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q q̄
L

S = 1

S = 0

• Total Spin (J) from 


• Parity ( ) 


• Charge Conjugation ( ) 

|L − S | to |L + S |

P = (−1)L+1

C = (−1)L+S

Periodic table of Mesons arranged by  ( )JPC IG

• Include “gluonic” interactions to 
build up states

• Predicts


• “Hybrid ” mesons


• “Exotic” States NOT 
allowed in Quark Model 
JPC = [0+ −, 1− +, 2+ −, 3− +]

Quantum ChromoDynamics
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The Exotic  and its decay to π1(1600) b1π
Jozef J. Dudek, et al. HadronSpectrum Collaboration 

Phys. Rev. D 88, 094505

P = − 1 P = + 1 Exotic

b1

π1

Light Meson Spectrum in LQCD

b1π
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The Exotic  and its decay to π1(1600) b1π

P = − 1 P = + 1 Exotic

b1

π1

Antoni J. Woss, et al. HadronSpectrum Collaboration 

Phys. Rev. D 103, 054502

 Largely decays into  

Strong motivation to understand 
π1(1600) b1π

b1

Understanding  important


to study the  Exotic

b1

π1(1600)

ω, π, η, η′￼

b1, (ηπ)

π1(1600)

Prediction of lightest Exotic decay
Jozef J. Dudek, et al. HadronSpectrum Collaboration 


Phys. Rev. D 88, 094505
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P = + 1 Exotic

π1

6

scant experimental evidence for ……b1π

P = − 1 P = + 1 Exotic

π1

Antoni J. Woss, et al. HadronSpectrum Collaboration 


Phys. Rev. D 103, 054502

Understanding  important


to study the  Exotic

b1

π1(1600)

• Previous efforts on decays to pseudo scalars like 



• Simpler reconstruction — narrow resonances

• Any odd  states — evidence of exotic


•  has larger end state multiplicity

• Very limited statistics until now

• Increased ambiguities of  states

π1(1600) → η(′￼)π

L
b1π

JPC

 challenging but high 

branching fraction — advantageous 

b1π

The Standard Model of Physics
Check out Talk from William Imoehl

Jozef J. Dudek, et al. HadronSpectrum Collaboration 


Phys. Rev. D 88, 094505

https://indico.jlab.org/event/856/contributions/14484/attachments/11166/17158/JLUOTalkDraft.pdf
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ω

π

b1

L Wave
0 S
2 D

JPC 1− −

IG 0−

JPC 0− +

IG 1−

JPC = 1+ −

IG = 1+

b0
1 → ωπ0

This talk's focus

The Axial Vector

Particle Data Group Review of Particle Physics,


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

D/S = 0.277 ± 0.027
(0.27 ± 0.2)†

 mesonb1

Phys.Rev.D 100 (2019) 5, 054506†

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.054506
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*Selected experiments/studies that has the most impact for this dissertation

10.1016/0550-3213(84)90382-1
J.E Brau et al. Phys. Rev. D 37, 2379

Spin Parity Analysis 

Omega Photon Collaboration

 using MPS

E852 Collaboration

π−p → ωπ−

Diffractive Photoproduction of 
 Omega Photon Collaborationb1π

 at rest to 

Crystal Barrel Collaboration

p̄p ωπ0π0

1984
1987 Production and decay of 


SLAC S.H.F.P Collaboration

b1

1988 Now

γp → pωπ0

∼ 300 Events∼ 5000 Events
γp → pωπ0

Only known 
Photoproduction 

Experiments

2019

Significant LQCD predictions 
from theory…..

1993

 

BENKEI, KEK
π−p → ωπ0n

1991
2002

By far most precise 


D/S Ratio measurement

10.1016/S0370-2693(02)02194-9

Full PWA performed


Adapt methodology

2017

Timeline of  studies*: with focus on ωπ b1

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
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•Polarized photons through coherent bremsstrahlung


•Peak Polarization  @   ∼ 35 % 8.8 GeV

• Photo-production experiment @ Jlab


• Goal : Map light meson spectrum


• Nearly  detection using hermetic setup


• Phase-I Data ( )
4π

∼ 120pb−1

The Experiment
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Particle Hypothesis


Detector response cuts


Phasespace cuts

10

γp → ωπ0p → (π+π−π0)π0p

t = |p − p′￼|2

(ωπ0)

Selection Cuts

“Hard” Cut Selection

Weighted events

Accidental Side band subtraction


2D-  side band subtractionω

Photoproduction of  at GlueXωπ0

Before “Hard” Cuts

*Only Fall2018 PARA0 data shown here.

High purity events of 
 selected.ωπ0

∼ 5000 Events

∼ 300 Events

Dwarfs 

previous measurements
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(ωπ0)
ω

11

M(X) [GeV]

In
te

ns
ity

⟨γ( ⃗p, E), p( ⃗p, m) ̂A (ωπ0)( ⃗p, m)p′￼( ⃗p, m)⟩

I(ωπ0) ≡ κ | ̂A |2 ≡ κAρA*

t = |p − p′￼|2

• How to extract contributions for  from the spectrum?


