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Quarks Leptons

Unexplained observations (no theory of flavor)
• Three (“identical”) generations; universal interactions (why = 3?  <? >?)
• Huge mass differences between and within the generations
     Exceptionally small neutrino mass
• CP violation (at least in the quark sector)
• Remarkable symmetry between leptons and quarks  (GUT, scale?)
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Experiment/observations (way) ahead of theory.

The Flavor Puzzle



How to Delve into the Flavor Puzzle?
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Experiments
• Particle properties: dipole moments
• Lepton Flavor Universality (LFU) tests: compare 

ratios of rates “X→ li/X→ lj “
• Non-SM flavor violation searches: li→lj γ
Theories – some may distinguish among flavors
• Short Distance effects

• Distinct W-l-
• Lepto-quarks 
• …

• Compositeness
• Heavy neutral leptons (confuse experimental tests)



Current Flavor Tensions in the SM
Several high precision measurements of accurately predicted SM processes show possible 

indications of violating Lepton Flavor Universality and CKM unitarity.
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• Muon g‐2  (4.2 σ)
Deviation from theory  ‐‐ new physics?

• B Decay ratios:   B → D*τ ν/B → D*µν;  B →K*µ µ/ B →K*ee
R(D(*)),R (K*), R(K):  (2‐4 σ); 

O(10%) deviations from universality.
Both heavy quarks and leptons involved!

• CKM unitarity tests (3.7 σ): β and K decays
May be related to LFUV.

• Lepton Flavor Universality in agreement with the SM at O(10-3) level 
in π, τ and K decays.
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CKM Unitarity
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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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Connecting CKM Unitarity and Lepton Flavor Universality
Hoferichter and Crivellin (2020)

LFU

CKM

Modified  Couplings from  decay;
input to V from Super-allowed  decay:ud

W l  


 

/e        
/e        



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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Marciano/Sirlin Cirigliano 

(±0.012%)
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Experiments are an order of magnitude less precise than theory.
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       µ-e Flavor Universality tested at O(10-3)
   Light meson and Tau experiments compare SM expectations (Ae=Aµ=Aτ)
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e,µ

νe,νµ

π+
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       τ-µ/e Flavor Universality tested at O(10-3)
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Pseudoscalar interactions

Phase I PIONEER Goal:  0.01 % measurementTeV

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

Marciano…
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 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 could also appear via massive sterile neutrinos (e.g. in  
π+→l+νH with implications for leptogenesis (Elahi et al. 2109.09751).
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Energy (MeV)

e  e 

He 

410x

“LFU Violation” Example: 
Massive Sterile Neutrinos e.g. π+→e+νH

~0m

exp
/

Extra channel changes
the e  branching 
ratio eR 
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Heavy Neutral Leptons Coupling to 1st Generation

Pion decay

2203.08039 [hep-ph]

Kaon decay



CKM Unitarity: Vud, Vus/Vud
Tested in super‐allowed β (Vud) and K decays (Vus/Vud)
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e a &  e a; a      

Altmannshofer, Gori, Robinson,  Phys.Rev.D 101 (2020) 7, 075002

Angular distribution
e a; a

for different ma

a 
  

 

Mixing vs. maalp 

PiBeta

PiBeta

Pion “β” Decay with Axion-like particles (ALP):

( e a) vs maB  
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Testing LFU with  K   

Bordone, Buttazzo, Isidori, Monnard  ArXiv:1705.10729

Involves  third generation quarks (top) and leptons  ( , ) 
EFT approach to LFU violations new interactions with U(2)q x U(2)l symmetry.
NP coupled to left-handed lepton and quark singlets. Tuned to R(D*)=1.25*SM.

*

Correlation of   
    with    B K

K  
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Experiments -- stopped pionse  
• CERN (1958) 6 events
• Chicago (1960) – magnetic spectrometer 

• 1st precise measurement ±6%
• Columbia (1964)  NaI(Tl) crystal; ± 2% 
• TRIUMF (1986, 1992, 2015  PIENU) 

NaI(Tl)/CsI crystals
± 0.24% →0.1%?  107 events

• PSI (1994 → PEN)
BGO →  CsI crystals >107 events
± 0.4% → <0.1%?

• PIONEER:  → <0.01%?

  4
/R 1.23524 0.00015 10th

e x
  ±0.012%

How to improve experimental precision by another order of magnitude to 
match theory?

15 x more precise than experiments!

