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The hadron spectrum

* Hadrons are an emergent phenomenon of QCD at low energies (non-perturbative regime)
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The hadron spectrum

* Hadrons are an emergent phenomenon of QCD at low energies (non-perturbative regime)
* Most hadrons are short-lived resonances
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The hadron spectrum

* Hadrons are an emergent phenomenon of QCD at low energies (non-perturbative regime)
* Most hadrons are short-lived resonances
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The heavy hadron spectrum... before 2003
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The heavy hadron spectrum... after 2003
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Challenges in the light sector

Experimental observations (PDG)
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* Can’t use simplistic resonance extraction techniques (e.g. Breit Wigner fits)

* Need for amplitude level analyses
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The A(i)DAPT collaborative effort

- Experimental data are distorted by detector effects = must be unfolded to extract physics
- Traditional observables may not be adequate in multidimensional space (correlations)
- Modern experiments produce large datasets, which can be difficult to manipulate/preserve

Theorists LPAC @?N Experimentalists
<0
Clasy
sk R%

A(i)DAPT

Al for Data Analysis and PreservaTion

Develop Al tools to:
n

ML experts ODU JefferSon Lab * Accurately fit data in multiD space
* Unfold detector effects
M. Battaglieri, Y. Li, A. Pilloni, N. Sato, A. Szczepaniak, * Quantify the uncertainties

D. Glazier, L. Bibrzycki, G. Montana, G. Foti, J. Xu,

T. Alghamdi, T. Vittorini, and others * Move from cross sections to amplitudes
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From data to amplitudes and resonance properties

Forward

: m, I :

Properties of
resonances

<

Scattering amplitude Probability distribution Detector response Observed events

Backward
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Unfolding of detector effects

Unfold
detector effects
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Unfolding of detector effects

Unfold
detector effects
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Unfolding of detector effects /

Unfold
detector effects
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Unfolding of detector effects /

Unfold
detector effects
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Amplitude level unfolding

2

b
AN

The A is the fundamental quantity of interest in hadron reactions:
> Encodes the underlying dynamics of the interaction

& Is a complex quantity: magnitude + phase
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Amplitude level unfolding
The o is an experimentally observable quantity:

> Related to |4|? (phase information is lost)

b
AN

2

The A is the fundamental quantity of interest in hadron reactions:
> Encodes the underlying dynamics of the interaction

& Is a complex quantity: magnitude + phase
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Amplitude level unfolding
The o is an experimentally observable quantity:

> Related to |4|? (phase information is lost)

b
AN

2

The A is the fundamental quantity of interest in hadron reactions:
> Encodes the underlying dynamics of the interaction

& Is a complex quantity: magnitude + phase

= lll-posed inverse problem

Gloria Montaia (U. Barcelona)



Properties of scattering amplitudes

S-matrix theory

Gloria Montaia (U. Barcelona)



Properties of scattering amplitudes
S-matrix theory —— Fundamental principles of scattering

* Rotational invariance = Partial wave expansion

oo

(out|T'|in) = A(s,cosf) = Z(QE + 1) fe(s) Pe(cos 0) > > <
=0
1
Jo~ _mQR
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Properties of scattering amplitudes
S-matrix theory —— Fundamental principles of scattering

* Rotational invariance = Partial wave expansion

oo

(out|T'|in) = A(s, cosf) = Z(Qﬁ + 1) fo(s)Pe(cos @)

(=0
* Probability conservation = Unitarity
SST =1 — Tmfy(s) = | fe(s)|?

Gloria Montaia (U. Barcelona)



Properties of scattering amplitudes

S-matrix theory —— Fundamental principles of scattering

* Rotational invariance = Partial wave expansion

>
Coy B Resonances are characterized by poles
(out|T'|in) = A(s, cosf) = ;(26 + 1) fo(s)Pe(cos @) in the complex energy plane
=0
* Probability conservation = Unitarity o H
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Properties of scattering amplitudes
S-matrix theory —— Fundamental principles of scattering

* Rotational invariance = Partial wave expansion

oo

(out|T'|in) = A(s, cosf) = 2(28 + 1) fo(s)Pe(cos @)

(=0
* Probability conservation = Unitarity
SST =1 — Tmfy(s) = | fe(s)|?