• Using “only” mass spectrum incomplete


• Study and analyze intensity in more “dimensions”


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


• PWA - A tool extracting contribution of  by studying 
intensity in multiple decay angles

JPC

JPC

Kinematic factor Polarization factor

Intensity Model: analyzing intensity beyond “Mass Spectrum”
Partial Wave Analysis
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Intensity Model: Angular distribution in helicity frame

(ωπ0)

ΩH(θH, ΦH)

Partial Wave Analysis
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(ωπ0)
Ω(θ, Φ)

ΩH(θH, ΦH)

cos θ

ϕ

cos θH

ϕ H

Intensity I(θ, Φ, θH, ΦH, Φprod)

Intensity Model: Angular distribution in helicity frame
Partial Wave Analysis
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(ωπ0)
Ω(θ, Φ)

ΩH(θH, ΦH)
In “thin”  and  binM(ωπ0) | t |

Zi
m(Φ, Ω, ΩH)

Intensity Model: Measuring  in  spectrum b1(1+ −) ωπ0
Partial Wave Analysis

π 𝒫
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(ωπ0)
Ω(θ, Φ)

ΩH(θH, ΦH)
In “thin”  and  binM(ωπ0) | t |

For the state  which is  extract ratio between D-S wave amplitude and phase1+ − b1

eiϕD−SD/S

eiϕD−SD/S

eiϕD−SD/S

eiϕD−SD/S

dsratio dphase

Intensity Model: Encoding of DS Ratio for  state 1+ −
Partial Wave Analysis

π 𝒫

15
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(ωπ0)
Ω(θ, Φ)

ΩH(θH, ΦH)
In “thin”  and  binM(ωπ0) | t |

For observed intensity, fit model with various  states across various reflectivitiesJPC

Intensity Model: Measuring  in  spectrum b1(1+ −) ωπ0
Partial Wave Analysis

π 𝒫
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AmpTools

• Unbinned Maximum Likelihood fitting

• Input decay angles + model params, Eg. 







•  — Model Parameters

• x — 5D Decay angles

[1+ −](±), [1− −]±

−2 ln 𝔏(θ) = − 2(
N

∑
i=1

ln I(x; θ) − μ) + c1

θ

• Results presented as fit fractions for each 


• Extract D/S Ratio as well

JPC
Lets get to Fitting: AmpTools
Partial Wave Analysis
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 dominant   decays 


through Natural exchange

[1+](+) → b1

Fit Wave combos

Benchmark DS Ratio 0.2530 0.2650 0.2310

PDG-2022

Partial Wave Analysis : Results
Extracted  propertiesb1
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Effect “Independent” of 

possibly “other” effects? 


— Baryonic effect  — Work in progress M(pπ0)
Strong monotonous 


decrease at high | t |

Partial Wave Analysis : Results
Extracted  properties - A closer look in b1 | t |

This overwhelming stats 

allows us to look closer and finer !!!!
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Data driven observations made on 
dependence of   onm | t |

Note : No explicit dependence of  
encoded in the model

| t |

J = 1 ⟹ m = [−1,0,1]

 - Sensitive to Φ m

Partial Wave Analysis : Results
Extracted  properties - A data driven observationb1
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•  spectrum ( ) dominated by 
 state; over 80% Fit Fraction


• Natural Exchange is preferred 


• DS Ratio consistent with PDG & theoretical prediction


• Unprecedented statistical precision; systematics dominate


• A strong correlation found in DS Ratio as a function of 


• Extracted contribution of   states and their dependence on 


• Recipe for computing cross-section; over entire  mass range


• Additional systematics to be done

ωπ0 1.135 < M(ωπ0) < 1.155 GeV
1+ −

| t |

m | t |

ωπ0

Partial Wave Analysis : Summary
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Detector Design optimization

22
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Multi Objective Design 

Optimization

23

Design space spanned by ‘x’
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Multi Objective Design 

Optimization

24

Design space spanned by ‘x’

Minimize/Maximize a set of objectives
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Multi Objective Design 

Optimization

25

Design space spanned by ‘x’

Subject to a set of constraints….
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Multi Objective Design 

Optimization

26

Design space spanned by ‘x’

Bounded optimization
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Multi Objective Optimization : Visual Intro
● Multiple “objectives”


● Momentum resolution


● 𝞱 resolution


● KF efficiency


● projected 𝞱 resolution @ PID


● Goal : “Optimize” these Objectives


● Map: “Design”  “Objective”?


● Non-Feasbile region to be avoided

↔

27
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● What is “Optimal”?


● How to rank solutions?


● How to track convergence?


● Methods of MOO


● Evolutionary


● Bayesian inference


● Preferential Learning, etc.

28

Multi Objective Optimization : Visual Intro
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AI assisted Detector design

29

Detector design is inherently 

Multi Objective

AI advantage :  
Handle a multi-dimensional parameter 
space in a multi-dimensional objective 

space

Electron Ion Collider
At Brookhaven National Laboratory


Physics Goal :  Structure and dynamics of matter at 
high luminosity and energy using polarized beams 
[arXiv:1212.1701]

Simulations 

computationally expensive

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
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Design Parameters Objectives

Physics Events Detector Simulations Reconstructed Events

Desired kinematic range

Workflow for AI assisted detector design

30

Define Problem

Choose Optimizer

Develop end-to-end 
pipelines
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AI assisted EIC Detector optimization pipeline

AI Suggested 

Design points

Evaluation of the Design 
points

Che
ck

s

AI Optimization block Parallelization

Sort solutions 

Approximate Pareto front


Suggest next set of design points

Fun4All Framework

Detector/Physics Simulation

ePIC Software Stack

Fit objectives in   &  binsη p

Compute Objectives and metrics

Che
ck

s

https://eic.phy.anl.gov/tutorials/eic_tutorial/
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AI assisted Detector design

η ≈ 0

Life cycle of design
A Tracking system use case

● Multiple “objectives”

● Across all  (angle)

● Momentum resolution

● Angular resolution


● O(10) design parameters

● Map : Objectives  Design

● Embed constraints as well

● Multiple “Optimal Solutions”

η

↔

●MOEA - Multi Objective Evolutionary 
Algorithm 


●MOBO - Multi Objective Bayesian 
Optimization

Design Parameters Objectives

Physics Events Detector Simulations Reconstructed Events

MOEA

MOBO

etc….

