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Physics

Description of systems using mathematical
models verified directly or indirectly against
physical observables.

System —

Model = f(%;0)
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Many classes of models:

Classical mechanics,
electricity and magnetism,
quantum mechanics, statistical
mechanics, ...
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Fundamentals

A B vy u'
© O —» -
"Rest" Observer Moving Observer  Projectile fired by B
U = velocity of projectile i ' = velocity of projectile
as seen by A as seen by B
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Fundamentals
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Fundamentals

When/why do we need something more than
classical mechanics?

y A y/h

Speed

Controlled by the speed of light: C

- The speed of light is constant in all frames!
/ - Physics should be independent of frame.

O 0/ r iB
VKL C V~ C

/
o ? Galilean = Lorentzian

o = y(z—uvt), ¢ =~ (t _ Y $) - 1 (non-relativistic) (relativistic)
c? V1—v2/c?
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Fundamentals

When/why do we need something more than
classical mechanics?

E2 _ p262 + mZC4 Speed

Controlled by the speed of light: C

. T _ /

Time dilation: At R ’)/At - The speed of light is constant in all frames!

L’ - Physics should be independent of frame.
Length contraction: [, = —

~

¥ =z —ot), t =~ (t _ Y $) L oy = ! (non-relativistic) (relativistic)
c? V1—v2/c?
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Fundamentals

Baseballs . '
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Fundamentals

Water waves
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Electrons,
Photons
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Fundamentals
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Fundamentals

When/why do we need something more than
classical mechanics?

. double — slit sereen
Size/Scale \
, electron/photon
Controlled by Planck’s constant: ﬁ beam gun €
Matter is wavelike! U INSSac g [ >

_27Tﬁ d> A d~ \

A = ——, classical = quantum
MU  (deterministic) (probabalistic)

interferA
pattern
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Fundamentals
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Fundamentals
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Fundamentals

.. ‘
| ’
| - by
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Fundamentals

A~ 10"°%m
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Fundamentals

A~ 10"m
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Fundamentals

A~ 107" m ~ MeV

Radium

Tony Menzo Rare lepton decays and differentiable hadronization models 18



Tony Menzo

Synchrotron

Fundamentals

A~ 107" m ~ GeV
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Fundamentals

—18
SLAC-MIT experiment A~ 10 m ~ 20 GeV

i -f'-‘. --l-r'.miH'I 'I_'Lluﬂﬁ

pE—

2
Proton ="up"quark  +3¢€

U
D ="down" quark -lse

Neutron
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Fundamentals
A~ 107m ~ 7TeV

proton 1 proton 2
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Fundamentals

When/why do we need something more than
classical mechanics?

° CRYSTAL ATOM ATOMIC ELEMENTARY SUBELEMENTARY
Sl zZe / Sca |e MOLECULE NUCLEUS  PARTICLES
HADRONS
The degree of freedoms and dynamics . MESONS (rk...) LEP%NS
change as length scale decreases \ ] " @.ILT Ve,V Ve
(energy increases). '\ RARAE
: BARYONS
\'/ ‘ o
P NUCLEI
Theory is inherently scale-dependent. \3&@2;3)
PROTON
E =27h/L NEUTRON
1cm 108 cm 102¢em ~103 em ~105 cm
~eV ~1000 eV MILLION eV (MeV) BILLION eV (GeV)
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Fundamentals

When/why do we need something more than

° M ?
classical mechanics” High Energy Physics

: Sl 1O QUG | SRRy suemeveTARY
Size/Scale :
I HADRONS
The degree of freedoms and dynamics I MESONS (rk..) o

LEPTONS

change as length scale decreases \l‘ ) " & LT Va Yy Ve

(energy increases). POINTLIKE
BARYONS

|
AN

NUCLEI o QUARKS

v,c,d,s,b,(t)
| I PROTON
E :| 27Th/L NEUTRON

1cm 108 cm 102 em ~10"% cm ~1015 cm
~eV ~1000 eV MILLION eV (MeV BILLION eV (GeV)

Theory is inherently scale-dependent.
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High Energy Physics (HEP)

What is the model?

Group theory

Quantum mechanics

Field theory

> Relativity
Gauge theory

Complex analysis
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High Energy Physics (HEP)

What is the model?

Group theory Ingredients:

* Symmetries

* Field content (particles)

* Lagrangian (interactions)

Quantum
mechanics

Field
theory
Relativity
Gauge Complex
theory analysis
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High Energy Physics (HEP)

The Standard Model

STRONG VERTICES

Standard Model of Elementary Particles J 9
three generations of matter interactions / force carriers I n re i e n S o
(fermions) (bosons) g d t
[ I Il g g .
mass =216 MeV/c? *1.273 Gev/c? 17257 Gev/c? 0 ~125.2 Gev/c? q g S 4
charge | % % % . t
’ spgln ;z u ‘;z © ‘2 t ? g ﬁ H WEAK VERTICES ym I I l e r I eS
= . f o o
up charm top gluon higgs F Id t t t I
o ) ° rleid content (particies
=4.7 MeV/c? =93.5 MeV/c? *483 GeV/c? 0
- - -% 0 [ [ d [ ]
‘'@ 'O 0 || @ z * Lagrangian (interactions)
down strange bottom photon | f Vel V| Ve
ELECTROMAGNETIC VERTEX ~ ELECTROWEAK VERTICES

=0.511 MeV/c? =105.66 MeV/c? =1.77693 GeV/c? =91.188 GeV/c? W WIZ/,y
= =1 =i 0
2 e % u 1z T 1 Z J

electron muon tau Z boson i
<0.8 eV/c? ;017 Mev/c? ;1&2 MeVv/c2 ;80.3692 Gev/c? W WIZ)/

Ve » (VR » (VT ! V\L
electron muon tau y | N ’
neutrino neutrino neutrino a b°§°" , " H AN e Ms
N A s 4
..... PY °
H ., 7 N S
4 A Y
m H- ‘ N sMpg
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High Energy Physics (HEP)

The Standard Model
Stan
| Ingredients:
=g " Decay rates « Symmetries
| * Field content (particles)

* Lagrangian (interactions)
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High Energy Physics (HEP)

The Standard Model

Standard Mogq

) .-.,:-CH:'-,_ l.'_ij_t\_.. |:':___._ I:l-_'r Er
three generatio o ¥ [
- f L _@ Ingredients:
mass | =216 MeV/c? =1.273 GeV/] "1:'_\-\'\'\'- _ ".T f o
S Y CY N (Z) N CIN A@p ;@&I ’ « Symmetries
up ‘ char lifl I|-| I| i ° ° °
— goR g -[-2? {(ﬁam P Tm Field content (partlc!es)
'@ | € e ¥  Lagrangian (interactions)
down J stran| iy - — cmem e g
11 Mev/c? = ~105.66 MeV, II:::..-F. LI-:?.I- 'l '-r‘""lr:l'.l.' Jf?ﬂ:}'b“‘.?\l ll:l-::ﬂ ?'." 'II'-.-.':-‘-l:'-E"'-\l\-T\.:\:.-\l\-"lI
/1 e /w m {3} ~ IEH: . ifh} o ||::.-;._ - |'-.'_ B Wizy
electron muo| F— . £ 3 . 4
::%‘ ;o.eev/\c; ;0A17Mev\//c1 WlZ/)/
= = e % H
T el | ms
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High Energy Physics (HEP)

The Standard Model

Observation

A
. Y
Pgrtlcles, . —> Prediction

Kinematics T o
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HEP - Phenomenology

Physics beyond the
Standard Model (BSM)
Observation
A
: \/
Particles, __, —  Prediction

Kinematics o
, O
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HEP - Experiment

Searching for BSM
Precise counting!

* Energy frontier: Collide at high energy collisions and
search for new particle production

* Intensity frontier: Look for rare processes through large
statistics

Tony Menzo Rare lepton decays and differentiable hadronization models
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My dissertation

PART | - Rare lepton decays: Inserting new physics and looking for probeable
signals at the intensity frontier

New physics in multi-electron muen decays Effective theory tower for 1 —+ ¢ conversion
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My dissertation

PART Il - Methods to improve simulations of particle collisions at the energy
frontier

Madeling hadronieation using machine

. Tossy Misse 17, Aluoeal Yonisnl ', 0
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Can Fietig 8 Madruasmitin

e
exmreuam e .