* Causality = Analyticity

fo(s) = l/dS/D,iSCfE(ST)

S — S — 1€

T a
% Existence of antiparticles = CrSOSSIng symmetry h— ~— :@i :@i

A(s,cosbs) = A(t,cosby;) = Z(QE + 1) fo(t) Pp(cos 0;)

£=0
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Build a generative approach informed by S-matrix principles
to reconstruct scattering amplitudes

* Generative model = Generative adversarial network (GAN)

* Physics case —> Pion-pion scattering

Gloria Montafia (U. Barcelona)

10



Generative models

TRAINING:

Training data: real cat images

(- \
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g ' | ' S Genet:t:ve During training:
o moade learns data distribution
[ /s _A B A ,.»JJ

GENERATION:
New cat image
(| )
Trained
Random noise @——> generative —_—>
2~ N(0,1) model
™ /)
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Generative models

Generative adversarial
network (GAN)

Variational autoencoder
(VAE)

Normalizing flow (NF)

Diffusion model (DM)

Gloria Montaia (U. Barcelona)
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: : 1
i elastic scattering D

Simplest physics case: elastic 2 — 2 of spinless particles

= Dominated by fy(500) and p(770) resonances

Model:
n=1
Partial-wave decomposition of the amplitude truncatedto n =1  A(s,cosf) = 2(26 + 1) fe(s) Py(cos )
. . . mel'y ¢=0
and Breit-Wigner type partial waves: f; = :
8 ypep / m? — s — imyly
A(s,cos8) = fo(s) + 3f1(s)cost ReA(s, cos6) ImA(s, cos )
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: : 1
i elastic scattering D

Simplest physics case: elastic 2 — 2 of spinless particles

= Dominated by fy(500) and p(770) resonances

Model:

n=1
Partial-wave decomposition of the amplitude truncatedto n =1  A(s,cosf) = Z(QE + 1) fo(s)Pr(cos0)
L . B mel'y £=0
and Breit-Wigner type partial waves: fr = mZ — s —imTy
A(s,cos0) = fo(s)+ 3f1(s)cosb Lo do/dQ 0030
] ] ) 0.75
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i elastic scattering

Unitarity relation

For the partial waves: Im f,(s) = | fi(s)|?

+1
fols) = % /_ P AG.2)

Unitarity check
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..... Ifo
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— M fy
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i elastic scattering

Unitarity relation

For the partial waves: Im f,(s) = | fi(s)|?

1.00 -
0754 7

0.50 -

0.00 -
—0.25 A1

—0.50 A

+1
1 / d2Py(2) A(s, 2)

Unitarity check

Gloria Montaia (U. Barcelona)

Im A(s, 2)

Integral relation for the full amplitude:

27 +1
/ do / i/ A(s, 2V A* (s, 2")
0 —1

2 =22 4+ /1 — 221 — 2/ 2 cos ¢



: : 1
i elastic scattering :

Unitarity relation

For the partial waves: Im f,(s) = | fi(s)|? Integral relation for the full amplitude:
1 +1 1 2 +1
feo(s) = 5/ dzPy(2)A(s, 2) Im A(s, z) = —/ dqﬁ/ dz' A(s,z")A* (s, 2")
-1 41 0 1
Unitarity check 2 =22 + V1 — 2241 — 2 2cos ¢
1.00 A

0754 7

Phase ambiguity: A(s,z) = —A*(s, 2)

0.50 -

0.00 +
—0.25 - \A/
—0.50 -
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i elastic scattering

Unitarity relation

For the partial waves: Im f,(s) = | fi(s)|?

+1
1 / d2Py(2) A(s, 2)

1.00 1
07547/
0.50 -

“  0.25-
0.00 +-

~0.25 -

—0.50 A

2J

Unitarity check
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Integral relation for the full amplitude:

1

27 +1
Im A(s,z) = E/o dqﬁ/ 1 dz' A(s, 2 ) A*(s,2")

2 =22 4+ /1 — 221 — 2/ 2 cos ¢

Phase ambiguity: A(s,z) = —A*(s, 2)

Phase shift monotonicity 150 1
(causality)
g 100
Im fo(s)
dp = at L ]
ﬁ a”(%ﬁ@ 01
ddy(s
ppy 0 o M
ds



GAN with physics constraints

- - =1

ENOREY Generator

N —

15

,m (ffl dQ) o ? real 1
P > el Discriminator [g ?|-
< < ImA (((4 dQ
T W e T
»
T backpropagation

: Physics constraints :
i inloss function 1

L=LcaN + ALy + AL
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Loss function

Adversarial loss: Mean squared error (LSGAN)

Unitarity loss:  Enforce unitarity by comparing the modulus squared of the numerical integral of the
scattering amplitude over angular variables to the imaginary part