Optimization monitoring arxiv:2205.09185, arxiv:2203.04530

https://ai4eicdetopt.pythonanywhere.com/
https://arxiv.org/abs/2205.09185
https://arxiv.org/abs/2203.04530
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Came up with design solution of the tracker that improved 
tracking performance by over 20%

j.nima.2022.167748 Interactive visualization of results

0 < |η | < 1 1 < |η | < 1.5 1.5 < |η | < 2.5 2.5 < |η | < 3.5

33

AI assisted Detector design : Result

https://ai4eicdetopt.pythonanywhere.com
https://doi.org/10.1016/j.nima.2022.167748
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The AIDE Project

Lead PI — C. Fanelli

Develop a software framework for distributed optimization using PanDA workload manager

Office of Nuclear Physics of the U.S. Department of Energy under Grant Contract No. DE-SC0024625



35

Glimpse of other detector design optimization at EIC

Cristiano Fanelli @ IAEA Technical Meeting 

Far Forward B0 Detectors

Production and Distributed Analysis (PanDA) System

The AIDE Project

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
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• AI 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 in phases. Eg. include one detector system at a time 
arxiv: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) 

36

AI Assisted Detector Design: Summary

Acknowledgements

GlueX Thanks

Grant Contract 

No. DE-SC0024625

https://arxiv.org/abs/2205.09185
https://eic.github.io/activities/principles.html
https://eic.github.io/activities/principles.html
http://gluex.org/thanks.html
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Backups

37
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Standard Model of Elementary Particles
three generations of matter

(fermions)

I II III

interactions / force carriers
(bosons)

mass

charge

spin

Q
U

A
R

K
S

u
≃2.2 MeV/c²

⅔

½

up

d
≃4.7 MeV/c²

−⅓

½

down

c
≃1.28 GeV/c²

⅔

½

charm

s
≃96 MeV/c²

−⅓

½

strange

t
≃173.1 GeV/c²

⅔

½

top

b
≃4.18 GeV/c²

−⅓

½

bottom

LE
PT

O
N

S

e
≃0.511 MeV/c²

−1

½

electron

νe
<2.2 eV/c²

0

½

electron
neutrino

µ
≃105.66 MeV/c²

−1

½

muon

νµ
<0.17 MeV/c²

0

½

muon
neutrino

τ
≃1.7768 GeV/c²

−1

½

tau

ντ
<18.2 MeV/c²

0

½

tau
neutrino G

A
U

G
E 

B
O

SO
N

S
VE

C
TO

R
 B

O
SO

N
S

g
0

0

1

gluon

γ
0

0

1

photon

Z
≃91.19 GeV/c²

0

1

Z boson

W
≃80.360 GeV/c²

±1

1

W boson

SC
A

LA
R

 B
O

SO
N

S

H
≃124.97 GeV/c²

0

0

higgs

Hadrons : particles made of quarks


The “Molecule” held together 

by Strong Force

Fermions - half integer spin

makes up everything…..

Bosons - integer spin

force carriers

38

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

• Gell-Mann & Zweig for light flavors quarks in 


• States are constructed using “quantum numbers” of the 
constituent quarks


• Spin (S)


• Electric Charge (Q)


• Isospin (I)


• …..


• Recipe to build periodic table of hadrons

1964[†]
Mesons Baryons

Tetra quarks Penta quarks

q q̄
q

q

q

q

q

q
q̄

qq q

q̄ q̄

 A Schematic Model of Baryons and Mesons, Murray Gell-Mann, 


Phys, Letter 8 (1964) 214-215

[†]

The Standard Model of Physics
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The Standard Model of Physics

40

Theory of Strong interactions : Quark Model
Quark Quantum numbers

Mesons Baryons

Tetra quarks Penta quarks

q q̄
q

q

q

q

q

q
q̄

qq q

q̄ q̄
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Quantum ChromoDynamics

• Formalized a decade later than Quark Model 


• Introduces - “color charge” to quarks and gluons 


• Includes “gluonic” interactions to build up states


• Predicts


• “Hybrid ” mesons


• “Exotic” States NOT allowed in Quark Model 



• Important outcomes


•  Color confinement — “Free” quarks cannot be observed


• Non negligible  at low energy scale — “Lattice QCD”

JPC = [0+ −, 1− +, 2+ −, 3− +]

αs

Mesons Baryons

Tetra quarks Penta quarks

q q̄
q

q

q

q

q

q
q̄

qq q

q̄ q̄

q̄

q

Glue Balls Hybrid Mesons

g

The Standard Model of Physics

41
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γp → ωπ0p → (π+π−π0)π0p

t = |p − p′￼|2

(ωπ0)

Selection Cuts
“Hard” Cut Selection Weighted events

Particle Hypothesis





Detector response cuts


PID-Timing, Calorimetry


Phasespace cuts








KinFit CL > 10−2 ; χ2/NDF < 2.25

0.15 < | t | < 1.0 GeV2

8.2 < E_Beam < 8.8 GeV

MM2 ≤ 0.05 GeV2

Statistical Accounting of beam 


Accidental Side band 
subtraction


Accounting for “non- ” events


2D-  side band subtraction

γ

ω

ω

Photoproduction of  at GlueXωπ0
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 mass* after background subtractionωπ0

*Only Fall2018 PARA0 data shown here.

