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Lepton Flavor
Electron Thomson, Townsand, Wilson 1896

Muon Nedermeyer, Anderson 1937

Tau Perl et al. 1975

Lepton Flavor Universality Pontecorvo 1946

Conserved Lepton Number Konopinski, Mahmoud 1953

Separate lepton “numbers (flavors)” Pontecorvo 1959

Neutrino oscillations:  (Pontecorvo 1957 → Davis, Kamioka, SNO, OPERA, MINOS… 1960-2001)

Lepton flavor is not conserved.  Neutrinos have (small) mass and mix.

±40 yrs

12/5/2023

Flavor is an enigma!
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SM Flavor Tensions 
Several high precision measurements of accurately predicted SM processes show indications of 

violating Lepton Flavor Universality and CKM unitarity.

• Muon g‐2  (‐>5 σ ?)
• B Decays   (2‐4 σ)  

B → D(*)τ ν/B → D(*)µν ; charged currents
O(10%) deviations from universality.
Both heavy quarks and leptons involved!

• CKM Unitarity (3 σ)
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• CKM Unitarity (~3σ)
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Agreement is poor; uncertainties
from experiment and theory.
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D.B., A. Crivellin, V. Cirigliano, and G. Inguglia, 2111.05338
*Crivellin, Hoferichter, PRL 125, 111801 (2020)

Connection to LFU?

*

Deviations could be 
explained by small 
corrections  to 
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µ-e Universality tested at O(10-3)
τ-µ/e Flavor Universality tested at O(10-3)
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Charged Lepton Flavor Universality in π Decay
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Possibly the most accurately calculated decay process involving hadrons. Possibly the most accurately calculated decay process involving hadrons. 
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Current Result (PDG):  R 1.2327 0.0023 10  

: 1.0010 0.0009

GOALS: PEN, PIENU  ( R 0.1%);PIONEER ( 0.01%)
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Best test of LFU ( 0.09%)

e

e

e

x

A
A







 

 

 







/Sirlin Cirigliano Marciano 

(±0.012%)
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Experiments: an order of magnitude less precise than theory.
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PIONEER Goal

SM
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Pseudoscalar interactions

Phase I PIONEER Goal:  0.01 % measurement TeV

Many others:
• Leptoquarks
• Excited gauge bosons
• Compositeness
• SU(2)xSU(2)xSU(2)xU(1)
• Hidden sector ….

Marciano…

 Tests:   Sensitivity to High Mass Scalese LFU  

Charged Higgs (non-SM coupling)

 /

Induced Scalar Currents
(0.01%) : !180e S eVR T  

Campbell and Maybury (2005), Marciano

Apparent LFUV  via massive sterile neutrinos (e.g. in  π+→l+νH) ;see DB and  R. Shrock, PRD 
100, 073011 (2019); Implications for leptogenesis (Elahi et al.  PRD 105, 055024 (2022) ); or 

other exotic processes like π+→l+νa (Altmannshoffer et al. PRL 130, 241801 2023)).
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Heavy Neutral Leptons Coupling to 1st Generation
2203.08039 [hep-ph]

Pioneer
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PIONEER builds on previous experience:
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TRIUMF

BINA
19X0

exp 4
/ R (1.2344 0.0023 0.0019) 10e x

  

Photonuclear peaks revealed in 
direct lineshape measurement.
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/
( ( )) : Experimental Method
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Simple experiment: count e+ from π decay
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𝜇 → 𝑒𝜈𝜈 𝜋 → 𝑒𝜈
x104

Energy (MeV)Time (ns)
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: Experimental Methode 
 Pions stopped in an active target
Positrons tracked; energy measured

    in a calorimeter
Decays tag

s
Principal sytematic uncertainty:  Low energy "tail" 
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Many systematic 
effects cancel in 
measuring the ratio

.e
e
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Background suppression insufficient to 
determine “tail” for E<52 MeV.
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Timing Analysis done for two Energy Regions

Correction for tail (Ee<52 MeV) obtained from direct 
measurement of line shape; other corrections also applied.