S —

ALLIT

[ Scipust Playsics | Submission

9 Mar

Subsibisian

Pust-hae reweighting the Lund
o

Magoy Pram
Bl s i
LR,

rXiy

mrersinal gov, woewcreiucnuiluc eds, *michasl wlkinezrar ads, ‘yunsadBicm ac e
mupnjeucmai e sds

A Pubiic cude Alstract
Furthee dotails an auemali

Tony Menzo Rare lepton decays and differentiable hadronization models 33



Honorable mentions — Optimal transport based observables for CP violation,

My dissertation

and new physics at fusion reactors

Tony Menzo

FREPARED POk sumsiissice: 7o THEP MIT-CTF GELG

Searching for exotic scalars at fusion reactors
Earth mover’s distance as a measure of CP violation

rick," = Tuny Manze, Yetam Sorn,” Sokeatis
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Outline

1) Introduction to charged lepton flavor violation

2) Fun signatures at rare muon decay experiments

® Multi-electron final states, exotic muon capture modes, time-dependent signals from ultralight dark
matter

3) Introduction to event generators, hadronization

4) The inverse problem of hadronization

® Pure ML solutions, hybrid solutions

5) Conclusions

6) Acknowledgements
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Sign:'altures of new physics inrare
. lepton decays :

/
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Standard lore - CLFV

* The Standard Model (SM) has an accidental global flavor symmetry
U(l)e xU(1), xU(1),

« Because m, # 0 charged-lepton-flavor violation (CLFV) can occur at

one-loop
Y BYe! x 2 * 2 (2 —54
W BR(pu — ey) ~ W‘UMBU@BAm?’l + U,2UZAm5,|* ~ 10
w
KL 2
HUR > €L BR(u — eee) ~ 2 1og mg —3 | x BR(p — e7v)
3 ms
Y Ve CR(uN — eN) ~ a x BR(u — ev)

Bottom line: Observing CLFV = new physics
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Standard lore - CLFV

n occur at

* 2 12 o —54
p2 eQAm21| ~ 10

orad
'I“ g 3) x BR(u — e7)
ell

(1 — ev)

 The Standar 10°
m A cosmic u
1072
I 4
P 5 L e e—rtr
- 10 7 beam -
o N ... ®
)
* Becausemy| & * o
one-loop = s o ‘
- Ci.. Lt beam
1010 Ce
A Ve .
. oA A
107 & u—ep @ AR .
| B MEG
. )“ — (J:y QH\DRL_A\I 2 i 5 & &
IR ., ML i | e s SINDRUMII O MEG Up
& A UN— eN DeeMe A O Mu3e
. 10 A O Muj
H : T_'Zﬂ Mu2e/COMET 11 A
108 T L9 Mu2e I/PRIME A
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
E Year
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1. Production

\%

kK —=1I

/Pﬁfuction target

2. Transport

Tony Menzo (U. Cincinnati)

3. Stopping

Stopping target

Rare lepton decays and differentiable hadronization models

39



4. Detection (phenomenology is influenced by detector)

Mu3e (p*) * requires pr>10 MeV

B=1T

* requires pr> 90 MeV

Tony Menzo (U. Cincinnati) Rare lepton decays and differentiable hadronization models
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(4 Vd
..0 6

Multi-electron muon decays

JHEP 10 (2023) 006, 2306.15631

Tony Menzo (U. Cincinnati) Rare lepton decays and differentiable hadronization models 11



Mu3e — Mube

* Mu3e will see ~10™ total muon decays from the
stopping target.

* With these statistics are there any other interesting
channels?

- What about p — 5e?

Tony Menzo (U. Cincinnati) Rare lepton decays and differentiable hadronization models 42



H — eeeeevVv
* SM background for Mube

From MG5: B(u™ — ete eTe et v.p,) = (3.929 4 0.001) x 107 ¢

B (,LL+ —ete ete et v, |all pgjfme > 10 MeV) = (1.4£0.1) x 10

~100s of u — 5evv events after cuts!

Tony Menzo (U. Cincinnati) Rare lepton decays and differentiable hadronization models 43



H — eeeee

 Higgsed U(1)o + SM portal via kinetic mixing

o%DS — (DM¢)TD#¢ — iFgVquu — FW/ ,m/ — (Qqub) - )\((Né)?

2
Cij -
Arv = — A 1) (LzH) Ej + h.c.
| Cv
\/ Yijg = A

pal

- h h
Z D —my L1l Ri (1 -+ ;) = yingiEthd(l + —) + h.c.,
()
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H — eeeee

* Leads to cascade decay

Tony Menzo (U. Cincinnati)
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Signatures

* Momentum of tracks must
be reconstructed from
energy deposits or ‘hits’ in
the layers of the detectors.

* 4 hits = short track
* 6+ hits = long track

1812.00741

|pe+| = 25.34 MeV

12.64 MeV

|pe+| = 14.78 MeV

10} 1
12.858 MNel

|pe+| = 18.42 MeV

|ps,| = 1.98 MeV

pv.| = 19.58 MeV

y,/mm

— 100
4 decays
0.01 (.02 0.03 .04 (.05

100

z/mm

—600

100

600

—100
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Signatures

et 2e~

[

10710

— All

et 2 2

]

118

== (Niiore =2)

« (N
%

e

NoTT

10—12

10-%

10—14 a

differential B

10715 ]

10—16 4

10717

3

10,10 3et 2e — Al
3et 2e” 2v === (Nfng =2)
=2 & (B 10 MeV) 10—11 NE  — 9 & (F . 10 MeV)
peais \*'Tong ST ETIIEE 7
SM o 10712 1 SM
NP - . NP
= 10
5, P
_______ = g b e S
‘&E 10—14 -
e
10715 ]
“““““““ —16 |
ARk 10 IR
i [ .
4 3 2 3 4 )

Number of short tracks

Tony Menzo (U. Cincinnati)

Number of long tracks
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Signatures

1079 5
-9 E
L e 3 3et 2e™ 20 (Nghort = 5 and Ene < 10 MeV)
O 3" 2 10-10 3¢t 2¢™ (Nghort =5 and Episs < 10 MeV)
3et 2™ 20 (Nanort = 5) ] 3et2e~2v [
10_11 ] et 2e” (Nshore = 5 1 et 2e~ [
gt
Nal E
o) — 3
— C@ 4
S é 10—12 ]
§ el %
= E 13 :
s T 107
| : [
10—LJ a 1 NP - |_
_ 1071 L
10—17 10_15 —— T T 1 l_|
100 0 20 40 60 80
Emissing/ MeV (EEL_ + F = ) / MeV
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-+ A

Mz, M, Mp, 1Mt wilson

’ DsixTools ‘

EFT tower for p — e conversion

—— 1T, ,
- A, ~1GeV MuonBridge

‘ MuonConverter ’ r@

2406.13818

\

l F(/j—> e)
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A trapped muon can... e

Tony Menzo (U. Cincinnati)

1. Decay in orbit & e

7]
2. Be captured by the nucleus

3. Convert to an electron Y

a)Mono-energetic electron signal (Ec = m,)

From heavy to light: new physics @ high-intensity u experiments
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A trapped muon can...

Tony Menzo (U. Cincinnati)

u Decay in Orbit Spectrum for #7Al

0.015

| Recoil Tail
JRi

Michel Peak

From heavy to light: new physics @ high-intensity u experiments
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(AZ) = (A,Z) e

2208.07945
(A’ Z ) e e Nuclear-level Effective Theory of i - ¢ Conversion:

Formalism and Applications

W. C. Haxton,"? Evan Rule,' Ken McElvain,' and Michacl J. Ramsey-Musalf**
* Department of Physics, University of California, Berkeley, California 9§720, USA
s4

— — — 2 Laurence Berkeley National Laboratory, Berkeley, California 94720, U
— ~J i 3Tsung-Dac Lee Institute and School of Physics and Astronomy,
q pz p f Shanghai Fiao Tong University, 860 Dongchuan Road, Shanghai 200240, China
f * Amherst Center for Fundamental Inferactions, Department of Physics,
University of A h Amherst, Massach 01003, USA

(Dated: April 4, 2023)

qo m~ 0 Over the next decade new j — e conversion searches at Fermilab (Mu2e) and J-PARC (COMET,