High purity events of  selected.ωπ0

Before “Hard” Cuts

After “Hard” Cuts w/o weighting

After weighting Signal Events

Photoproduction of  at GlueXωπ0
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(ωπ0)
Ω(θ, Φ)

ΩH(θH, ΦH)
In “thin”  and  binM(ωπ0) | t |

Zi
m(Φ, Ω, ΩH)

Intensity Model: Measuring  in  spectrum b1(1+ −) ωπ0
Partial Wave Analysis
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(ωπ0)
Ω(θ, Φ)

ΩH(θH, ΦH)
In “thin”  and  binM(ωπ0) | t |

Zi
m(Φ, Ω, ΩH)

 - Polarization Fraction


 - Production angle

Pγ

Φ

Beam Photon γ

Intensity Model: Measuring  in  spectrum b1(1+ −) ωπ0
Partial Wave Analysis
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(ωπ0)
Ω(θ, Φ)

ΩH(θH, ΦH)
In “thin”  and  binM(ωπ0) | t |

Zi
m(Φ, Ω, ΩH)

 -  helicity ( )


 - Decay angled in the  decay 
plane


 - Distribution of pions in  
decay plane

λω ω J = 1

ΩH ω

GDalitz ω

 decay dynamicsω

Intensity Model: Measuring  in  spectrum b1(1+ −) ωπ0
Partial Wave Analysis
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(ωπ0)
Ω(θ, Φ)

ΩH(θH, ΦH)
In “thin”  and  binM(ωπ0) | t |

Zi
m(Φ, Ω, ΩH)

•  - decay amplitude. Depends  relative spin, naturality of 
exchange


•  - Decay angled in the  decay plane

• -  helicity amplitude 


For ; 


Defined DS Ratio = 


•  - Biatt-Weisskopf angular momentum barrier factor. Suppress 
high  waves in low  mass

Ti
±,m ωπ0

Ω ωπ0

Fi
λω

ω

b1 Fi
λω

= ⟨1λω |00,1λω⟩C0 + ⟨1λω |20,1λω⟩C2

C2

C0
𝔉

l ωπ0

 decay dynamicsωπ0

Intensity Model: Measuring  in  spectrum b1(1+ −) ωπ0
Partial Wave Analysis
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AmpTools

• Unbinned Maximum Likelihood 
fitting





• Uses GPU computation with CUDA 
backend. 


• Input Vectors + model params


• Eg. 

−2 ln 𝔏(θ) = − 2(
N

∑
i=1

ln I(x; θ) − μ) + c1

[1+ −](±), [1− −]±

 CutM(ωπ0)

Cut| t |

Data Selection cuts 


Beam E cut


 Cut


 Cut


Make  system

| t |

M(ωπ0)

p4(ωπ0)

• Results extracted for each 
parameter in the intensity 
model


• Contribution of  state 
extracted by computing fit 
fractions from complex 
amplitudes

JPC

Lets get to Fitting: AmpTools
Partial Wave Analysis
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Δsys =
∑N

i (dsratioi − dsratioref )2

N − 1

Systematic Variations

Statistical Precision

M(ωπ0)

Beam E

Δstat = (dsratio) |Δ−2 ln 𝔏=1

Benchmark Waveset = JP = ([1+](+), [1−](+))

Extracting DSRatio uncertainties
Partial Wave Analysis
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 dominant   decays through Natural exchange[1+](+) → b1

Fit Wave combos

Benchmark DS Ratio 0.2530 0.2650 0.2310

Consistent across four orientations PDG-2022

Partial Wave Analysis : Results
Extracted  propertiesb1

low | t | mid | t | high | t |

Fit Fraction[1+](+) Fit Fraction[1+](−)

Fit Fraction[1−](+) Fit Fraction[1−](−)



Desired kinematic range
51

Interplay between expert groups

Optimizations can be done in “Phases”

Design Parameters Objectives

Physics Events Detector Simulations Reconstructed Events
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Electron Ion Collider

• 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 
[arXiv:1212.1701]


• The Machine will be capable to perform


◦ High luminosity measurements (1033 cm-2 s-1  - 1034 cm-2 s-1 )


◦ Flexible center-of-mass energy range. √s = √4EeEp


◦ Deliver highly polarized electron (0.8) and proton/ light ion (0.7)


◦ Almost a 4𝞹 detector to measure particles scattering in all 
directions and at wide range of energies

https://www.bnl.gov/ec/
https://arxiv.org/abs/1212.1701
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Example: The ECCE Detector - the Tracking System

ECCE design was chosen as reference. Lots of updates/progress from Tracking WG (ePIC) since then.

Tracker System

AI been used to steer the design

arxiv:2205.09185, arxiv:2203.04530
η ≈ 0

η → ∞

https://arxiv.org/abs/2205.09185
https://arxiv.org/abs/2203.04530
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Example: The ECCE Detector - the Tracking System

Major change — BECAL — UofR significant contributor — Expertise from BCAL @ GlueX

Tracker System

AI been used to steer the design

arxiv:2205.09185, arxiv:2203.04530
η ≈ 0

η → ∞

BECAL

BECAL

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


Karthik Suresh JLUO 2024 Partial Wave Analysis on Neutral  Meson at GlueXb1-of-3655

Example: The ECCE Detector - the Tracking System

Tracker System

AI been used to steer the design

arxiv:2205.09185, arxiv:2203.04530

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


For the entire study 120-600k  tracks are simulated across  and  “bins”π− η p

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


Design Parameters Objectives

Physics Events Detector Simulations Reconstructed Events

Desired kinematic range
56

Detector simulation

• Parameterization


• Encode constraints 


• Encode Design params


• Integrate GEANT4
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Parametrization 
Parametrization is an essential part of an automated optimization:

● explores different designs

● avoids overlaps of volumes 

● encodes constraints 

Reference design

Ongoing R&D projective  η → ∞

η ≈ 0

η → − ∞

Variable pars; Fixed pars

Implementation of support 
structures with realistic 
material budgets 
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Constraints 

● Design Parameters (O(N)  10)


○ Based on an extensive parameterization.


