives

0.0<h/<1.0,1.0<p<20GeVic 0.0<|nf<1.0,20<p<4.0GeVic 0.0<nl<1.0,40<p<6.0GeVic 0.0<hN<1.0,6.0<p<8.0GeVic 0.0<|nl<1.0,8.0<p<10.0GeVic

e Objective functions Average of Weighted
Averages (n obj > 2)

o Momentum resolution dp/p

o Theta resolution d6/6

41.97 ” ’ 181.65
= =110

el SRS R TR

1.0<inf<25,

o Projected dO/6 at PID location.

o Kalman Filtering inefficiency (improving the

tracking reconstruction ability of the

10< Nl <25,200 <p <220 GeVic 10 <N <25,220

algorithm)

2.6e-02; A1 = 1.2e401
9e-03; A2 = 2.5e+01

e Validation of the solutions

25< M <35, 120 < p< 14.0 Gevic

o Validate by comparing optimal vs baseline dg

resolution, vertex resolution and reconstruction

25<<35,22.0 <p<24.0GeVic

efficiency
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I Implementing Objectives

25< M <3.5,6.0<p<8.0GeVic

0.0<hN<1.0,6.0<p<8.0GeVic

0.0<nl<1.0,80<p<10.0 GeVic

0.0<h/<1.0,1.0<p<20GeVic

Robust fitting procedur
In fine-orained phase-

aC

wounts

Propagate uncertainties in
fits throughou

g in a1 bin

New
Baseline

Ratio =

0.0<IN<10,2.0<p<4.0Gevic

0.0<ni<1.0,40<p<6.0Gevic

00<)<1.0,10.0<p ="

1

h

!
K980
Q,=17.6e-03; A1 = 2.5e+01
; = 1.9¢-02; A2 = 1.7¢+00

95

T

1.0<N <25,60<p<8.0GeVic

_‘\m): 289.91

1805 A28

/
/‘_.

T0<nl<25,28.0 <p < 30.0 GeVic

1.0<nl <25, 200 <p <220 GeVic

10<n<25,24.0<p <26.0 GeVic

I
| KoF238]
|0,=26e-02; A1 = 1.2e401
1= 0.9e-03; A2 = 256401

364.99

!ﬁ’n =155
=388 Abz 38l

{ ‘),‘

o v
e T

25<In <35, 18.0<p < 20.0 GeVic
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I Checks pertformed
Like, k

Engineering
Constraints.

New Design Point

Constraints

GEANT4 model Penalize Heavily
Overlap Checks

Start sim with Do not penalize
timeout Omit the design

Compute
performance Analyse Q Rise Alarm
metric in p’ Performance & Fits Do not carry to next

and ‘»’ bins. call
Evaluate Fit
quality Q

Compute objectives and pass to optimizer



I Multi Objective Evolutionary Algorithms

swarm Algorithms

Ant Colony optimization
Bees algorithm

¢ Inspired by BiOlogical SYStemS. Particle swarm optimization

Cuckoo search

e Semu heuristic 1n nature. Genetic Algorithms

Default Genetic Algorithm
NSGA

* Quite successtul 1n solving MOO problems.

U-NSGA-III

 Embedding constraints relatively easier Differential Evolution

Multi-objective Optimization in Python

Pymoo

. JMetalPy

Karthik Suresh JLUC ___
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Eliti St NOH—D Ominated The population R, is classified in non-dominated fronts.

Not all fronts can be accommodated in the N slots of available in the new population

S Ortin g Genetic (N S G A) P:+1. We use crowding distance to keep those points in the last front that contribute

to the highest diversity.

Non—-dominated Crowding
sorting distance
sorting

The _d; of point
I is a measure of the objective
Cg space around i which is not

occupied by any other solution in

m%imm

=1 Cuboid

Population

@(t+1)

! Front-3

| m\Q\Q\O_ F-ront-2

- Front-1

Design A

This 1s one of the most popular approach

(>35k citations on google scholar), characterized by:

This 1s to 1llustrate

e Use of an elitist principle Binary Cross-over

e Explicit diversity preserving mechanism

e Emphasis in non-dominated solutions
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Al assisted Detector design
MOEA Pipeline —