DeeMe) are expected to advance limits on charged lepton flavor violation (CLFV) by more than
four orders of magnitude. By considering the consequence of P and CF on elastic 1 — ¢ conversion
and the structure of possible charge and eurrent densities, we show that rates are governed by six
muclear responses and a single scale, g/my. where g = m,, is the momentum transferred from the
leptons to the nucleus. To relate this result to microscopic formulations of CLFV, we construct
in nonrelativistic effective theory (NRET) the CLFV nucleon-level interaction, pointing ont the
relevance of the dimensionless scales y = ()3 > [fiy| > [5.] > ||, where b is the nuclear size.
ity and §, are the nucleon and muon intrinsic velocities, and #y is the target recoil velocity. We
discuss previous work, noting the lack of a systematic treatment of the various small parameters.
Because the parameter y is not small, a proper calculation of g — ¢ conversion requires a full
multipole expansion of the nuclear response functions, an apparently daunting task with Coulomb-
distorted electron partial waves. We demonstrate that the multipole expansion can be carried out
to high precision by introducing a simplifying local momentum gur for the electron. Previous work
has been limited to simple charge or spin interactions, thereby treating the nucleus effectively as
a point particle. We show that such formulations are not compatible with the general form of
the y — € conversion rate, failing to generate three of the six allowed nuclear response functions.
The inclusion of the nucleon velocity yields an NRET with 16 operators and a rate of the
general form. Consequently, in the current discovery era for CLFV, it provides the most sensibl
starting point for experimental analysis, defining what can and cannot be determined about CLFV
from the highly exclusive process of p — e conversion. Finally, we expand the NRET operator
basis to account for the effects of ¢, associated with the muon's lower component, generating
corrections to the CLFV coefficients of the point-nucleus response functions. Using advanced shell-
model methods, we compute ;@ —+ e conversion rates for a series of experimental targets, deriving
bounds on the coefficients of the CLFV operators. These caleulations are the first to include a
gemeral basis of CLFV operators, full evaluation of the associated nuelear response functions, and
an aceurate treatment of elactron and muon Coulomb effects. We discuss target selection as an
experimental “knob” that can be turned to probe the microscopie origins of CLEV. We describe
two types of coherence that enhance certain CLFV operators and selection rules that blind elastic

Coulomb

CLFV

Coulomb

2208.07945v3 [nucl-th] 1 Apr 2023

— B pi — e conversion to others. We discuss the matching of the NRET onto higher level effective field

2 > theories, such as those constricted at the light quark level, noting opportunities to build on existing
p?; = work in direct detection of dark matter. We discuss the relation of ;1 — e conversion to 1 — & + 5
> and g —+ 3¢, showing how MEG 11 and Mu3e results will complement those of Mu2e and COMET.

5 Finally we describe a accompanying script - in Mathematicn and Python versions - that can be nsed

to compute ji — e conversion rates in various nuclear targets for the full set of NRET operators.

A Z ['L I INTRODUCTION vond the standard model [5-7]. This has motivated

a series of experimental advances that, in sum, ha
improved limits on g — ¢ conversion rates by =12
orders of magnitude over the past 75 years [8].

Muon-to-electron conversion, in which a muoon
bound to a nuclens converts to a mono-energetic
outgoing electron, oceurs at an observable 1 only The experimental attributes of g — ¢ conv
if there are new sources of flavor violation, beyond  sion are quite attractive. Intense muon beams ex-
those responsible for neutrino mixing (1-41. It has  ist. with rates on tareet of = 10'! /s exvected in the

Tony Menzo (U. Cincinnati) From heavy to light: new physics @ high-intensity u experiments



The rate

* The conversionrate: O(y)

I'(n—e)

Tony Menzo (U. Cincinnati)

1 qgff Zogr (7|2 ’ /
— e O |: TT WTT -
27T1_|_q/MT‘¢1S ( )‘ Z MW (Gett)

5 o

/ / / '
~+ %TEfWETZf(Qeff) -+ RET/ZH Wgzzu (qeff) g

A S A T 1'%
Ry =101 +cq1611
71! T 7'%

/
sy = € Cq Fegey
/

sy = (ch — ) (e —c§ )" + cloclo

From heavy to light: new physics @ high-intensity u experiments
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The rate

° The Conversion rate: O(@’N) xAll nuclear responses allowed

by symmetries are generated

G2 HTT’ T’ HTT 7' 7T 7’
W = TF 1 + ‘qbl eﬂ ‘2 Z Z { {RJ\-HW WMM(qeff) -+ REHZN WZ;;En(qeff) —+ Rzrzr WE/E/(qeﬁ)}
MrT r=0;1 77
qe T’ 7' TT T T 7'
T m%f\f[ |:R‘I>”(1>” W@”‘I’” (qEH) R‘I”(I)’ W@"IJ’ (Qeff) I RAA WAA(Qeﬂ")]
QQEE e
Y. [R@’M W@"M(QefT) + RAyy WAE’(Qeff)] } (59)
' Ry g = 3535 * + (&, — &) (€5 — &
R}-\}-M — CIC'{ * _I_ Cllcll , PP 3¢3 ( 12~ 15)( 12~ 15)
, R<I>”M R6[0301 (¢l2 — €is) 011*]
TT T 1'% T 1'% ~7'~7' *
vy = C4uCy + CgCq AA = 6505 * 4 363
77/ T TN (T 7\ * T T'* Ay = Re[cgcl "+ & ]
Ef/g//:(64—6)(64 —C ) + c1pC s P
6 6 10710 > quqy 012012 + C13C13
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Nuclear response hierarchy

*Can become semi-coherent in some nuclei with half-
filled shells (e.g. Al, Cu)

Wf’vIM ~ O(Ag) >> W [P >> {W I3 W PIUSIUE E:H W H(I)H} {i:ﬂ W i:q Wg?@f}
N N N

Where does the UV physics sit?

x> RxW,  R(c)

Tony Menzo (U. Cincinnati) From heavy to light: new physics @ high-intensity u experiments 55



The tower SMEFT
Qep:  (¢'¢) (Laery), (¢'¢) (Crury),
A Qew : (EQO"LWGR)TI(,OWJV, (ElO"LWMR)TIC,DWiV,
| ROV thory | SR
T QSg) : (QDTiT))pGO) (£2v"£1),
Q%) (¢ Do) By rier),
4 A SO
mz, Mw, Mp, Mt (¢
(
| v (
(
(
(
BN (
Qtedq (t2er)(dra), (C1pr)(dra),
i QW (Bewen(dw), (Bun)en(du),
- ( (@{J#V#R)ejk(qka“”u),

Tony Menzo (U. Cincinnati)
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The tower
A

—t= T 7, TNV, 1T, T

Tony Menzo (U. Cincinnati)

WET
5 € - 5 € — ob -
Qﬁ) = W(GU 6M)Faﬂ; Qg ) = @(ea 6175M)Faﬁa

OF) = (evar510)(a7"q)
Q1) = (va151) (@Y 54)
(q0). Qi) = (&ivs)(qa)
(7i59) , QL) = (€ins ) (qiv54) -

QS%),q = (€10 y51) (G0 apq) -
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The tower

A

1

Tony Menzo (U. Cincinnati)

A NRET

Ol — 1L 1N7

03:1L ’L(j [?7]\[ x&N],
myzg, myy/, mMp, Mt . L .
Os =1, - (i¢ X Un),

O; =11 vn - OGN,

b Og =1, - (1§ X dn),
m, On=iq-or 1y,
A, ~ 1 GeV 13 =0 (iG x [Uy x Gn]),

01522'@-5"[, i(j-[ﬁNX&N],

Oy =11 iG - Un,

Oy =0 0on,

O¢ =1q-01, 14 ON,
Og =01 - UN,

O10 =11 iG- o,

O =0 - [Un x dn],

O14 =1iq- 0L Uny - ON,

/ A = cA o
Olg =1q 0L 14 - UN.
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Matching
(N'lay*alN) = aly [ F{™N (@)# = 5 F{™ ()0 a0 Jun
* Non-perturbative (N'|gy*ysalN) = @iy | ES™ () - ﬁﬁ‘;{“’(q Jr5* | un
matching between (V'|myqalN) = FY™ () @lyun
WET and NRET (V' maineal ) = FIN () dlyinsun
(hadronization) (V|2 G, |N) = F () alyux
* Parameterize with (N ‘ SGMGLIN) = F (@) @vinsuy
nuclear form factors (N'|go" q|NY = @y | By (¢7) o - %w[”q”]ﬁﬁffv (%)
i 9 s
_ m_?vq[#k ]F%/;V(QQ) AP
(N’%FWFW\N) FN (@) @lyun .
(N’%FWFW\M FN (¢ wyinsuy -
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EFT tower

* Non-perturbative
matching between

WET and NRET
(hadronization)

* Matching
expressions

Tony Menzo (U. Cincinnati)

a 565 N 5 N N
N = _ﬂ_qq )Z QFVN + ZC@F{I/ Z C(6 FY

. LZCQQ(F‘I/N -F‘I/N + 4/
my 7 :
+C?£7)Fé;v —I—CAE(;)FN q+m+ ZC 7)FQ/N
2
chq {FQ/N — F‘J/N+(4 + —)FQ/N] ,