● Constraints being used (n_const ≥  3)


○ HARD The minimum distance between 2 disks should be >= 
10 cm (giving room for services)


○ SOFT The Rmax-Rmin for the disks have to be multiple of 
3.00 cms and 1.8 cms (Tiling of pixels)


● Overlaps checks 


○ GEANT4 unstable when overlaps are detected in volumes.


○ Overlaps are checked for every design explored and penalized. 

≈

FST/EST Disks

Barrel Si Layer

Extensive details at arXiv:2205.09185

https://arxiv.org/abs/2205.09185
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The Design params for this case
FST/EST Disks

Barrel Si Layer

Extensive details at arXiv:2205.09185

https://arxiv.org/abs/2205.09185


60Monitoring — MLOps
Need for better visualizations 


Beyond 3D Pareto visualizations

How a distributed Optimization pipeline will look like?



The AIDE Project

61
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Implementing Objectives 
● Objective functions Average of Weighted 

Averages (n_obj ≥ 2)

○ Momentum resolution dp/p 

○ Theta resolution d𝜃/𝜃


○ Projected d𝜃/𝜃 at PID location.


○ Kalman Filtering inefficiency (improving the 
tracking reconstruction ability of the 
algorithm)


● Validation of the solutions

○ Validate by comparing optimal vs baseline d𝜑 

resolution, vertex resolution and reconstruction 
efficiency 

W
ei

gh
te

d 
su

m
 w

ith
 e

rr
or

s a
lo

ng
 p

Weighted sum with errors along 𝞰
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Implementing Objectives 

Robust fitting procedure 
in fine-grained phase-
space


Propagate uncertainties in 
fits throughout

x̄η =
Σpxpwp

Σpwp

x̄ =
ΣNη

η x̄η

Nη

Avg in a  binη

W
ei

gh
te

d 
su

m
 w

ith
 e

rr
or

s a
lo

ng
 p

Weighted sum with errors along 𝞰



Checks performed

64
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Multi Objective Evolutionary Algorithms

• Inspired by Biological Systems.


• Semi heuristic in nature. 


• Quite successful in solving MOO problems.


• Embedding constraints relatively easier

Swarm Algorithms
Ant Colony optimization

Bees algorithm

Particle swarm optimization 

Cuckoo search

Differential Evolution

Cellular Automata

Genetic Algorithms
Default Genetic Algorithm

NSGA


NSGA-II

U-NSGA-III 
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Elitist Non-Dominated 

Sorting Genetic (NSGA)

Population

@(t+1)

Population

@(t)

Offspring

Front

[1] Deb, K., et al. "A fast and elitist multiobjective 
genetic algorithm" IEEE transactions on 
evolutionary computation 6.2 (2002): 182-197. 

This is one of the most popular approach 


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


● Use of an elitist principle


● Explicit diversity preserving mechanism


● Emphasis in non-dominated solutions

The population Rt is classified in non-dominated fronts. 


Not all fronts can be accommodated in the N slots of available in the new population 
Pt+1. We use crowding distance to keep those points in the last front that contribute 
to the highest diversity. 

The crowding distance di of point 
i is a measure of the objective 
space around i which is not 
occupied by any other solution in 
the population. 

This is to illustrate 


Binary Cross-over 
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AI assisted Detector design

67

MOEA Pipeline
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Multi Objective Bayesian Optimization

• Black Box Function


• Too expensive to computex
Design Parameters True Function

Y
Objectives

•  - continuous


•  - may be noisy

f

f

f
• Compute max/min ( ) with minimum evaluations


• Build up  to query — Estimation of distribution

f

f

Bayesian Optimization
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Multi Objective Bayesian Optimization

1. Choose a surrogate model 


2. Use Ground truth to update the surrogate 
model 


3. Using Acq. Function to predict next point for 
query


4. Go to 1. Until Convergence 

A brief explanation (extends to Multiple Dimensions)

Agnihotri & Batra, "Exploring Bayesian Optimization", Distill, 2020.

The Surrogate model


Posterior predictions


Usually based on GP

The Acquisition Function — 


Predicts “Improvement” when 

F(posteriors) = α(x)

x → x + ϵ

https://distill.pub/2020/bayesian-optimization/
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Multi Objective Bayesian Optimization 
● Ax - BoTorch


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


○ Builds surrogate models that maps objective space to design parameter 
space. 


○ Uses novel qNEHVI acq. function with reduced computational complexity 
arxiv:2105.08195.


● Implementation


○ 1 Level Parallelization (  120cores)


○ N_objectives = 2


○ BATCH_SIZE - 3 (q)


○ N_BATCH - 50


○ qNEHVI + SAASBO*  

≈

Interactive Visualization of the result

*SAASBO ~ O(N^3) 

good for high design dimensions but 

not recommended beyond a few hundred evaluations 

Proof of concept

https://arxiv.org/abs/2105.08195
https://ai4eicdetopt.pythonanywhere.com
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MOEA or MOBO ?

○ Has been widely used for solving MOO problems


○  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”

↑ ↑ ↓

↔

○ 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

→

MOEA MOBO
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ECCE Results :Phases of 
Optimization

Tracker Optimisation timeline.