Rank & sort - NSGA2 (Obijs
======== FoEEEEEEE ) |
b o[ e o[ o [ o e m
2

1 P2 3 PS P7 P P11
P [Py [P5 [P4 [Ps |Ps [P1 [P [Py |Pro[Pr1
(o0 ) P A

o e e e
20 P P e P e

N_Offsprings for next call

P TP [Py [P TP s TP TP TP [P
P [P [ o] e e oo By 18, B, 17 [8; [P [P [P [Py [Pl P

Healthy Design points

Inject baseline Genes
Faster convergence

2 | soa | seu | sun | aun| sun ] sun | aun| sus
AAEEEEREERPES D 17, 17, T s 7 T T TP Rl
AR AAN AR

e
) ‘

Yields Performance of the design.
Objectives that decide evolution



§ Multi Objective Bayesian Optimization A

BoTlorech
YESIAN OPTIMIZATION IN PYTORCH

Bayesian Optimization

* Compute max/min (;) with minimum evaluations

* Build up,to query — Estimation of distribution

e - continuous

« Black Box Function * ;- may be noisy

‘ * Too expensive to compute

—p

Design Parameters True Function |

Objectives
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§ Multi Objective Bayesian Optimization
A brief explanation (extends to Multiple Dimensions)

The Surrogate model

The Acquisition Function —F(posteriors) = a(x)

Posterior predictions
Predicts “Improvement” when x — x + €

Usually based on GP

o)
1

— Predicted () 1. Choose a surrogate model

= Ground Truth (f)

H*o 2. Use Ground truth to update the surrogate

® Training Points model
@® QueryPoint

Gold content

3. Using Acq. Function to predict next point for

Acquisition function qucery
Maxima

4. Go to 1. Until Convergence
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https://distill.pub/2020/bayesian-optimization/

I Multi Objective Bayesian Optimization

e Ax - BoTorch

Posterior
Posterior

o Apt when evaluations of objectives are costly. Typical for the problem in
hand.

o Builds surrogate models that maps objective space to design parameter

Acquisition function

space.

~ Acquisition function

o Uses novel gNEHVI acq. function with reduced computational complexity
arxiv:2105.08195.

e Implementation

o 1 Level Parallelization (= 120cores)

-
O
2
=
@)
0
Q
a4
| -
L,
=)
o
-
<L
y—
@)
o
=
T
a4

o N objectives =2

o BATCH SIZE -3 (q)

Ratio of Momentum Resolution

o N BATCH - 50

Interactive Visualization of the result

*SAASBO ~ O(N”3)
good for high design dimensions but Pr()()f Of Concept

o gNEHVI + SAASBO*

TOL TCCU "...'V..c‘" l.‘.".' (10
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https://arxiv.org/abs/2105.08195
https://ai4eicdetopt.pythonanywhere.com

MOEA or MOBO ?

Has been widely used for solving MOO problems :

\%00) DY.\

 population /off spring —  diversity — .

Relatively easier to implement

Complexity relatively easy to compute

Ideal — Cost of computing “cheap”

Successful with large Design and Objective

parameters

No Map : “Design” - “Objectives”

Karthik I

\700):10

Has been around for a while, gaining popularity
Sequential Strategy — global minimization
Relatively harder to implement

Complexity relatively easy to compute

Ideal — simulations can be heavily parallelized

Currently, Not recommended beyond 4-5
Objective parameters

Can Map : “Design” - “Objectives” — Fast
simulator can be built

Partial Wave ﬂna@sis on Neutral b, Meson at GlueX




ECCE Results :Phases Of Tracker Optimisation timeline.
o o o
Optlmlz atlon — — ® 1: Barrel + technological choices. - Chose technolo gies

® 2. Barrel+Disks. W/O support structures. - Identified holes in Disks, Cylinder rearranged

— no double layers

® 3. Barrel+Disks. With fixed support structures. - D1sks rearranged

® 4. Barrel+Disks and support structure. - PI’Oj ective Geometry

\ ® 5. Full tracking system optimization. - Removing Tracking after Hadron - PID

R R

ESEET

Phases of
Optimisation

§ Rl
W P

| - Pt
{ [} 1
i T >IN

-

updated configurations with any additional

requirements

Optimisgeion phases .~ ., -~ . r, .
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ECCE Results : A
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I Post-hoc validation on physics observables

1<n<1.5 1<n<1.5
¢ ECCE 2021 Simulation ECCE 2021 Simulation Projective
D° -» m* K Fit D° » m* K Fit
4 t
0=0.0112 =+ 0.0004 g =0.0100 = 0.0005
X%/NDF = 2.2885 ’- X%/NDF = 1.2031

| | 19 2
M(1tr K) GeV/c? M(1tr K) GeV/c?