My
[ZC 6)FQ'/N

Z C(T)FQ/N n T Z Clg)q (F(I/N 4}%;/;\’)} ’
- :
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5 5(6 5(6 5(6 5(6 5(6 5 2 5 5 5(7 5(7 5(7 5(7
mEY Y ' EYX XX XX XX X'
WET
5 5(6 5(6 5(6 5(6 5(6 5(7 5(7 5(7 5(7 5(7 5(7 5(7 5(7
Wl @ @ o e a) @ e & @ & @) of, €, dp,
(he
e M;q
—
p
N N ANV N N/ N N N ENN N LNEN N N £NN N
€ G 6 ¢ G5 G G Cg & Cpy (6 (€ C3 Cy (€5 Cig NRET
\§ =
e - a
. . Response functions
7! 7! 7! TT
\ MM E/Z/ E//E// (b//(bl/ )
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MuonBridge |<% \ “

-+ A
Three components: -
1. Elastic - one body density ;
4 mz, my,Mp, Mt wilson
matrlces DsixTools
2.Mu2e_NRET - Computes -
. L
M—>e conversion rate
-t M, i
3.MuonConverter - matches 4 A ~1Gev MuonBridge
WET to NRET and XPT/NRET [Elastic
facilitates interface with 4 g~m, ’Mu"nc‘”&m_r,’
existing EFT software l |
I'(p—e)
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https://github.com/Berkeley-Electroweak-Physics/MuonBridge?tab=readme-ov-file

2TA)
A= 10712 Qev? SMEFT

By~ —e7) =958 x 1071

Td Tu Gi,2 fi.dd 6.u

G O . A L

S(6) 516) ] 516} 316 =] S6) (6} 516} 316} (6] 516) 5006) 10 516} 36) (] 361 5006) 36} 316} 36) (6] 10 L (6} 316) S(6) (1) S 5051 1] ——— g,
2. C][M Cl.ll.u’ Cl(].u C‘.i..v E".i.d C(F.la C#-e C.N.rf Cku CT.-. & ) C c C C.'n.'. C' ¢ Cl..u Cln! c c.'{.-. C:{.rf C:i.u {'E.x é‘!.n! C?.u CJ..»- c].rf Ct.u ("2 l‘:l \\ ET
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https://github.com/Berkeley-Electroweak-Physics/MuonBridge?tab=readme-ov-file

Bottom-up

* Single dim-6 SMEFT

operator bounds (with one-
loop running down to 2 GeV)

Tony Menzo (U. Cincinnati)

/Ay (TeV?)

10! 10 1072 1077 108 10 10! 102 107 107%

1
1
1

1

1
]
o
107! 10! 10° 10° 10! 10" 10° 10°
Actry (TeV) Acrry (TeV)
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Bottom-up

* Single dim-6 SMEFT
operator bounds (with one-

/A py (TeV2) 1/ Ay (TeV™2)
10* 10! 1072 107" 107% 10! 10t 10-2 10-5 1078

Tony Menzo (U. Cincinnati)

T T T — " T T T —
107! 10! 10° 107 1077 107! 10 107 10°
Acwry (TeV) Acrv (TeV)
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<7 - o~ o~ w s\ =
Qi i
Q}?m Q}fﬁ‘;
o Qi)
/ 1213
O -
0l Qi
1221
Q?F Qﬁfédr]
Qe oz
(1),12 021l
Q"’é I T T T T feda I T T T T
1073 1071 10t 10 10° 1073 1071 10t 10 10°
Acrry (TGV) Acrry (Te\/)
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Top-down

* Consider the following leptoquark model

Lo -yl i RGP L) + gk R b RS QU + hee.,  u(d)

Match onto SMEFT @ A = myq: \\/

1 RL RLx

Cpy = ~ 9,7 Y2id¥2il
1222 LQ Rg/3(R§/3)
' 1R« LR
C‘l? = —72 5 Y2 2¢*y2 143
1112 mLQ

(1) _ 5B _ 1 IR« RL
Cﬂequ — ZCEeQU - 2m2 Yo 2i*y2 751*’ /\\
1242 1222 LQ

1)* 3)* 1 LR RL M
Cée;u — 2C’lgequ - . Y2i2Y214
2144 214i mro
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Top-down

27
° c Al
0;98.85‘/[;
10 3 myq = 100 TeV
LD é@ 10—1; Yoo =i = 0.1, yiiisssss = 0.0
5
MatcH 51074
- ] _ 0.21%
% 10_3 é ] | 0.10%
= 3] —
¢ . 0.02%
o+
S
§10—5§ I
2 .
E-? 10_6? |_|
10—7_ | | : : H H H m lTl
SRS \\\0“ OF AT A F g o g ~\° O ~\® A Q¥ ST S8
\ )
1\%\’ \' \\4{) \\%\’ W \LI) \ %‘1\’ \\/& \ % \ \
SR ST TS
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 Conside
RL —

LD —Y2; ’Lj Z
Match onto SM

C
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Zr_,(ﬂfﬂ-fj”a

2TAL

mLq = 5000 TeV

1.00 - w
0.98 \ . &2 '!’;’
. TN
- 0.96 = . 5
0.94 . . )
0.92 1 .
0.90 ) : .
0.88 .
T T T T T T T
0.00 0.05 0.10 —0.0005 0.0000 0.0005 0.0010
2o (BE ) ¥ A
1.00 g . m
A, T .
i - »
0084 MR 4 Fa A
. A “w * . . s s ot e,
0.96 1 T . o .
0.94 ; . ! . )
= .92 1 .
0.90 ] ;
0.88 i
T T T T T T T T
0.000 0.001 0.002 —0.0075 —0.0050 —0.0025 0.0000 0.0025
ETT’(L\‘A)TT' ZTT’(‘:I’HA'{)TT’
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X1

L1 X2 /Y, /6

Muon-induced baryon nhumber
violation

2407.03450

P X0
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Widening the view

* Can the CLFV signal @ Mu2e stem from non-CLFV
physics?

* NP scenarios where E->105 MeV?

- Can we take advantage of the huge energy reservoir
that is the nucleus?

Tony Menzo (U. Cincinnati) Rare lepton decays and differentiable hadronization models
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12’ Al = Mg xox.ee

* Three dark states + U(1)p + SM portal via
kinetic mixing

Lyup = Gup(Dx2)(x0) + h.c.

_ T
Loa = eeAMJEM

Ly = gp(X27"x1)4; +hec.

Tony Menzo (U. Cincinnati) Rare lepton decays and differentiable hadronization models
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p2’Al = **Mg") xox:€e

Benchmark: ™2 = 1030 MeV, m; = 900 MeV,mg = 0, mar = 20 MeV,
G.p= (300 TeV) 2, e=10"% ap =107"°
* Leads to the cascade: X1
/ e
Iu XZ fy
e
~4 x 103

\ XO
G2 Fexotic

G%’ F,uAl
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Tug-of-war with nucleon decay

10"

1016_

1014 4 — p—=(p* = ev.7,) (x5 = x14)x0

1012 i
10

10 < ap = 10*3’ € = 1074

10°71 G, = (3% 10% Tev)~2

1064 m, = 1030 MeV
1044 mq=0 MeV Benchmark

1029 ma = 20 MeV
100 4
10—2_
107 1
1076 4

:ELQ2-”///
~—

E

—~ 1 1

2 2 13 -~
(amGF&DQ 3y —
(167T2)4ml%m% 840 850 860 870 880 890 900 910 920

my/MeV

32 ronra
7, /10%* years

I') o
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Signature

R(p* ™Al — xo(x2 = x1(A" — ete™)) PMg) = 3.3 x 10715 R(u2Al — xo(x2 — x1(A" — ete™))2Mg) = 3.3 x 1071
I =
DIO : = ap = 1073, e=10"% 6 1 myp =910 MeV
= «—h: Gup = (3 x 10% TeV)~2 o my = 905 MeV
© 0.4 1 : é mg = 1030 MeV = 5 1 m; = 900 Me
= [ mar = 20 MeV 0
o= N 9, = 1.35 ps <
- ~
L 0.3+ i g 4
— = ! =
~ | 1 my = 910 MeV = .|
= I my = 905 MeV 9
= 0.2 1 == e
Z I8 1 my =900 MeV =
o L my = 895 MeV E 21
3] )
= 0.1 =
T = 11
- et
0.0 T T T T T T T 0 +———————— T
90 95 100 105 110 115 120 125 130 100 105 110 115 120 125 130 135 140
E.+ /MeV (Eer + E.-)/MeV
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2407.03450
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Standard lore - ULDM

2
coM: [ atey=g (30,0 — gmde? ) - b+ 3116 - L o~

AH>>’I7L¢ H2m¢ H<<m¢

RADIATION

t V(o)
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Standard lore - ULDM

For mg S eV the de Broglie volume admits a huge
occupation number

1 3 1 4 1 —3\ 3
e~ () = () () (5
Mg \ MU M v 1042 GeV
ULDM can be accurately described as a classical wave

Ge(X,1) = ¢o(x) cos(met + 0)

by = Po -y = 0.4GeV/em® ~ 10 2GeV*

Mg
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For my

Standard lore - ULDM

< eV the de Broglie volume admits a huge

occupation humber

3
N ~ n)\dB 1

ULDM ca

Tony Menzo (U. Cincinnati)

Each mass has an associated “timescale”

2T
7’¢:—

me

pe = 0.4 GeV/cm3 ~ 10" **GeV*

78
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Why ULDM + CLFV?