● 1: Barrel +  technological choices. - Chose technologies


● 2: Barrel+Disks. W/O support structures. - Identified holes in Disks, Cylinder rearranged 
— no double layers


● 3. Barrel+Disks. With fixed support structures. - Disks rearranged


● 4. Barrel+Disks and support structure. - Projective Geometry


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

updated configurations with any additional 
requirements

Optimisation phases

Phases of 
Optimisation

1

2

3

4

5

72
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ECCE Results : Analyzing results
Can take a snapshot any time during evaluation

1 2

3

4

Updated Pareto Front at time t

Each point is a design

Analysis of Objectives (momentum resolution, angular resolution, KF Efficiency)
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Post-hoc validation on physics observables

The  invariant mass obtained from the SIDIS events with updated baseline and optimized 
projective geometry. A region of eta that is sensitive due to considerable materials for support 
structure was also taken in to account for this optimization. 

π+K−
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Fitting Procedure

• For resolutions


• Plot distributions of resolution in bins of eta and p


• Fit with a double gaussian function


• Set A1 or 2 (Amplitude) to 0 if the fit value of A is less than 1% of the A2 or 1 


• Set 𝜎1 or 2 to 0 if it is greater than the x axis extent of the histogram


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


• For Global KF Inefficiency


• Calculate the total number of tracks with trackID<0 for the entire simulation


• Global_KF_Inefficiency = No_of_tracks(trackID<0)/Total_Events
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Performance of the 


chosen Solution

Example of solution

0

R = 1

Optimal Detector Design Solutions

Petal Diagram


Better N_objs > 3

Inferring solutions at any stage of optimization
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KF Inefficiency Improvement ● Optimal/baseline -1


● Baseline Ineff
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Evolution of Detector Performance (ECCE)

KF Efficiency Polar Angular Reso

\
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Second tier backups
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Highlights of this optimisation

● Finer eta bins and momentum bins

● Includes almost all of the tracker subsystems for optimisation

● Includes optimisation of the support structures too

● Baseline detector setup corresponds to a projective design which itself is a result of 
previous phases of optimisation

● More optimisations with Bayesian based approaches are also carried out currently.
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MOO details

• Validating convergence. 


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


• Look into objective space. And perform cluster analysis on them


• Make a custom metric to analyse convergence. 


• Hypervolume 


• The volume of the First front w.r.t a reference point


• Bayesian Optimization


• Used When the evaluation of each point is resource intensive. 

Hyper volume definition
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Backups level 2

85
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Standard Model of Elementary Particles
three generations of matter

(fermions)

I II III

interactions / force carriers
(bosons)

mass

charge

spin

Q
U

A
R

K
S

u
≃2.2 MeV/c²

⅔

½

up

d
≃4.7 MeV/c²

−⅓

½

down

c
≃1.28 GeV/c²

⅔

½

charm

s
≃96 MeV/c²

−⅓

½

strange

t
≃173.1 GeV/c²

⅔

½

top

b
≃4.18 GeV/c²

−⅓

½

bottom

LE
PT

O
N

S

e
≃0.511 MeV/c²

−1

½

electron

νe
<2.2 eV/c²

0

½

electron
neutrino

µ
≃105.66 MeV/c²

−1

½

muon

νµ
<0.17 MeV/c²

0

½

muon
neutrino

τ
≃1.7768 GeV/c²

−1

½

tau

ντ
<18.2 MeV/c²

0

½

tau
neutrino G

A
U

G
E 

B
O

SO
N

S
VE

C
TO

R
 B

O
SO

N
S

g
0

0

1

gluon

γ
0

0

1

photon

Z
≃91.19 GeV/c²

0

1

Z boson

W
≃80.360 GeV/c²

±1

1

W boson

SC
A

LA
R

 B
O

SO
N

S

H
≃124.97 GeV/c²

0

0

higgs

86

Describes the three forces in nature


• Strong Nuclear Force


• Weak Nuclear Force


• Electromagnetic Force 

Successful theory by far in Physics

The Standard Model of Physics
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Weighing events in detail

CEBAF @ TJNAF

12GeV  in 4ns bunches e− γp → (ωπ0)p → (π+π−π0

1)π0
2 p

Photoproduction of  at GlueXωπ0
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The Standard Model of Physics

88

Theory of Strong interactions : Quark Model Meson Nonets

Iz = − 1 Iz = −
1
2

Iz = 0 Iz = + 1Iz = +
1
2

Pseudo Scalar Meson (S = 0) Nonet

Iz = − 1 Iz = −
1
2

Iz = 0 Iz = + 1Iz = +
1
2

Vector Meson (S = 1) Nonet
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Summary of flux tube model

89

• Proposed by Nathan Isgur and Jack Paton by 


• Analogy — 


• Two quarks connected by a elastic rubber band


• When pulled apart, it gets stretched 


• The stretched region is called as flux tube


• More stretched — more potential energy 


• ||ly, the more farther the quarks the harder the flux 
tube pulls them back


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

1985†

qq̄

Phys. Rev. D 31, 2910 – Published 1 June 1985†

arXiv:hep-ph/9904330

Energy Density
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Summary of Lattice QCD

90

• Develops from Path Integral formulation


• Compute all possible “paths” btw ‘A’ & ‘B’


• Idea of MC Integration


• The Lattice is grid of space time


• Quarks are building blocks at each lattice point


• Gluons mediate between the lattice points


• Lattice spacing ‘a’ gets smaller, computation 
becomes exponentially costlier 

A B

NNPSS-2022 MIT

http://web.mit.edu/2022nnpss/lectures/MKM_NNPSS_2022_MIT_Lecture1.pdf
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The Standard Model of Physics

91

Theory of Strong interactions : QCD

• Color Confinement


• No “free” quarks can be observed


• All hadrons are color neutral.