The #7 K~ invariant mass obtained from the SIDIS events with updated baseline and optimized
projective geometry. A region of eta that 1s sensitive due to considerable materials for support

structure was also taken in to account for this optimv1zation,
Karthik Suresh JLUO 2024 /4 -of-36 Partial Wave ﬂna@sis on Neutral b, ‘Meson at GlueX




Fitting Procedure

e For resolutions

0'1./41 + O'QAQ

e Plot distributions of resolution in bins of eta and p 0O —

e  Fit with a double gaussian function

e SetA;, 2 (Amplitude) to 0 if the fit value of A is less than 1% of the A, 2.5 <[ <3.5,6.0<p<8.0GeVic

e Seto;,to0i1fitis greater than the x axis extent of the histogram

e (Calculate the weighted sigma of the fit function and its associated errors.

 For Global KF Inefficiency

e (alculate the total number of tracks with trackID<O0 for the entire simulation

e Global KF Inefficiency = No of tracks(tracklD<0)/Total Events

Karthik uO? I %_f—” of-36 CPar Wave ﬂna@sis on Neutral b, Meson at GlueX



Optimal Detector Design Solutions

Convergence for New Optimisation

Inferring solutions at any stage of optimization

Q
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=
O
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2000 3000 4000
Function Evaluations

Pareto Front Solutions

: . d
Chosen Solution Ratio & (max = 1)

Example of solution
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dO ratio w.r.t Baseline

Baseline Config 4 + FST Disks; n< 1

Optimal Solution Config 4 + FST Disks; n< 1
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et e
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Evolution of Detector Performance (ECCE)
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Second tier
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+ Ratio of Solution 1 to Ongoing R&D

+ Ratio of Solution 2 to Ongoing R&D
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| MOO details

Worst Objective
So far

e Validating convergence.

So far

|
|
|
|
|
|
|
|
|
|
|
|
|
'
|

Best Objective

e Look in the design space for improvements in the last few calls

Best Objective Worst Objective
So far So far

 Look into objective space. And perform cluster analysis on them

Hyper volume definition

« Make a custom metric to analyse convergence. Likelihood Siedon
How probable is the evidence How prol

given that our hypothesis is true’

P(e | H) P(H)

e Hypervolume

P(H | e)=

)
. , ’
e The volume of the First front w.r.t a reference point P(
Posterior Marginal
e Bayesian Optimization How probatie s our hypothesis How probabe is the new ¢
| _TJ-‘-" ::;, ;:J'|-; 1'<|f;-‘-‘ ‘

 Used When the evaluation of each point 1s resource intensive.
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Backups level 2
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The Standard Model of Physics

interactions / force carriers
(bosons)

three generations of matter
(fermions)

=2.2 MeV/c? =1.28 GeV/c?

=124.97 GeV/c?

Describes the three forces 1n nature

e Strong Nuclear Force

e Weak Nuclear Force

e Electromagnetic Force

Karthik

QUARKS

LEPTONS

=4.7 MeV/c?
-4

12

=0.511 MeV/c?

-1
Y2

electron

electron
neutrino
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=96 MeV/c?

Vs
Iz

strange

=105.66 MeV/c?
il

neutrino

=4.18 GeV/c?

~Ys
V2

bottom

=1.7768 GeV/c?
-1

<18.2 MeV/c?

0
12

tau
neutrino

GAUGE BOSONS

VECTOR BOSONS

SCALAR BOSONS



Photoproduction of o’ at GlueX
Weighing events in detail

10°

X

200

150

IIII|IIII|III

Counts

100

50

T 1T

I
N
o

1.4 1.5
M(n*n'n?) [GeV]

0.7

0.8 0.9 1.0 1.1 1.2 1.3
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The Standard Model of Physics

Theory of Strong interactions : Quark Model Mecson Nonets

Pseudo Scalar Meson (S = 0) Nonet Vector Meson (S = 1) Nonet

+1
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e Proposed by Nathan Isgur and Jack Paton by 1985"
e Analogy —

|ly, the more farther the quarks the harder the flux

Summary of flux tube model =-

Two quarks connected by a elastic rubber band

When pulled apart, 1t gets stretched

The stretched region 1s called as flux tube

More stretched — more potential energy

tube pulls them back

e When broken new pair of gg gets formed and hence,
no “free” quarks can be observed