CLFV experiments probe extremely high NP scales

Detecting a CLFV signal does not immediately
imply DM is the source.

Detecting a time-dependent CLFV signal is a
smoking gun signal of DM.

Minimal analysis can convert intensity frontier
experiments into dark matter detectors
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ULDM + CLFV

How and where does time-modulation present itself? 0
Y e

Two types of time-dependence: b TN
CONEN
* Manifestation in mass matrix ; g
|
mi; = diag(m€7 my, mT) T Yij ¢c ti ‘ gj
<<Ib>
* Manifestation in decay/scattering rates L7 ?
- Inherently higher dimensional £i ~
b

Tony Menzo (U. Cincinnati) Rare lepton decays and differentiable hadronization models
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Journey towards phenomenologically viable operator

: Cii - _
First guess: —2oHL{; — y;;dlil;

A
1. Fine-tuning 2. No time-modulation
l; 2 - ¢
A
T oottt —=_
4 ¢
(4) ,
l; '
J : v J
é

3. SM rate-modulation Iz < 2 Yre| S 10~7

£ ’?Jue‘ S 1071
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Journey towards phenomenologically viable operator

. Cij 1o .
First guess: Af’ PH Ll — yi;plil;

1. Fine-tuning 2. No time-modulation

i " yn
z 2 -9 X
A
¢p=-==-- ---¢—>5méﬁgm§ KZK’
(%) .
fj : ” J
3. SM rate-modulation ¢; — < Vv Yrel S 1077
X £ ‘?Jue‘ S 1071
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Journey towards phenomenologically viable operator

Cij o
Second guess: —29,¢(L;v*~°(;)

A
e
1. Fine-tuning: v / <
2. Time-modulation: X ) £
3. SM-modulation: X /) —a <:
4
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Journey towards phenomenologically viable operator

: Cij 2,7
Third guess: f] o*(€it;)
s Finoctuning: X (@)
. Fine-tuning: . . |
Vg CAm
2. Time-modulation: v/ 7
! <<?> ;
3. SM-modulation: v/ e
4
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Journey towards phenomenologically viable operator

Cij
Fourth guess: f '(€il;) or f2 0p @ (Liy"€)
li
1. Fine-tuning: “v"[v _Q 4
\ Ll
2. Time-modulation: v/ \‘-]357 @ X

l; —&
3. SM-modulation: v

C2 2 m?
17 70 b 2

: t+9
Gar f1 Ty, <5 (el 1)
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Sensitivity (Mu3e)

Consider, for example, Mu3e. %

7 0.4

pL
- Will run for T~300 days 03
- ~10™ muon decays
- ~10% of which will lieinthe ~ !-#
final kinematic bin

0.1

- ~10® muon decays/s

0
U 10 20 30 40 50 60

Tony Menzo (U. Cincinnati)

Michel spectrum

E

,u+ — ety

\

b beedi b

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I_|

N

E [MeV
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Sensitivity
* Sensitivity can essentially be determined by:

Mg, T7 Ntotal

» Statistical uncertainty + systematic uncertainty
maximally correlated across all time bins

Ostat — \/Nbg/nbin y Osys — Obeg/nbin
Mbin 1 Nbin O{Q Nbin
2 —1 7
=Y S, = Y57 -
e P bg 1+ C\fznbiangJ

k,p=1 " =l

1
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Sensitivity

2
Mbin Nbin 2 Npin
1 o [

X" = 2 S

k.p=1 \k‘:l

Ntot feiXt )
Sk — QBSingigT / dt cos (m¢t = 5)
(k—1)At

Nio in (2kmyAt 4+ 20) — sin (2(k — 1 At + 20
g [ S22~ S0 1t 39

2m¢

Systematics

Three interesting limits: Y dominate

1. Signal does not oscillate over the duration of the experiment
2. Signal oscillates but time bins cannot resolve the oscillations
3. Signal oscillates and time bins resolve the oscillations ——_, Statistics

dominate
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Assumptions:

1) Asimov dataset

2) Continuous running

3) Time-independent
systematics

* Notably, the sensitivity
to ULDM mass is limited
by statistics, not
experimental time
resolution

Tony Menzo (U. Cincinnati)

Sensitivity

mg [€V]

10—11 10—14 10—1? 10—2[}
i Mude
2 1075 3
E E N . . N
= : 5 a : L
2 1074 % : : : v
7 - : : : Q
< 7 5 5 5 =
1 2| = f 5 :
-3 4 o™ . . . =
N ] : : E =
2 10775 L [— w0y — 101y ;
< ] : 10-17 eV =-—- Single-bin
10—“’—_ : 10-14 oV
0% 10t 102 10" 102 10* 108 10°
At [s]
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Tony Menzo (U. Cincinnati)

Te H
10! 102 10° 102 107 107
f 1 TWIST
—_— X — |7 SN198TA
‘*.\\ A /C /mgb === Mu3e (single bin)
N —— Mu3e (time bin)
o .
“\."‘\ “‘H\"\
""-»_\. ‘\\\
\"“-\_ \\a‘
\"\._ ‘.h"“\
~ i
"'-»._ b
"h__\. -"'-.‘
"‘\-.l \“h“‘
.“\_“\. \k.‘
.\"\ S
~,
b
2N

10

T R
my [eV]
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Tony Menzo

Differ

(E,-p)

— () ——— @)

(E,—p) 4 pn)

%Eh,PPh)

(E.p)

Jp

leson
anon (]
' Antibaryon

© Heavy Flavour

entiable hadronization
models

MLHAD
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Tony Menzo

Monte Carlo Event generators

L N ] &
o®
° PY I X %
% ® @
®
@ o%0 @

SRR A
5

@ Meson
A Baryon

W Antibaryon
© Heavy Flavour
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Tony Menzo

Monte Carlo Event generators

PY I X %
o % ® @
[ @
.. ® . ... e ® B
@ AL o ey

{id?E7p$7py7pZ7 o }1

G SDHPUM)) =g~ | TP PrPe

Ve

Simulation

{id7 Eapmapyapza e }N

~

Event record

e % e ‘
S ® oo ‘ ® ® A @ Meson
| @ A Baryon
(&) 050 ° :
¥ Antibaryon
o0 © Heavy Flavour
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Motivation

Precision (exclusive) measurements dependent on hadronization!

* Uncertainty reduction

- Top quark mass measurement (rs)

- e*e determination of o,

* Mis-modeling

- High-multiplicity events

- Tuning discrepancies
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Motivation

Precision (exclusive) measurements dependent on hadronization!

* Uncertainty reduction
- Top quark mass measurement

- e*e determination of o,

¢ Mis-modeling

- High-multiplicity events

- Tuning discrepancies

Tony Menzo

b) (d) CMS N> 110, 1.OGeV/c<pT<3.0GeV/c

Y
/;I)‘O ""\\
DN

AAAAAA

y
)

DK
ORI
SN
()

0.1GeV/e<p <1.0GeV/e I1.OGeVIIc<pT<2‘.DGe\flcI
7N<35 o CMSpp

' 20GeVie<p, <30GeVic

R(A})

' 3.0GeVie<p, <4.0GeY.
[ 1 1 2.0<IANI<4.8 | ¢
— PYTHIAS i ’J_IJ_,J: JJJ‘If: N o
— sosesns®™ S PR

35<N<90

0
-----

ccccccc

'''''

oooooo

o
"""""

oo
.
'''''

oooooooo
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Motivation

Precision (exclusive) measurements dependent on hadronization!