• Asymptotic Freedom (Interaction Strength )


• Non-Perturbative - Large distance (Low Energy)


• Lattice QCD - successful due to modern computing


• Perturbative - Small distance (High Energy)

αs

Particle Data Group Review of Particle Physics,


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

Interaction Strength as a function of Energy Scale

Key outcomes
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Recent Lattice QCD work on ωπ

92

• Studies the decay of  to 


• With  and 


• Computed  mass is  


• DSRatio computed at the above mass

b1 ωπ

mπ = 391MeV as = 0.12fm

b1 1380MeV
PHYSICAL REVIEW D 100, 054506 (2019)

https://inspirehep.net/files/239925f9e9c0aa1f06590aee66cfcea8
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The lightest meson tension

93

• Experiments reported measuring Exotic  
through 


• E852 Collaboration 


• Crystal Barrel Collaboration 


• Experiments also reported measuring Exotic 
 through 


• E852 Collaboration


• VES Collaboration


• COMPASS

π1(1400)
ηπ

π1(1600) η′￼π

M(π1) = 1564 ± 24 ± 86 Γ(π1) = 492 ± 54 ± 102
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Model Metric:


• Likelihood Ratio Test (LRT) - impact of adding additional parameter





• Akaike Information Criterion (AIC) - favours a more complex model





• Bayesian Information Criterion (BIC) - penalizes a complex model


LRT =
NLLalternate − NLLbenchmark

NPARalternate − NPARbenchmark

AIC =
2 × NLL + 2 × NPAR

N

BIC =
2 × NLL + 2 × ln(N ) × NPAR

N

Validate methodology using synthetic data (Signal MC)

1p

1p1mPos

0mNeg1p1mPosIso

Lets get to Fitting: How to best choose a waveset ?
Partial Wave Analysis
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Comparing previous experiments

95

E852 Results

•  beam so ; Need to have spin flip for 
exotic production


• 4 dimensions, No  in Intensity


• Cannot distinguish parity exchange Natural or 
UnNatural.

π S = 0

Φprod

•  beam so , behaves like Vector meson; direct 
Exotic production


• 5 dimensions,  in Intensity had to be encoded


• Can distinguish between Natural and Unnatural 
Exchange


• Larger number of fit parameters to be included

γ S = 1

Φprod

GlueX

Natural Partiy , UnNatural Parity P = (−1)J P = (−1)J+1
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The  Mesonb1

96

ω

π

b1

L Wave
0 S
2 D

JPC 1− −

IG 0−

JPC 0− ±

IG 1−

JPC 1+ −

IG 1+

Why study  mesonb1
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Why include Barrier Factor

97
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Data Selection Cuts

98

More on Chapter 5 Thesis.



Karthik Suresh JLUO 2024 Partial Wave Analysis on Neutral  Meson at GlueXb1-of-36

Lambda cut

99
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Signal MC 

100

• Generated Signal MC with 2 resonances


•   wave ( , )


•  wave ( , )


• After Fitting, check for fit fractions and relative phases between different waves


• Compare to what was generated to validate


• More on Chapter 6 in Thesis

1+ b1 M = 1.235GeV Γ = 0.14GeV

1− ρ M = 1.465GeV Γ = 0.4GeV
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AmpTools

101

Working schematic

Compute Intensity using params

Estimate the likelihood


−2 ln(𝔏(θ)) = − 2(
N

∑
i

ln I(x; θ) − ∫ I(x; θ)η(x)dx)

Use MINUIT to choose next step

Use MC Integration technique

Embed efficiency η(x)

Estimate min Distance

If Stopping criteria Return

Randomly initialize params

Make , ,  cut| t | M(ωπ0) Eγ

N Randomized Fit
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PWA-Why not mass dependence

102

Greater Model dependence — So additional systematics


Already will make an assumption about the domination of  in the region


Solution — Piecewise hybrid solution


But stick with independent as much as possible. 


Mass has smaller systematics compared to Fit waves

b1



Karthik Suresh JLUO 2024 Partial Wave Analysis on Neutral  Meson at GlueXb1-of-36

Fit Projections in decay angles

103



Karthik Suresh JLUO 2024 Partial Wave Analysis on Neutral  Meson at GlueXb1-of-36

Fit Projections in decay angles

104

For each fit in each bin


 GeV
1.195 < M(ωπ0) < 1.275

0.15 < | t | < 0.30 GeV2
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Systematics analysis

105

Chapter 7 in thesis
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Systematics analysis - changing phase

106

D/S

eiϕD−SD/S

eiϕD−SD/S

eiϕD−SD/S

eiϕD−S



Karthik Suresh JLUO 2024 Partial Wave Analysis on Neutral  Meson at GlueXb1-of-36

Partial Wave Analysis : Results

107

Extending beyond  mass : Recipe to compute Yield — cross-section b1

•Repeat with Data selection


•Fits made 80 MeV bins in 


•Combination of waves upto 


•Model Selection criterion applied


•Data prefers a larger waveset higher mass 
region

M(ωπ0)

J = 3
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Partial Wave Analysis : Results

108

Extending beyond  mass : Recipe to compute Yield — cross-section b1

•Have fig reference to continuous fits.
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Partial Wave Analysis : Results

109

Extending beyond  mass : Recipe to compute Yield — cross-section b1

•Beyond thesis. Have the extended version.
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Partial Wave Analysis : Results

110

Extending beyond  mass : Recipe to compute Yield — cross-section b1
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Partial Wave Analysis : Ongoing and Future work

111

low | t | mid | t | high | t |
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Partial Wave Analysis : Ongoing and Future work
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Partial Wave Analysis : Ongoing and Future work
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Partial Wave Analysis : Ongoing and Future work

114

• Analyze the effect of  contribution

• Analyzed various  cut

• Vanhove analysis based cut? — Statistics 


• Systematics on Data Selection cuts

• KinFit CL cut

• Accidental subtraction 

• 2D-  side band subtraction


• More rigours model selection

• Lasso based regularization in cost term

• Feature importance metric — DataScience 


•  Independent fits in wide  range

• Extract Yield

• More systematics — Extract cross-section

• Extract cross section

M(pπ0)
M(pπ0)

↓

ω

M(ωπ0)

M(pπ0) > 1.5 [GeV] M(pπ0) > 1.6 [GeV]

M(pπ0) > 1.7 [GeV] M(pπ0) > 1.8 [GeV]

Roadmap for publication
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Parametrization 
Parametrization is an essential part of an automated 
optimization:

● explores different designs

● avoids overlaps of volumes 

● encodes constraints 

Reference design

Ongoing R&D projective  
η → ∞

η ≈ 0

η → − ∞

Variable pars; Fixed pars

Implementation of support structures with 
realistic material budgets 
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Constraints 

• Design Parameters (O(N)  10)


• Based on an extensive parameterization.