5/25/2022

L. Doria
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Simple experiment: count e+ from π+ decay
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𝜇 → 𝑒𝜈𝜈 𝜋 → 𝑒𝜈
x104

Energy (MeV)Time (ns)



: E xperim en tal M ethode 
 Pions stopped in an active target
Positrons tracked and energy measured

    in a calorimeter
Decay

o

 
Principal sytematic uncertainty:  Low energy "tail" 
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e  events  under  "background".e  
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Many systematic 
effects cancel in 
measuring the ratio

.e
e
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4.2T MeV

 




PIONEER  
Next Generation Rare Pion Decay Experiment

Paul Scherrer Institut
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PIONEER 
Next Generation Rare Pion Decay Experiment 

/

   
( )    * Measure : ( 0.01%)

( )
    * Improve exotic decay search sensitivities by an order of magnitude 

e.g. ; ; / ; /
 Phase II II

PIONEER Goals:
Phase I:

e

H H

e eR O

e e e X


   
   

       


   

 
   

   
 

0

I  
( )     * Measure : ( 0.2% 0.05%)

)

:

(
eR O

all
  


 



 
   

 

20



0   Reduce Tail correction (5 x);   Improve uniformity (5 x)
Fast scintillation response (LXe)

Reduce Tail correction uncertainty (10 x)
  Fast pulse shap

25 X , 3  sr calorimeter

Active Tracking Target  
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PIONEER Method : e  
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( Improvements Compared to PIENU)

25/05/2022

 Beam 

LXe

Active Target 
and tracking 
layers
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PIONEER Central Region

Active Target ( )  

e tracking
48 layers X/Y strips
    Strips: 120 m thick, 200 m wide 
Fast pulses, timing  <100 ps
Fully active for energy measurements

ATAR
    Low Gain Avalanche Detector 
 

 

 

Si strip 
positron 
tracker 

22

LGAD Si Strip Target (ATAR)

ATAR:  E  vs  
e
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•Design: 48 layer Si strip target; stop pions
•Compact 2x2x1 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: no dead material 
•Fast collection time: separate pulses that are close 
in time from π→µ →e  and π→e decays

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

LGAD Si Strip Target

μ
π

0.12 mm
e (<52 
MeV)

R&D in progress
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Simulated ATAR Event Displays

e   DIF e  e 

X vs. Z

Y vs. Z

dEπ,µ vs. Z
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PIONEER: LXe Scintillation Calorimeter

LXe 
mechanical 
concept 

25

0 25 X
Δt~100 ps

~1.5%E

E


Performance expectations based on MEG LXe calorimeter
Active volume 2000 l
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Background Suppression
e e  

Low energy tail measured in 
situ using ATAR suppression 
of µ decay backgrounds.

PIONEER Simulated Energy Spectra

e 

DIF e  

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)
Statistics 0.4%        0.1%
Systematics       0.4%        <0.1%    (ATAR (β), MC, Photonuclear, πeν)
Total 0.64%        0.2%

To be verified by 
simulations and 
prototype 
measurements.

27

* *Pion lifetime uncertainty not included
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Exotic Searches in PIONEER Phase I

2
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Also to be improved by an order of magnitude:
e/ X; e/    

Searches for 
Sterile Neutrinos
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Connections: LFU, LFV, LNV and Sterile Neutrinos
2Constraints on |U |ei

0  Decay -- Majorana   / , / 3 ,e e eC      

Other connections with LNV :  ( 2), ....Z e Z K    

deGouvea, Kobach, PRD D 93, 033005 (2016)



Charged Lepton Flavor Violation 
Another probe of the flavor puzzle
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12 17

13 14 12 16

Many ongoing CLFV Experiments:
 Conversion ( ) : Mu2e (Fermilab); COMET (JPARC) 
O(10 ) O(10 )
 , 3  : MEG (PSI); Mu3e (PSI)
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Could a future upgrade of ARIEL or PERLE@Orsay Contribute?



CLFV at “ARIEL200” or PERLE
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Blazek and  King  (arXiv:hep-ph/0408157v1) estimated the cross section 
for e+N +N at E =200 MeV in the Minimal Supersymmetric Standard Model :

(e+N +N)~10 ; and 
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Say, MEG II discovers e  at BR = 4.2x10
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                                   (O(10) x lower than current MEGII goal)
                             BR ( e ) 4 x10MSSM     

ARIEL200 Fantasy Experiment 
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Muon Capture Solenoid 
with magnetic mirror

µ Stop target and 
µ-→e-νν Detector

ARIEL200 Fantasy Experiment 
(à la COMET Phase 1) 

Cosmic Ray Veto

(e +Ta + ) Ta  

Muon Transport
Solenoid

Detector
Solenoid

H2O cooled 
Ta target
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• Lepton Flavor Universality and Lepton Flavor Violation reactions are 
especially sensitivity to new physics effects hinted at by several 
anomalies.

• µ/π/K/τ/B/Z results anticipated from Muon g-2, MEGII, Mu2e, Mu3e, 
COMET, PIENU, PEN, NA62, BESSIII, BELLE-II, LHCB, LHC ATLAS/CMS.  
Important connections with searches for sterile neutrinos/dark sector 
particles , high mass scale physics, LNV, and 0𝜈ββ searches.

• A 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 uniquely sensitive new information on 
Lepton Flavor Universality and CKM unitarity. 

• Could a future ARIEL upgrade or PERLE@Orsay play a role in this 
field?

Conclusions: Lepton Flavor Universality
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