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Physics
Description of systems using mathematical 
models verified directly or indirectly against 

physical observables.

System Model Prediction

Observation
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Physics

System Model Prediction

Observation

Many classes of models:
Classical mechanics, 
electricity and magnetism, 
quantum mechanics, statistical 
mechanics, ...
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System Model Prediction

Observation
Physics

Many classes of models:

Physics education

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

0,000,000 mph

4
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Fundamentals
 When/why do we need something more than 

classical mechanics?

Speed
Controlled by the speed of light:

Galilean ⟶  Lorentzian

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

(relativistic)(non-relativistic)
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Fundamentals
 When/why do we need something more than 

classical mechanics?

Speed
Controlled by the speed of light:

Galilean ⟶  Lorentzian

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

(relativistic)(non-relativistic)

Time dilation:

Length contraction:
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Fundamentals

Baseballs
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Fundamentals

Water waves
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Fundamentals

Electrons, 
Photons

Electrons, 
Photons
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Controlled by Planck’s constant:

Fundamentals
 When/why do we need something more than 

classical mechanics?

Size/Scale

classical  ⟶  quantum

Elektronenஎதிர்மின்ElektronenÉlectronsfsfelektronlar電子

(deterministic) (probabalistic)

Matter is wavelike!
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Fundamentals
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Fundamentals
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Fundamentals
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Fundamentals
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Fundamentals
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Fundamentals

Radium
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Fundamentals
Synchrotron 
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Fundamentals
SLAC-MIT experiment
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Fundamentals
Modern colliders - LHC
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Fundamentals
 When/why do we need something more than 

classical mechanics?

Size/Scale
The degree of freedoms and dynamics 
change as length scale decreases 
(energy increases).

https://cds.cern.ch/record/841445

Theory is inherently scale-dependent.



  Tony Menzo Rare lepton decays and differentiable hadronization models 23

Fundamentals
 When/why do we need something more than 

classical mechanics?

Size/Scale
The degree of freedoms and dynamics 
change as length scale decreases 
(energy increases).

https://cds.cern.ch/record/841445

Theory is inherently scale-dependent.

High Energy Physics



  Tony Menzo Rare lepton decays and differentiable hadronization models 24

High Energy Physics (HEP)
What is the model?

Group theory

Field theory

Quantum mechanics

Relativity

Complex analysisGauge theory

Quantum field 
theory
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High Energy Physics (HEP)
What is the model?

Group theory

Field 
theory

Quantum 
mechanics

Relativity
Complex 
analysis

Gauge 
theory

Quantum 
field 

theory

Ingredients:
● Symmetries
● Field content (particles)
● Lagrangian (interactions)
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High Energy Physics (HEP)
The Standard Model

Ingredients:
● Symmetries
● Field content (particles)
● Lagrangian (interactions)
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High Energy Physics (HEP)
The Standard Model

Ingredients:
● Symmetries
● Field content (particles)
● Lagrangian (interactions)

Decay rates

Cross sections



  Tony Menzo Rare lepton decays and differentiable hadronization models 28

High Energy Physics (HEP)
The Standard Model

Ingredients:
● Symmetries
● Field content (particles)
● Lagrangian (interactions)
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High Energy Physics (HEP)
The Standard Model

Particles,
Kinematics

Prediction

Observation
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HEP - Phenomenology
Physics beyond the 

Standard Model (BSM)

Particles,
Kinematics

Prediction

Observation
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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
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My dissertation
PART I - Rare lepton decays: Inserting new physics and looking for probeable 
signals at the intensity frontier
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My dissertation
PART II – Methods to improve simulations of particle collisions at the energy 
frontier
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My dissertation
Honorable mentions – Optimal transport based observables for CP violation, 
and new physics at fusion reactors
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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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Part I:
Signatures of new physics in rare 

lepton decays
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● The Standard Model (SM) has an accidental global flavor symmetry

● Because mν ≠ 0 charged-lepton-flavor violation (CLFV) can occur at 
one-loop

Standard lore - CLFV

Bottom line: Observing CLFV = new physics
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1.  Production

2. Transport

3. Stopping
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4. Detection
Mu3e (μ+)

Mu2e (μ-)

(phenomenology is influenced by detector)