N Ng; N,

1
L, = N NN ZZ; (‘ImA(s,z) — ReZ(s,2)| + ‘ImI(s,z)D
1 2m
I(s,z) = % /_1 dz'/o do (A(s,2")A(s, 2" (2,7, 9)) [cos O x ¢] = 64 x 10

Phase shift loss: Ensure the positive derivative of the phase shift (causality)

N
1
Lp, = N Zlog (max (0, —Ade(s)) + 1),

=1

Gloria Montafia (U. Barcelona)
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Training pseudodata
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Differential cross section from the model
with relative Gaussian noise N (0, 0cxp) (mimic experimental data)

o discretized 64 x 64, s € [(2m,)2,1 GeV?], cosf € [—1,1]

= normalized
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Training pseudodata

Base pseudodata
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(>
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Differential cross section from the model
with relative Gaussian noise N (0, 0exp)

> with additional noise N'(0, 0, )
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(augment around base image)
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The convergence challenge

Stabilizing the adversarial game

= Spectral normalization to prevent runaway gradients

> Asymmetric learning rates (LR, < LR() and label smoothing (real = 0.9) to avoid over-confident discrimator
= Dropout in D after each conv block

> LSGAN (MSE) instead of BCE (non-saturating gradients far from the decision boundary)

Multi-loss optimization

> PCGrad gradient surgery: physics gradients are projected onto the ortogonal direction when they conflict
before optimization

Convergence detection (based on L,,,it)

= Early failure detection: abort the trial and restart training (up to 5 restarts before declaring failure)

= Early stopping

& Learning-rate reduction near the minimum

Gloria Montafia (U. Barcelona)



Preliminary results: cross section

Mean over 10 trained GAN, with 10 generated samples per GAN (100 total samples)
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Preliminary results: amplitude

Mean over 10 trained GAN, with 10 generated samples per GAN (100 total samples)
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Preliminary results: amplitude

Mean over 10 trained GAN, with 10 generated samples per GAN (100 total samples)
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o =0.05

o=20.10
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Preliminary results: pull histograms
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Preliminary results: partial waves ¢ = 0, 1
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o = 0.05

f2(s) (mean +20)

0.04

— Refy = R

— I

0.02 A

0.00 1-

—0.02 A

—0.04 -

—0.06 -

0.25 0.50 0.75 1.00
s(GeV?)

fa(s) (mean £20)

— Refy == [

|1 fy

0.02 1

0.01 -

0.00 1+

—0.01 A

0.25 0.50 0.75 1.00
s(GeV?)

Gloria Montaia (U. Barcelona)

Preliminary results: higher partial waves

f3(s) (mean +£20)

0.02

0.01 A

0.00 1

0.01 A1

0.02 A1

—0.03 ~

-= I

w— Re fy
— M

0.25 0.50 0.75 1.00
s(GeV?)

fs(s) (mean x£20)

0.02 1

0.01 +

0.00

—0.01 A1

|
'\V}WMA
Lok

— Refs == i

e M f5

0.25 0.50 0.75 1.00
s(GeV?)

o =20.10

f>(s) (mean +20)

0.100 —-= IR

— Ref
— mh
0.075 A1
0.050 A
0.025 A1

0.000 A :
-0.025 -
—0.050 -

—0.075 A

025 050 075 1.00
s5(GeV?)

fa(s) (mean +20)

—_— Refy == |G

0.04 1

—hm fy

0.02 1

0.00 1+

-0.02 A

—-0.04

025 050 075 1.00
5(GeV?)

f3(s) (mean %20)

0.08 -
0.06 1
0.04 -+
0.02 A1

0.00

—-0.02 1
—-0.04 1

-= 6P

— Refs
—imfy

025 050 075 1.00
s(GeV?)

fs(s) (mean +20)

0.03

0.02 1

0.01 1

0.00 1

—-0.01 A

—-0.02

—-0.03 A1

— Refy == I

— imf

025 050 075 100
s(GeV?)

23



Conclusions & outlook

* Amplitude reconstruction from cross section is an ill-posed inverse problem
* Generative models with S-matrix constraints to solve it
* Can handle noisy pseudodata
* Questions:
> Can we scale to inelastic scattering (nr <> KK)?
channels with spin (yp = ©N)?
2 — 3 reactions?
> Apply to real experimental data from Jefferson Lab

* GANSs are difficult to train: consider alternative generative models

Gloria Montafia (U. Barcelona)
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