Muons in Minneapolis -- Bryman
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PIONEER 
Next Generation Rare Pion Decay Experiment 

/
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PIONEER Proposal: e  
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( Improvements Compared to PIENU)
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 Beam 

LXe

Active Target 
and tracking 
layers

Approved at PSI 2022 – beam tests 2022,23
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0 25 X  Δt~100 ps  ~1.5%E

E


Most intense low energy pion beam: PiE5 at PSI

Active segmented LGAD 5D target

LXe Scintillation Calorimeter

Fast DAQ, high speed digitization, etc.
12/5/2023

PIONEER Technologies for e  

Muons in Minneapolis -- Bryman



Peter Kammel – PIONEER

Beam
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• piE5 @ PSI - World’s Brightest Stopped Pion Beam
– Fundamental muon physics: MEG, Mu3e

• PIONEER requirements and test beam 2022 results
– Rate: 300k π/s stopped in ATAR: ok at 65 MeV/c
– Momentum bite: ∆p/p <2%: marginal
– Spot size: <2 cm FWHM: not achieved
– µ,e less than 10% π: needs second focus extension

• Simulation effort and beam design
– non-linear effects due to large phase space
– beam design with TRANSPORT, G4BL
– novel promising machine learning approach

X

Y

production target

transport through 
piE5

Peter Kammel 



12/5/2023 19

PIONEER Target (ATAR)  for e  

Event Topologies

4 MeV Mu stop time 
Δt<12ps

Muons in Minneapolis -- Bryman
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Active segmented LGAD 5D target

Muons in Minneapolis -- Bryman



12/5/2023 21

• Design: 48 layer Si strip target; stop pions
• Compact 2x2x0.6 cm block full of silicon strips 
• See all π→µ decays; 
• Track π→e and π→ µ →e

• Requirements
• Longitudinal segmentation:

Track, stop, localize pions; detect decays in flight
• Compact, efficient: minimal  dead material 
• Fast collection time: separate pulses that are close in time from π→µ →e and 
π→e decays

• Large Dynamic range (1000): measure energy depositions from positrons and 
slow pions/muons

LGAD Si Strip Target

μ
π

0.12 mm
e (<52 MeV)

R&D in progress

“5D” Detector (Space (3), Time, Energy)

Muons in Minneapolis -- Bryman
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ATAR Si Strip Designs and Challenges

• AC LGAD:  High time resolution; minimum dead material; increased occupancy;
complicated pattern recognition for π→µ→e; energy deposit saturation

• TI LGAD: Simple pattern recognition for π→µ→e; additional dead material; 
energy deposit saturation

• PiN: Excellent energy linearity; long time constants needed for good S/N; modest 
time resolution

Specs: 48 layers; 120µm thick; 200µm pitch; 1000 dynamic range

Muons in Minneapolis -- Bryman
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Alternative  ATAR design: Double sided strips

• LGAD or PiN type sensors
• Correlated x-y measurements
• Minimize dead material
• Minimize air gap (25µm5µm)

BNL prototype being evaluated at UCSC (SCIPP)

Muons in Minneapolis -- Bryman
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PIONEER Positron Tracker



Liquid Xenon Scintillating Calorimetry
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 Beam 

LXe

Active Target 
and tracking 
layers

Liquid Xenon is:
 Bright (~60k photons/MeV) 178 nm
 Fast (~45 ns decay time)
 Dense (3.1 g/cc)
 Homogeneous
 Low intrinsic backgrounds
 Expensive!

 Δt~100 ps ;  1.5% (70 MeV)

Goals Based on MEG at PSI :

E

E
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PIONEER LXe Calorimeter         Version 0 Concept

• 7 t Fiducial  LXe volume
• 1000 PMTs
• Thin inner region windows
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Current concept: Forward acceptance 
geometry. Better acceptance; allows 
direct positron beam line shape 
measurements.

Muons in Minneapolis -- Bryman
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MEG II replaced entrance window PMTs with SiPMs

SiPM
degradation 
problem in 
LXe.

PIONEER is considering  both PMTs  and  SiPMs

Muons in Minneapolis -- Bryman
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C. Malbrunot

PIONEER LXe Photosensor Possibilities

Muons in Minneapolis -- Bryman



100 L LXe Prototype (25 X0) under development
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Objectives:
• Validate simulations
• Positron response at 70 MeV/c
• Measure lineshape
• Test thin windows
• Test optical coatings
• Investigate Cerenkov radiation
• Do some physics?

Muons in Minneapolis -- Bryman
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CALO R&D: LYSO option 
being investigated vigorously.