=

. . Bl o E Charged Multiplicity (udsc) i“ Charged Momentum Fraction (udsc)

[ ] Uncertalnty red UCtlon = 10; s L3 BN 31 10 = L3 2N
g — PY8(Monash) mos:01| % —— PY8 (Monash) 09200
ﬂe_ 1= —a— PY8 (Default) 0.7 +0.1 5 o —=— PY8 (Default) 0.5 £0.0

_ E --%-- PY8 (Fischer) 2102 ’\5 1= --%-- PY8 (Fischer) 0.5 £0.0
Top quark mass measurement (ry) ok * ¢ :

10° = 107
L3 L] E =
- e*e determination of o 0L
1074;_ 10725
10'5 E Data from Phys.Rept. 399 (2004) 71 B F Data from Phys.Rept. 399 (2004) 71
F Pythia 8.183 10 E Pythia 8.183
10° ¥ ' S ——— -
i} 1.4& Xﬁ%\\ I 14
. . 2 12b , g
* Mis-modeling B, il | 8
E 1: T‘*‘**xﬂx Lgh oam = ¥ g 1:
£ o8t 2 08X
— H. h I H I. H '_0'6% I L I | I I I | I | I | ’_0'6:
iIgh-multiplicity events 5 % i e

- Tuning discrepancies

Cannot be improved by retuning

Tony Menzo Rare lepton decays and differentiable hadronization models 96



Phenomenological models

Lund string model Cluster model
(used in Pythia) (used in Herwig, Sherpa)

(E,—p) (E,p) (m,0)
— (W) —— (@) ——
¢
/’

L) @\ (B, 1) | P
(E', —p)
@ /

%Eh,p—ph)
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The algorithm (qq)

(E7 _p)

— (W) — (@) ——

1) Randomly select one of the string ends

2) Sample new quark flavor

3) Sample transverse momentum of new quarks

1

P(px,py;UpT) = w0l

4) Sample longitudinal momentum fraction of

new hadron

ey o (o s (S 2B

z

5) Repeat steps 1-4

Tony Menzo

zZ

2F

Rare lepton decays and differentiable hadronization models

W+

98



The algorithm (qq)

(E7 _p)

— (W) — (@) ——

1) Randomly select one of the string ends

2) Sample new quark flavor

3) Sample transverse momentum of new quarks

1

P(px,py;UpT) = w0l

4) Sample longitudinal momentum fraction of

new hadron

ey o (o s (S 2B

z

5) Repeat steps 1-4

Tony Menzo

zZ

2F
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The algorithm (qq)

(E7 _p)

— (W) — (@) ——

1) Randomly select one of the string ends
2) Sample new quark flavor
3) Sample transverse momentum of new quarks

P<pxapy§ UpT) = ﬁ exXp (_ o2

4) Sample longitudinal momentum fraction of
new hadron

(1—2)® —bm4, _ b=+ B
Fl2) o B ey (U)o = B2

5) Repeat steps 1-4
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The algorithm (qq)

(E7 _p)

— (W) — (@) ——

1) Randomly select one of the string ends
2) Sample new quark flavor
3) Sample transverse momentum of new quarks

P<pxapy§ UpT) = ﬁ exXp (_ o2

4) Sample longitudinal momentum fraction of
new hadron

(1—2)® —bm4, _ b=+ B
Fl2) o B ey (U)o = B2

W~ w+

5) Repeat steps 1-4
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The algorithm (qq)

(E7 _p)

— (W) — (@) ——

1) Randomly select one of the string ends
2) Sample new quark flavor
3) Sample transverse momentum of new quarks

P<pxapy§ UpT) = ﬁ exXp (_ o2

4) Sample longitudinal momentum fraction of
new hadron

(1—2)® —bm4, _ b=+ B
Fl2) o B ey (U)o = B2

W~ W+

5) Repeat steps 1-4
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The algorithm (qq)

(E7 _p)

— (W) — (@) ——

1) Randomly select one of the string ends
2) Sample new quark flavor

3) Sample transverse momentum of new quarks
2 2
. _ 1 Py +P
P<p$7py70-pT) — 7o2 exXp (_ o2 y)
T pT
4) Sample longitudinal momentum fraction of
W™ Wt

new hadron

1 —z)® —bm? :tE

f(z)

5) Repeat steps 1-4
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The algorithm (qq)

(F,p)

(Ev— )
— @) () —

1) Randomly select one of the string ends
2) Sample new quark flavor

3) Sampletrancuarce mamaentum of new auarke <\
p( When Ecv goes below ~2GeV, finalTwo
is called. This can fail, when it does,
the full string system is re-simulated
from the beginning.

4) Samyj
new h

f(z)

Y

W+

exp
2z

5) Repeat steps 1-4
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The algorithm (qq)

(E _p) (E7 p)

, @ @
— ~  —

1) Randomly select one of the string ends
2) Sample new quark flavor
3) Sample transverse momentum of new quarks

p2+p
P(]?xapy;apT) — ﬁ eXp ( o2 y)

4) Sample longitudinal momentum fractlon of
new hadron

(1—2)* —bm?3 _
f(zmTeXp( : T)’ Y

5) Repeat steps 1-4

Tony Menzo

pz+Eh

)

NS4
NS
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

Base model

Z
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4 |
Base model -« = Base model
RN
P .
7 \
0/‘ \
0/ \
R4 \
~/ “
~/ |
/ \
/ \
/ \
> b \ >
> Observable
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4 |
Base model -« = Base model
— = Experiment
. P S .\ /” " \

R x \

’ K .

7 AR 1

/ R4 \ |

/ / :

/ ‘/ \. I

/ R4 ) !

’ R4 \ |

K , ..

.l o/‘ " !

/ R LI |

. 7 -\ .
> L >

z Observable
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

A
Base model -« = Base model
Perturbed model — = Experiment
—. ’ L4
7 g \ s \'
¢ \
’ 2
/ 2R \
’ R4 \ |
/ / .

/ R4 \. |

/ /.’ Vool

. \ |

/ P .

/ 7, ‘_ |

/ R (|

a . / -\ -
’ L‘ \)

z Observable
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

A —-— Base model
Base model .
Porturbed model — - = Experiment
erturbed mode
Perturbed model
. = e
/‘/ \‘ /0 \‘
* ¢ ‘
/ QA‘
/7 RAEAY \
% R4 \ I
/ / .
/ R4 \. !
/ R4 Wl
R4 Voo
/ p .
/ ya \ |
/ R vl
. 7 -\ .
> L‘ ‘)

o Observable

Tony Menzo Rare lepton decays and differentiable hadronization models

10



f(z) 4

MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

Base model
Perturbed model
Perturbed model’

Tony Menzo

>
Z

Rare lepton decays and differentiable hadronization models

— = Experiment
Perturbed model

LN /

P Y

7 Rd < R '\

4 R4 . '\ .

/7 ‘/ ./ \ |

/ /,/ / \ P

/ / . ‘ .

* . | TR |

v, 0 |-

7, 0 7 \ . I

/ 0/ 0/ ‘ - l

RAER4 “l I

.l / 0/ ‘.l N

11, 7 v 1
- ’/ '\‘ ">

Observable

m

A — = Base model == Perturbed model’



MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

Base model
Perturbed model

Perturbed model’
Perturbed model”

Tony Menzo

>
Z

A —-— Base model =-= Perturbed model’
— - — Experiment = - = Perturbed model”
Perturbed n'_l.ode‘I P
T,

v /.’ /./ v
e !
Sz v

A
Observable

1
s i
|
!

-t 1T 2T 1 N

>
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

Base model
Perturbed model

"

How to choose
perturbed model?

>
Z

Tony Menzo Rare lepton decays and differentiable hadronization models 13



f(z) 4

Tony Menzo

MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

Base model Mf VS ML

Perturbed model
* Vary Lund parameters * ML-based (data-

\ (traditional driven) fragmentation
“manual’/semi-"manual” function
Howtochoose . G, - MAGIC, HOMER

perturbed model?

* Hybrid - keep Lund
fragmentation function,
promote Lund parameters
to differentiable objects

> Rejection sampling with
> autodifferentiation (RSA)

Z

14
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(2) 4 <
Machine learning

ML

* ML-based (data-
driven) fragmentation

function
> MAGIC, HOMER

Form of universal function
approximation.