Karthik I

Energy Density

arXiv:hep-ph/9904330
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Summary of Lattice QCD

Develops from Path Integral formulation « """"'
| [Quarks | [ | [ | [ ]

e Compute all possible “paths” btw ‘A’ & ‘B’ | . ‘“msn.n.
IIIINIIII

e Idea of MC Integration . ‘.u.m.' ’
The Lattice 1s grid of space time '.........‘

Quarks are building blocks at each lattice point

NNPSS-2022 MIT

e (Gluons mediate between the lattice points

e [Lattice spacing ‘a’ gets smaller, computation
becomes exponentially costlier
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http://web.mit.edu/2022nnpss/lectures/MKM_NNPSS_2022_MIT_Lecture1.pdf

The Standard Model of Physics

Key outcomes T decay (N’LO) +=-

low Q? cont. (N 3LO) e
3 HERA jets (NNLO)
' Heavy Quarkonia (NNLO)
° COlor Conﬁnement e'e” jets/shapes (NNLO+res) H*
pp/pp (Jets NLO) H&-

. EW precision fit (N3LO) +e-
e No “free” quarks can be observed bp (top, NNLO) =

e All hadrons are color neutral.
o Asymptotic Freedom (Interaction Strength o)

 Non-Perturbative - Large distance (Low Energy)

= 0,,(Mz%) = 0.1179 = 0.0009

0.05
e Lattice QCD - successful due to modern computing 1

August 2021

e Perturbative - Small distance (High Energy) Paricle Data Group R of Pr

Volume 2022, Issue 8., August 2022,
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Recent Lattice QCD work on w7

PHYSICAL REVIEW D 100, 054506 (2019)

b, resonance in coupled 7w, n¢ scattering from lattice QCD

Antoni J. Woss,l’* Christopher E. Thomas,” Jozef J. Dudek,2’3’i Robert G. Edwards,z’i and David J. Wilson®!

(Hadron Spectrum Collaboration)

® Studles the decay Of b 1 to a)ﬂ«- 'DAMTP, University of Cambridge, Centre for Mathematical Sciences, Wilberforce Road,

Cambridge CB3 OWA, United Kingdom
2Thomas Jefferson National Accelerator Facility, 12000 Jefferson Avenue, Newport News,
Virginia 23606, USA

. Department of Physics, College of William and Mary, Williamsburg, Virginia 23187, USA
o \;\/ 1th m — Me \/ and a — . m *School of Mathematics, Trinity College, Dublin 2, Ireland
T \)

PHYSICAL REVIEW D 100, 054506 (2019)

JP =1t

my ~ 391 MeV

e Computed b; mass is 1380MeV puprltni

e DSRatio computed at the above mass

mo{*Di} o { D)
—ro—# T
1250 1300 1350 1400 1450 1500
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https://inspirehep.net/files/239925f9e9c0aa1f06590aee66cfcea8

Determination of the pole position of the lightest hybrid meson candidate

— ®
The llghteSt meson tenSIOn A. Rodas,’>* A. Pilloni,>3 T M. Albaladejo,>* C. Ferndndez-Ramirez, A. Jackura,® ”

V. Mathieu,? M. Mikhasenko,® J. Nys,? V. Pauk,'? B. Ketzer,® and A. P. Szczepaniak® %7
(Joint Physics Analysis Center)

e Experiments reported measuring Exotic z;(1400)
through nr

>
()
=
o
ALY
2]
b
-
()
>
L

e E852 Collaboration
e (Crystal Barrel Collaboration

e Experiments also reported measuring Exotic
7, (1600) through 'z

Events/40 MeV

e E&52 Collaboration
e VES Collaboration

e COMPASS
M(]Z'l) = 1564 + 24 +86 ['(xn;) =492 54 £ 102
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Partial Wave Analysis

Lets get to Fitting: How to best choose a waveset ?

Waveset Name Remarks T Wav:znsets 7 NPARS
Ip - 17]* —1,0,1 S, D 14
0]+ 0 P
omlp ] ¥ | —1,0,1 |S,D 18
1]+ —1,0,1 S, D
lpim - 1| —1,0,1 P 20
07 P _
Omipim ) :1+:i ~1.0.1 S D 30 Model Metric:
17| = —1,0,1 P e Likelihood Ratio Test (L