* requires pT > 90 MeV  

* requires pT > 10 MeV  
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Multi-electron muon decays
JHEP 10 (2023) 006, 2306.15631
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Mu3e ⟶ Mu5e 
● Mu3e will see ~1015 total muon decays from the 

stopping target.
● With these statistics are there any other interesting 

channels?
– What about μ ⟶ 5e? 
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μ ⟶ eeeeeνν
● SM background for Mu5e

From MG5:

~100s of μ ⟶ 5eνν events after cuts!
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μ ⟶ eeeee
● Higgsed U(1)D + SM portal via kinetic mixing
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μ ⟶ eeeee
● Leads to cascade decay
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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
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Signatures

NP
SM

NP
SM
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Signatures

NP

SM
NP

SM
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EFT tower for μ ⟶ e conversion 
2406.13818
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A trapped muon can...
1. Decay in orbit

2. Be captured by the nucleus

3. Convert to an electron
a)Mono-energetic electron signal (Ee = mμ)
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A trapped muon can...
1. Decay in orbit

2. Be captured by the nucleus

3. Convert to an electron
a)Mono-energetic electron signal (Ee = mμ)

Ee
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(A,Z) μ- ⟶ (A,Z) e-

2208.07945



  Tony Menzo (U. Cincinnati) From heavy to light: new physics @ high-intensity μ experiments 53

The rate
● The conversion rate: 
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The rate
● The conversion rate: *All nuclear responses allowed 

by symmetries are generated
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Nuclear response hierarchy
*Can become semi-coherent in some nuclei with half-
filled shells (e.g. Al, Cu) 

Where does the UV physics sit?
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The tower SMEFT
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The tower
WET
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The tower
NRET
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Matching
● Non-perturbative 

matching between 
WET and NRET 
(hadronization)

● Parameterize with 
nuclear form factors



  Tony Menzo (U. Cincinnati) From heavy to light: new physics @ high-intensity μ experiments 60

EFT tower
● Non-perturbative 

matching between 
WET and NRET 
(hadronization)

● Matching 
expressions
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EFT tower
● Non-perturbative 

matching between 
WET and NRET 
(hadronization)

● Matching expressions 
⟶
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MuonBridge
Three components:

1. Elastic - one body density 
matrices

2.Mu2e_NRET – Computes 
μ⟶e conversion rate

3.MuonConverter – matches 
WET to NRET and 
facilitates interface with 
existing EFT software

https://github.com/Berkeley-Electroweak-Physics/MuonBridge

https://github.com/Berkeley-Electroweak-Physics/MuonBridge?tab=readme-ov-file
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Bottom-up
● Single dim-6 SMEFT 

operator bounds (with one-
loop running down to 2 GeV)
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Bottom-up
● Single dim-6 SMEFT 

operator bounds (with one-
loop running down to 2 GeV)
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Top-down
● Consider the following leptoquark model

Match onto SMEFT @ Λ = mLQ:
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Top-down
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Top-down
● Consider the following leptoquark model

Match onto SMEFT @ Λ = mLQ:
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Muon-induced baryon number 
violation

2407.03450
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● Can the CLFV signal @ Mu2e stem from non-CLFV 
physics?

● NP scenarios where Ee>105 MeV?
– Can we take advantage of the huge energy reservoir 

that is the nucleus?

Widening the view
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μ 27Al ⟶ 26Mg(*) χ0χ1 ee
● Three dark states + U(1)D + SM portal via 

kinetic mixing
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μ 27Al ⟶ 26Mg(*) χ0χ1 ee
Benchmark:

~4 x 10-3

● Leads to the cascade:
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Tug-of-war with nucleon decay

Benchmark
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Signature
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Direct detection of ultralight DM via 
CLFV

2407.03450
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Standard lore - ULDM
EOM:
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For the de Broglie volume admits a huge 
occupation number

Standard lore - ULDM

ULDM can be accurately described as a classical wave
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For the de Broglie volume admits a huge 
occupation number

Standard lore - ULDM

ULDM can be accurately described as a classical wave

Each mass has an associated “timescale”
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Why ULDM + CLFV?

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.