Lund
function,
parameters
le objects
mpling with
tiation (RSA)

Inputs —p» —»> Prediction

15

Rare lepton decays and differentiable hadronization models
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Kinematic reweighting (230s13459)

ejection sampling:
P : Rejecti pling
2,0
b—05 : b=290 Acceptance probability: P,cccpt = ]%
2.0} '
151 Rejection probability: P giect = 1 — Paccept
101
ol _ p(%0)
0.5 Hacert T (2 6)
02 04 06 08 1.0 — P —p(z0)
o =
a=05m, =1GeV P p(20)
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Kinematic reweighting (230s13459)

P : Rejection sampling:
z,0
b—05 : b=20 Acceptance probability: P,cccpt = ]%
2.0 | '
15 3_ Rejection probability: Preject — 1 — Paccept
1.0; W L Paccept(z; /)
0.5 accept Paccept (Z; 9)

)

02 04 06 08 1.0 1 — Paccept (2 60')
Wreject —
a=0.5m; =1GeV 1 — Paccept(2;0)

Tony Menzo Rare lepton decays and differentiable hadronization models 17



Kinematic reweighting (230s13459)

A
/ —;\ RN p(ZA, 9)
I Ay, ' P
I N )
: /7 \
’_' / ‘\‘ \ P, accept
. / \ \
'y g
!/ Lo
| 7 v
| w = [Twi >4
.y
Observable
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Kinematic reweighting (230s13459)

A

Rejection sampling:

P

Tony Menzo

Data-structure:
1 Jha
i ( {m acceptﬂ reJect7 o
_ 1 Jho
4 Z1 = {m accepta reJec‘m e
1 Jha
1 {m acceptﬂ “reject?
1 Jha
]I z = {m acceptﬂ reJectﬂ U
zZo = .
( 1 h4
{m acceptﬂ reJect7 o

nhl ,hl
’ Zreject \
nhz 5h2

* “reject
nhg,hg 25

Zai :
emiech H NH“ f (Zhicept: {a,b}p) °pt
Wy —
nhlyhl ’L:].

h; :
: f(zaccept? {CL b}B)
! “reject

o . H (f f( reJect?{a b}P))

f f( reJect’ {CL b}B)

’ zreject 2
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A

P

Kinematic reweightindg (230s13459)

L

|

Tony Menzo

Data-structiy
( {m

Z1 = {m

{m

2= {m

{m|

[)12 7] ((j‘,g {l))
(0.68,0.98)
C—J (0.64,1.08)
—1 U (0.72,0.88) — (0.68,0.98)
0.08 - meeet 2 | | 177 (0.64,1.08) — (0.68,0.98)
0.06 - e/ B
0.04 - . || Model 1
|| Target
0:02i a
[)-U(} I 1 I .|
5 10 15 30
j\rh
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A

P

Kinematic reweighting (230s13459)

Rejection sampling:

L

Tony Menzo

Data-structure:
1 Jha
( {m acceptﬂ reJect7 o
— 1,k
Z1 = {m accepta reJezcta e

{m 1 Jhs

{m 1 Jh

{m ]. h4

acceptﬂ “reject?

accept’ reJect’ Y

acceptﬂ reJect7 o

nhl,hl
* “reject

nhz,hg
* “reject

nh37h3
» “reject

Nhy R
? “reject

nh4 ,h4
’ zreject

1

2

Differentiable! — RSA
accept) {CL b}P) )

N H ( acceptv{a b}B)
. H (f f( reJect?{a b}P))

J— f( reJect’ {CL b}B)

Rare lepton decays and differentiable hadronization models
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x?-loss landscape
Mo (0 0 g9

im — Yex
£X2 (ysimﬂyexp;w) — Z 25 F

| Usim,i

1.000

2 = 0975
+ Uexp 7
’ 0.950

0.925

0.65 070~
('L ..-/’///
—0.5
1.1 B
_/7‘1/.6
1.0 -15~2
=
=
= =]
—20
0.9 &
2.5
-3.0
0.8 :

I )
0.5 0.6 0.7 0.8 0.9
a
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Model 1

[
No free lunch =
1.4 B
1.2 B
. = N
w1 B . . B
0.8 .III
Statistical power drops off .
quickly as you move away from S _—
the base parameterization S e
Model 2

Neff = 3 14

1.0
.54

0.6 4

=""h

E i w2
.

*

Tony Menzo

T
0.50

T T
0.75 1.00 1.25

@

T
1.50

1.6
1.4
2
T
2 . 1.2
o Lle
= 10
_2 -
0.8
0.6
—6
Base *
1.6
1
1.4
2
S
21 . 1.2
o e
= 1.0

0.6

Rare lepton decays and differentiable hadronization models

.50

Target

Model 1

1.00 1.25
i

Model 2

1.00 1.25
[

1.50

1.50
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0.8

0.6 7

/

1 — Nog

0.4 -

0.2

0.8
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Model 1

Model 1

| 6
1.6
O 1ree Iiunc |
1.4
)
1.2 B T
. ||l
ol M. H =
-l -
.
Stati 02
L3
quicl
tl\f? t: ® o II o ‘:,'
Road to differentiable Pytllla s
]
— } 0.8
23
- | =
101 B [ | =~ 1w
L .
0.8 B 0.8
| i
0.6 0.6
05 075 100 125 150 050 075 100 125 130
a [
124
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Base model

Normalizing flow

Tony Menzo

>
z

MLHAD — efforts: MAGIC

A
-« = Base model
— = [Experiment
. / . - .\ /" " \‘
R N \
/ QA‘ -
RAA \
R4 \ |
/ . .
2 Vool
/7 \ |
/ Vo
/ Vo
/ Vo
I “ \ |)
Observable

Rare lepton decays and differentiable hadronization models
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MLHAD — efforts: MAGIC

f(z) 4 |
Base model — = Base model
Perturbed model == Experiment
.= "
A TN

R A

/ QA‘ -

o 7 ./ \ \

Normalizing flow 7 R \

. / . .

R4 . \ l

/ R4 . .

/ /.’ vV

’ . Vo

K4 P . .

/ 7, ‘_ |

/ /.’ LI |
> e Ly

j 4 Observable
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MLHAD  efforts: MAGIC

A == Base model
Base model :
— « = Experiment
Perturbed model Perturbed model
R
/ .
/ !
0/’ ‘
0/ I
/
7 :
/" '
v I
v
/‘ I
‘/‘ l
) :
> — >
> Observable
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MLHAD  efforts: MAGIC

Base model
Perturbed model

Tony Menzo

>
Z

A —- = Base model

— = Experiment
Perturbed mode

Observable

Rare lepton decays and differentiable hadronization models
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MLHAD  efforts: MAGIC

Base model
Perturbed model
Perturbed model’

Tony Menzo

>
rz

A —- = Base model

— = Experiment
Perturbed mode

Observable

Rare lepton decays and differentiable hadronization models
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MLHAD  efforts: HOMER

A

Base model =« = Base model
— = [Experiment

R a '\ /" . \.

7 A ‘

7 K
7 RAA \
0/ ’/ ‘\ l
/ / .

’ R4 . !

/' / \ |

3 ‘/ ‘ I

./ / -

/ 7, ‘_ |

/ R (I

N . / - .
’ I P \ |)

o Observable
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MLHAD  efforts: HOMER

Base model

-« = Base model
— = [Experiment

. ’ "

. . \

S0 N
/s 2 !
ya RAA |
R4 R4 \ |
/ R4 :
/ R4 \. I
/7 R4 vVl
’ R4 Vo
./ / - -
’° Vo
R (I |
7 - .

) * \ |)

z Observable
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MLHAD  efforts: HOMER

A A

f(Z) Base model — = Base model
— = [Experiment

w — | | w'l, ‘/‘-'\ /0’.\‘

Rd A \

‘/‘T ’/. ‘\ ‘-

/ KA |

/0 v ./ ‘\ i

ya R4 . .

/7 R4 vV

) R4 Vol

J R P

.l o/ " !

/ R4 (I |

. 7 s .
’ I P \ |)

z Observable
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MLHAD  efforts: HOMER

A A
f(Z) : 11 Base model — = Base model
: — = [Experiment
: w — | | w'l, ‘/‘-'\ /0’.\‘

: R A \

0/‘T ’/. ‘\ ‘-

- 2 / S |

][ @ SV

/ R4 . .

/7 R4 vV

) R4 Vol

K4 P ..

.l o/‘ " !

/ R4 (I |

. 7 s .

) I P \ |)
z Observable
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MLHAD  efforts: HOMER

A A

f(Z) : 11 Base model — = Base model
: — = [Experiment

: L w = | | w; T /."\_

/ * *

! : A !

/‘T RAA |

~ 7 Y R4 \ 1

w . ¢ . ]

| | ( R4 7 \ 1

/ R4 . .

/7 R4 vV

) R4 Vol

J R P

.l o/ " !

/ Re Vo

. 7 s .
) '—‘ \ ‘)

z Observable
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MLHAD  efforts: HOMER

A A
f(Z) Base model — = Base model
Perturbed model — « = Experiment
. P .- .\ /‘/ y \

‘/ * . ‘\

’ K .