• Constraints being used (n_const ≥  3)


• HARD The minimum distance between 2 disks should be >= 
10 cm (giving room for services)


• SOFT The Rmax-Rmin for the disks have to be multiple of 
3.00 cms and 1.8 cms (Tiling of pixels)


• Overlaps checks 


• GEANT4 unstable when overlaps are detected in volumes.


• Overlaps are checked for every design explored and penalized. 

≈

FST/EST Disks

Barrel Si Layer

Extensive details at arXiv:2205.09185

https://arxiv.org/abs/2205.09185
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Implementing Objectives 

● Objective functions Average of Weighted 
Averages (n_obj ≥ 2)

○ Momentum resolution dp/p 

○ Theta resolution d𝜃/𝜃


○ Projected d𝜃/𝜃 at PID location.


○ Kalman Filtering inefficiency (improving the 
tracking reconstruction ability of the 
algorithm)


● Validation of the solutions

○ Validate by comparing optimal vs baseline d𝜑 

resolution, vertex resolution and reconstruction 
efficiency 

W
ei

gh
te

d 
su

m
 w

ith
 e

rr
or

s a
lo

ng
 p

Weighted sum with errors along 𝞰
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Implementing Objectives 

Robust fitting procedure 
in fine-grained phase-
space


Propagate uncertainties in 
fits throughout

x̄η =
Σpxpwp

Σpwp

x̄ =
ΣNη

η x̄η

Nη

Avg in a  binη

W
ei

gh
te

d 
su

m
 w

ith
 e

rr
or

s a
lo

ng
 p

Weighted sum with errors along 𝞰
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AI assisted Detector design

119

η ≈ 0

Life cycle of design

Design Parameters Objectives

Physics Events Detector Simulations Reconstructed Events

MOEA

MOBO

etc….

What is Pareto optimization

● Multiple “objectives”


● Momentum resolution


● Angular resolution


● O(10) design parameters


● Embed constraints as well

AI been used to steer the design

arxiv:2205.09185, arxiv:2203.04530

● Ax - BoTorch


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


○ Builds surrogate models that maps objective space to 
design parameter space. 


○ Uses novel qNEHVI acq. function with reduced 
computational complexity arxiv:2105.08195.


● Implementation


○ 1 Level Parallelization (  120cores)

○ N_objectives = 2

○ BATCH_SIZE - 3 (q)

○ N_BATCH - 50

○ qNEHVI + SAASBO 

≈

Interactive Visualization of the result

https://arxiv.org/abs/2205.09185
https://arxiv.org/abs/2203.04530
https://arxiv.org/abs/2105.08195
https://ai4eicdetopt.pythonanywhere.com
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Analyzing results
Can take a snapshot any time during evaluation

1 2

3

4

Updated Pareto Front at time t

Each point is a design

Analysis of Objectives (momentum resolution, angular resolution, KF Efficiency)
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Best Model for GlueX Phase-I Data : 
 — Benchmark dsratioJP = ([1+]+, [1−]+)

ΔN = 1

ΔN = 31ΔN = 2

Lets get to Fitting: How to best choose a waveset ?
Partial Wave Analysis

1p1mPos

0mNeg1p1mPosIso
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Standard Model of Elementary Particles
three generations of matter

(fermions)

I II III

interactions / force carriers
(bosons)

mass

charge

spin

Q
U

A
R

K
S

u
≃2.2 MeV/c²

⅔

½

up

d
≃4.7 MeV/c²

−⅓

½

down

c
≃1.28 GeV/c²

⅔

½

charm

s
≃96 MeV/c²

−⅓

½

strange

t
≃173.1 GeV/c²

⅔

½

top

b
≃4.18 GeV/c²

−⅓

½

bottom

LE
PT

O
N

S

e
≃0.511 MeV/c²

−1

½

electron

νe
<2.2 eV/c²

0

½

electron
neutrino

µ
≃105.66 MeV/c²

−1

½

muon

νµ
<0.17 MeV/c²

0

½

muon
neutrino

τ
≃1.7768 GeV/c²

−1

½

tau

ντ
<18.2 MeV/c²

0

½

tau
neutrino G

A
U

G
E 

B
O

SO
N

S
VE

C
TO

R
 B

O
SO

N
S

g
0

0

1

gluon

γ
0

0

1

photon

Z
≃91.19 GeV/c²

0

1

Z boson

W
≃80.360 GeV/c²

±1

1

W boson

SC
A

LA
R

 B
O

SO
N

S

H
≃124.97 GeV/c²

0

0

higgs
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This talk focuses on  
Light Hadron Spectroscopy

The Standard Model of Physics
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Post-hoc validation on physics observables

The  invariant mass obtained from the SIDIS events with updated baseline and optimized 
projective geometry. A region of eta that is sensitive due to considerable materials for support 
structure was also taken in to account for this optimization. 

π+K−