• LXe vs. LYSO Crystal
• LYSO R&D  (New SICCAS Crystals)

– scan 10 crystal array with e-beam
– demonstrate resolution
– measure backscattering 

albedo

• Recent Test
run at PSI gives
promising
results.

10x LYSO
2.5x2.5x18 
cm3

NaI(Tl) as tail catcherLYSOLXeProperty

4% !1.5%Resolution

naturalR&DSegmentation

standardVUVPhotosensors

mainly small Xtal for PETMEGExperience

Some experience with Mu2E/COMET LYSO 
arrays (not good enough for PIONEER). Peter Kammel

Muons in Minneapolis -- Bryman
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Muon decay to on-shell dark Higgs h

; 2( )
d

d d d de h h e e
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12 15Br( 5e)~10  Mass scale ~10 GeV   
6Current limit: Br( 5e)<4x10 

Hostert,et al.   arXiv:2306.15631v1 [hep-ph] 27 Jun 2023

Possible New Physics Search with the PIONEER Calorimeter Prototype

Special Minneapolis Diversion:

31Muons in Minneapolis -- Bryman



12/5/2023

Muon decay: total EM energy Measurement
Poutissou et al., Nuclear Physics B80 (1974) 221

74 10 ; 20 .  (30% efficiency)x hrs
6Current limit: Br( 5e)<4x10 

( ) 40.6  dia. x 61 cm long

( ) ~ 5% 10%

Rate (inst.) ~(1700/s)/0.3~5KHz

NaI Tl cm
E FWHM

E




e 
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Adrian Signer (PSI) private comm.  To DB  Sept. 14, 2023 

10Integrated B ( e ) vs. E for E 10 .miss

miss e

MeV

E m E E


 

  

  

New Calculation of the intrinsic background: <10-12 to 10-11

Experiment more likely to be 
limited by random pile-up 
effects.
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PIONEER LXe  Calo Prototype for 5e? 

1: 300 MeV/c 
50

M
kHz

 

10

The PIONEER  LXe prototype might be able to 
reach ~ (10 ) in a 10 day run at PSI M1 beam.

Rough Estimate:

O 

1 FluxesM
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e e  

PIONEER Energy Spectra & π→e Lineshape

PIONEER will make direct measurements of the 
calorimeter lineshape and "tail" with e+ beams; then 
use simulations to obtain e ( ) response.  

e+

35Muons in Minneapolis -- Bryman
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Initial simulations:

e 

DIF e  

DIF e  

 

The e  lineshape and low energy tail correction will 
also be measured in situ using ATAR suppression of backgrounds: 
1)  decay at rest , 
2)  decay in flight ( DIF)
3) e.DAR DIF

DAR

 

  
  
 






 

• ΔE in first 𝜇 strip
• 𝜋 z-position with dE/dx

DIF e  
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(Calorimeter/ATAR)
(ATAR timing/dE/dx) 
(ATAR)
(Calorimeter/ATAR)
(Calorimeter/ATAR)
(Calorimeter)

e : Estimated Uncertainties  

0e : Estimated Uncertainties    

PiBeta PIONEER (Phase II;III)
Statistics 0.4% 0.1%, 0.03%%
Systematics       0.4% <0.1%    (ATAR (β), MC, Photonuclear, πeν)
Total 0.64% 0.2%, 0.05%

To be verified by 
simulations and 
prototype 
measurements.
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* *Pion lifetime uncertainty not included

Error budget goals:  
2x108 events (3 years)

Muons in Minneapolis -- Bryman
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• Rare π, µ and K decays have unique and important roles to play in the 
search for new physics involving  exotic effects like Flavor Universality 
and Lepton Flavor Violation --- especially sensitivity to very high mass 
scales.

• π/K/B results expected from PIENU, PEN, NA62, and LHCb, BESSIII, 
BELLE-II….  Important connections with searches for sterile 
neutrinos/dark sector particles , high mass scale physics, and L(F/N)V 
tests.

• Next generation pion decay experiment PIONEER aims at order of 
magnitude improvements in high precision for measurements of π eν
and pion beta decay to provide unique new information on Lepton 
Flavor Universality and CKM unitarity. 

Conclusions: Testing Lepton Flavor Universality 
with Pions

12/5/2023 Muons in Minneapolis -- Bryman
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