0/‘ ’/ \ ‘-

R4 R4 \ |

/ / .

/' ‘/ \. I

v R4 vVl

ot .

/ /‘ \_ |

/ R LI |

. 7 . .
> L< \ ‘)

z Observable
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Conclusions
Part I:

* Interesting invasive and non-invasive avenues for
making Pythia “fully” differentiable

Part Il

* Fun CLFVing signals and model building at the
intensity frontier.
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Conclusions
Part I:

* Interesting invasive and non-invasive avenues for
making Pythia “fully” differentiable

Part Il

* Fun CLFVing signals and model building at the

intensity frontier.
Thanks for your attention :)
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Back-up
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Reach @ intensity and energy frontier

proton decay

neutrino properties

mutoe

flavor (quarks)

dark matter
—_—

LHC

Tevatron

see—saw
[ Planck

| . |
| ! |
1 3

1GUT

| | | I | | | I | I | |
I

|

| I I | : o

5 7 9 11 13 15 17 log(Energy[GeV])
Experimental reach (with significant simplifying assumptions)
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Reach - Mube

ap =a/10 =107

B(u — ehg) < 4 x 1078 (Poutissou et al 1974)

mp,

60 MeV Mhp, Mh,
75 MeV 90 MeV

m.,/MeV
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Reach - Mube

ap =a/10 =107

g+

ER 15 16
1071 A ox10™ —10"° GeV
= ]
T 10—12 3
. o
13 1 6{} MeV mp il mMpg
0 : 75 MeV 90 MeV
10_14 - 1 1 ) 1 1 ) 1 1)
5 10 15 20 25 30 35 40 45
m.,/MeV
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(A,Z)p = (A,Z) e

(Av Z) e
7~ Bi—p Schematically...
go ~ 0

Py

Coulomb

* Effective Hamiltonian:

o Hi=c / A3 D ()01t (%) (F)On i ()
Geaulanib - Perform partial-wave and multipole expansion...
Pi .
w8 (05 o () =l
q-9¢ SN 1S ow 5UN - G¢
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(A,Z) p = (A, Z)e

(A, Z) At the end of the day:

q ~ Di—Df . . _
go ~ 0 « Basis of CLFV'ing single-nucleon
C°“'°mb operators
. ia - - -

CLFV lé’ = E, 05 ON, UnN, 5/1'
* Natural hierarchy of dimensionless
Coulomb Sca|es
i 2
(A,7) n y= {3 ) > o> [t > o7
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(A,Z)p = (A,Z) e

(A, Z) e

At the end of the day:

ﬁf (TN ﬁz_ﬁf . . )
i * Basis of CLFV'ing single-nucleon

S operators
[N ié) - - - -
CLFV lqg = @, 05 ON, UnN, ’UM.
 Natural hierarchy of dimensionless
Coutomb - GRS scales o7
~ 0.25 09 Al

Di Leptonic qb 2
a2 Ty =B il > > 1o

Harmonic oscillator

q~=m, = 1/1-86 fm b=1.85fm parameter
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Tug-of-war with nucleon decay

Also need to check... X0 7 e, 7,) (x5 — x14x0

) HL

0 &30 890 900 910 920
my/MeV
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UV completion

Lyup = Gup(bx2)(x0) + h.c.

* What's the new physics reach? Naively:

N

p X0
M >OO< )
p X0

Tony Menzo (U. Cincinnati)

Gup ~ 107G — A =~ 10° TeV 2
but A isn't fundamental...
U
3
1 Aqor !
2 T dco . 5_dco .
A Acol.1 Asing. 1
U

Rare lepton decays and differentiable hadronization models
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UV completion

Introduce two colored scalars - a diquark T: and a leptoquark T-
as well as a complex scalar ®.

U
2L 2 —yua (Wil d)esi T =Y (Wi pr) (Ty)i+h.c. 1
7] T2
2 D pTF Top®* + y, ®(VrX5R) + hoc. I -
d UR
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UV completion

Introduce two colored scalars - a diquark T: and a leptoquark T-
as well as a complex scalar ®.

Integrate out T, and T, for off-shell ®: )2

1 1 o y0)

Lot = A3 A2 (uZRGuR)EZJk(uR dR) (VRXQCR) + h.c. u o, 1y ®
col “*sin p
u RETTTLITINIT
S = Yudy ) L W% e ¥
uddpu "5 "9 = =
Acol mz, Ny, A?,m mé d Up
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UV completion

Introduce two colored scalars - a diquark T: and a leptoquark T-
as well as a complex scalar ®.

Integrate out T, and T, for off-shell ®: )2
e - D)
G., ~ 107%G
" " “ L o4
_ 1 TeV \* 2 GeV\ 2 emnneeeees

~ 10 GGF yudy”uyx ( — ) (4 Tp V) ( ) p u o : )

N mr, e ma Tl
d Vg
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UV completion

Introduce 1y Also need to check neutron decay, ark T

aswellas & peutron mixing...

Integrate out T: ang

y0)

~ 10_6GF YudYuulx ('
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Tony Menzo (U. Cincinnati)

Explicit realization

Cli;
Consider: f2 0,9 (¢ w‘% )

l; O

Rare lepton decays and differentiable hadronization models
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Explicit realization

C;,
Consider: 7 $0, ¢’
l;
NN &
t

ti"'t;)

Non-abelian pseudo-NGB + portal
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Explicit realization
* Non-abelian pseudo-NGB + U(1)p

2 2
Lp D fUTV(DMUDMUT) T fU?V(XTU+ UTX) 4 ...
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Explicit realization

* Non-abelian pseudo-NGB + U(1)5 > [J — ooy

foy e

2
Lp > *2(D,UD"UY) + f%V(XTUjL Uty) +---
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Explicit realization
* Non-abelian pseudo-NGB + U(1)p
SU(S)L X SU(S)R X U(l)p — SU(S)V X U(l)D

= 0y +igpA,[Q, U] = exp ( \fHD/fD)
fﬁ + 77\7—8 5 K} \
- | Hem o K
\ KB K% - %UDS)
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Explicit realization
* Non-abelian pseudo-NGB + U(1)p

2 2

Lp D fUTV(DMUDMUT) + fU?V(XTU—FUTx) N
0O O 0
Q %QU)\6 =10 0 qu
0 qu 0

S5 —g'qu A, (nhio" K — Kpio*n), + he.) + -+

Tony Menzo (U. Cincinnati) Rare lepton decays and differentiable hadronization models

161



Explicit realization
* Non-abelian pseudo-NGB + U(1)p

S5 —g'qu A, (nhio" K — Kpid*n), + he.) + -+

Charge the SMunder U(1)o:  —Lportal = ig’cijﬁi’y“Aibﬁj + h.c.

o~
-~
-
-
L]
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Explicit realization
* Non-abelian pseudo-NGB + U(1)p

D —dan A (nhiot Ko — Knid*nh +he) + -

/2
Ci;quyg

Charge { - 2 (&Wuwj) (ngauKB) o h.c.
A/

D
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Applications

* Efficient means of exploring parameter space
* Inherently differentiable

* Very useful for tuning!

- Embed the computation of weights into numerical
autodifferentiation engine

- Picking nhew parameters in the update step facilitated by well-
developed optimizers (SGD, Adam, etc.)

Rejection sampling with Autodifferentiation (RSA)
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WHAT is a differentiable simulator?

* All parameters are differential parameters
- Differential with respect to what?

WHY a differentiable simulator?
» Parameter exploration (tuning)

* Uncertainty quantification

* Reproducibility

Tony Menzo Rare lepton decays and differentiable hadronization models 165



HOW to build a differentiable simulator?

* Many roads to a fully differentiable event
generator. Varying levels of “intrusivity” (from
a developers perspective).
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The "“score’’ observable

* Train a deepsets classifierto ;.
distinguish simulation from Mode1 1 o
experiment iy |

g 47
- Takes full event information as . 5
input
0
(E, Px: Py, p2)1
(E, Px, Py P2)2 20
A
Use trained classifier output =
(score) as an observable 0 : . . i

035 040 045 050 055 060 065 0.70
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The "“score’’ observable

* Train a deepsets classifierto

T
||||||||||
JJJJJJ

distinguis
experimel

- Takes fu
input

Use tr

(score) as an observable 0

035 040 045 0.50
S

Tony Menzo Rare lepton decays and differentiable hadronization models
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Classifier score with full event

info improves tuning

convergence —

Tony Menzo

1.10

1.05 4

*
L

Target

Base
1D { N}

2D ¢ {8y V)
3D : {S1,8,, Ni}
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