CLFV experiments probe extremely high NP scales

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

● Manifestation in mass matrix

● Manifestation in decay/scattering rates
– Inherently higher dimensional

Two types of time-dependence:

How and where does time-modulation present itself?
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Journey towards phenomenologically viable operator

First guess: 
1. Fine-tuning 2. No time-modulation

3. SM rate-modulation

2
 

(Belle II)

(TWIST)
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Journey towards phenomenologically viable operator

First guess: 
1. Fine-tuning 2. No time-modulation

3. SM rate-modulation

“✓”

X

X
2
 

(Belle II)

(TWIST)
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Journey towards phenomenologically viable operator

Second guess: 

1. Fine-tuning:  

2. Time-modulation: X

3. SM-modulation: X

✓
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Journey towards phenomenologically viable operator

Third guess: 

1. Fine-tuning:  

2. Time-modulation:

X

3. SM-modulation:

✓

✓

2
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Journey towards phenomenologically viable operator

Fourth guess: 

1. Fine-tuning:  

2. Time-modulation:

3. SM-modulation:

✓

✓

“✓”/✓

or
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Sensitivity (Mu3e)
Michel spectrum

Consider, for example, Mu3e.

- Will run for T~300 days

- ~1015 muon decays

- ~1013 of which will lie in the 
final kinematic bin

- ~108 muon decays/s 
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Sensitivity
● Sensitivity can essentially be determined by:

● Statistical uncertainty + systematic uncertainty 
maximally correlated across all time bins
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Sensitivity

Three interesting limits: 
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

Systematics 
dominate

Statistics 
dominate
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Sensitivity

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

Assumptions: 
1)  Asimov dataset 
2) Continuous running
3) Time-independent 

systematics



  Tony Menzo (U. Cincinnati) Rare lepton decays and differentiable hadronization models 90

Reach
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Part II:
Differentiable hadronization 

models
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Monte Carlo Event generators

2203.11601
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Monte Carlo Event generators

2203.11601
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Motivation
Precision (exclusive) measurements dependent on hadronization!

● Uncertainty reduction 
– Top quark mass measurement (rb)
– e+e- determination of αs 

● Mis-modeling
– High-multiplicity events
– Tuning discrepancies
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Precision (exclusive) measurements dependent on hadronization!

● Uncertainty reduction 
– Top quark mass measurement (rb)
– e+e- determination of αs 

● Mis-modeling
– High-multiplicity events
– Tuning discrepancies

Motivation
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Precision (exclusive) measurements dependent on hadronization!

● Uncertainty reduction 
– Top quark mass measurement (rb)
– e+e- determination of αs 

● Mis-modeling
– High-multiplicity events
– Tuning discrepancies

Motivation

Cannot be improved by retuning

Monash tune - 1404.5630
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Phenomenological models

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

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

4)  Sample longitudinal momentum fraction of 
new hadron

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

1)  Randomly select one of the string ends
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The algorithm (qq)

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

4)  Sample longitudinal momentum fraction of 
new hadron

5)  Repeat steps 1-4

When ECM goes below ~2 GeV, 
is called. This can fail, when it does, 
the full string system is re-simulated 
from the beginning.
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The algorithm (qq)

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

4)  Sample longitudinal momentum fraction of 
new hadron

5)  Repeat steps 1-4
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 efforts: big picture
Solving the “inverse problem of hadronization”
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 efforts: big picture
Solving the “inverse problem of hadronization”
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 efforts: big picture

How to choose 
perturbed model?

Solving the “inverse problem of hadronization”
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 efforts: big picture

How to choose 
perturbed model?

ML   vs ML

● Vary Lund parameters
(traditional 
“manual”/semi-”manual”
tuning)

● ML-based (data-
driven) fragmentation 
function
➢ MAGIC, HOMER

● Hybrid – keep Lund 
fragmentation function, 
promote Lund parameters 
to differentiable objects
➢ Rejection sampling with 

autodifferentiation (RSA)

Solving the “inverse problem of hadronization”
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 efforts: big picture

How to choose 
perturbed model?

ML   vs ML

● Vary Lund parameters
(traditional 
“manual”/semi-”manual”
tuning)

● ML-based (data-
driven) fragmentation 
function
➢ MAGIC, HOMER

● Hybrid – keep Lund 
fragmentation function, 
promote Lund parameters 
to differentiable objects
➢ Rejection sampling with 

autodifferentiation (RSA)

Solving the “inverse problem of hadronization”

Machine learning

Form of universal function 
approximation.

Inputs
Model

Prediction

Data
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Kinematic reweighting (2308.13459)

Rejection sampling:

Acceptance probability:

Rejection probability:
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Rejection sampling:

Acceptance probability:

Rejection probability:



  Tony Menzo Rare lepton decays and differentiable hadronization models 118

Kinematic reweighting (2308.13459)

Rejection sampling:

Acceptance probability:

Rejection probability:
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Kinematic reweighting (2308.13459)

Rejection sampling:

Acceptance probability:

Rejection probability:

Data-structure:
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Kinematic reweighting (2308.13459)

Rejection sampling:

Acceptance probability:

Rejection probability:

Data-structure:
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Kinematic reweighting (2308.13459)

Rejection sampling:

Acceptance probability:

Rejection probability:

Data-structure:

Differentiable! ⟶ RSA 
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χ2-loss landscape
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No free lunch

Statistical power drops off 
quickly as you move away from 
the base parameterization
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No free lunch

Statistical power drops off 
quickly as you move away from 
the base parameterization

Road to differentiable Pythia?
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 efforts: MAGIC

Normalizing flow
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 efforts: MAGIC

Normalizing flow
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 efforts: MAGIC
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 efforts: MAGIC
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 efforts: MAGIC
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 efforts: HOMER
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 efforts: HOMER
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 efforts: HOMER



  Tony Menzo Rare lepton decays and differentiable hadronization models 133

 efforts: HOMER
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 efforts: HOMER
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 efforts: HOMER
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Conclusions

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

● Fun CLFVing signals and model building at the 
intensity frontier. 

Part I:

Part II:
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Conclusions

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

● Fun CLFVing signals and model building at the 
intensity frontier. 

Thanks for your attention :) 

Part I:

Part II:
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Back-up
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Reach @ intensity and energy frontier
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Reach - Mu5e
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Reach - Mu5e
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(A,Z) μ- ⟶ (A,Z) e-

● Effective Hamiltonian:

Schematically...

Perform partial-wave and multipole expansion...
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(A,Z) μ- ⟶ (A,Z) e-

● Natural hierarchy of dimensionless 
scales

● Basis of CLFV’ing single-nucleon 
operators

At the end of the day:
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(A,Z) μ- ⟶ (A,Z) e-

● Natural hierarchy of dimensionless 
scales

At the end of the day:

Leptonic 
momentum 
transfer 

Harmonic oscillator
parameter

● Basis of CLFV’ing single-nucleon 
operators
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Tug-of-war with nucleon decay

Benchmark

Also need to check...
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UV completion

● What’s the new physics reach? Naively:

but Λ isn’t fundamental...
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UV completion
Introduce two colored scalars - a diquark T1 and a leptoquark T2 
as well as a complex scalar Φ. 
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UV completion
Introduce two colored scalars - a diquark T1 and a leptoquark T2 
as well as a complex scalar Φ. 

Integrate out T1 and T2, for off-shell Φ:
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UV completion
Introduce two colored scalars - a diquark T1 and a leptoquark T2 
as well as a complex scalar Φ. 

Integrate out T1 and T2, for off-shell Φ:

Also need to check neutron decay, 
neutron mixing...
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Explicit realization

Consider:
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Explicit realization

🡒 Non-abelian pseudo-NGB + portal

Consider:
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Explicit realization
● Non-abelian pseudo-NGB + U(1)D
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Explicit realization
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Explicit realization
● Non-abelian pseudo-NGB + U(1)D
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Explicit realization
● Non-abelian pseudo-NGB + U(1)D

Charge the SM under U(1)D:
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Explicit realization
● Non-abelian pseudo-NGB + U(1)D

Charge the SM under U(1)D:



  Tony Menzo Rare lepton decays and differentiable hadronization models 164

Applications
● Efficient means of exploring parameter space
● Inherently differentiable
● Very useful for tuning!

– Embed the computation of weights into numerical 
autodifferentiation engine

– Picking new 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
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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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● Train a deepsets classifier to 
distinguish simulation from 
experiment
– Takes full event information as 

input 

(E, px, py, pz)1

(E, px, py, pz)2

. . .

The “score” observable

Use trained classifier output 
(score) as an observable
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● Train a deepsets classifier to 
distinguish simulation from 
experiment
– Takes full event information as 

input 

(E, px, py, pz)1

(E, px, py, pz)2

. . .

The “score” observable

Use trained classifier output 
(score) as an observable
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Classifier score with full event 
info improves tuning 
convergence
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