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Lepton flavor symmetry and violation
Standard model (SM): not a full story

Lepton flavor universality (LFU) – an 
assumed symmetry in SM

• Universal coupling with gauge interaction 
among leptons 𝑔! = 𝑔" = 𝑔#

• Violations imply new physics

Rare 𝝅! decay 𝑹𝒆/𝝁𝝅 = 𝚪(𝝅→𝒆𝝂(𝜸))
𝚪(𝝅→𝝁𝝂(𝜸))

 is key 
observable to LFU 
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Why 𝝅! 𝒖#𝒅 → 𝒍!𝝂?
Most stringent 𝜇/𝑒 test

• Highly helicity-suppressed, 𝑹𝒆/𝝁𝝅 ∝
&𝒎𝒆
𝟐 𝒎𝝁

𝟐

• Corrections to tree-level from high 
order quantum effects or high-energy 
new physics
• Enhanced sensitivity to pseudo-scalar 

interaction ∝ "!!"
"#("$$"%)

• Modified 𝑊𝑙𝜐 coupling
• …
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Quark mixing and pion decays

• Unitary implies
𝑉$% & + 𝑉$' & + 𝑉$( &(~2×10)*) = 1

• Modified 𝑊𝑙𝜈 coupling leads to 𝑉$%
+ = 𝑉$%ℒ (1 − 𝜖"") 

(PRL 125 (2020) 111801)

• 𝑹𝒆/𝝁
𝝅  sensitive to (𝟏 − 𝝐𝝁𝝁 + 𝝐𝒆𝒆) 

• 𝑅+- =
.(-!→-"!!1(2))

.(45467)   ~(10-8) theoretically cleanest 
for |𝑽𝒖𝒅|=0.9739(28)exp(1)th
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Challenges and opportunities

5𝑁&.(. 𝜋 → 𝑒

𝐶)*+, =
𝑁-.(. 𝜋 → 𝑒  
𝑁&.(. 𝜋 → 𝑒  

𝑁-.(. 𝜋 → 𝑒

• For δ𝑹𝒆/𝝁𝝅 ~𝑂(10)C), given 𝑹𝒆/𝝁𝝅 	~1×10)C
• Pion beam with high intensity and rate
• Excellent particle identification (PID)

• Timing + position reconstruction
• Energy deposition 

• Energy resolution for differentiating 𝜋 → 𝑒 and 
𝜋 → 𝜇 → 𝑒

Experiment method:

• 𝑅 ⁄! " =
E(-→!)

E(-→"→! ) =
E#.%. -→! (FGH&'())

E(-→"→!)



PIONEER Collaboration 
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• Phase 1:
• 𝑹𝒆/𝝁𝝅 = 𝚪(𝝅→𝒆𝝂(𝜸))

𝚪(𝝅→𝝁𝝂(𝜸))
 

• other BSM searches

• Phase 2+3
• 𝑹𝜷𝝅 =

𝚪(𝝅&→𝝅𝟎𝒆&𝝊(𝜸))
𝚪(𝒕𝒐𝒕𝒂𝒍)

arXiv:2203.01981https://pioneer.triumf.ca 

https://pioneer.triumf.ca/


Concept design of PIONEER experiment
• 𝜋𝐸5 beam – 300 kHz high intensity pion 

beam at PSI

• Degraded TARget – to slow pions

• Active TARget – to stop pions

• Calorimeter – to determine positron 
energy and timing

• Tracker – auxiliary part to determine 
topology of exiting positron track
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ATAR – a (4+1)-D tracking calorimeter
• Challenges to ATAR

• Signal-to-background ratio 
𝑂(10)C) require excellent 𝜋 → 𝜇 
rejection

• Pileup old muons
• Impurity from beam 𝜇/e

• Design must satisfy
• High granularity for tracking
• Fast response in timing
• Good determination of energy 

deposition inside ATAR
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Pileup muon



ATAR – a (4+1)-D tracking calorimeter
• Low Gain Avalanche Diode (LGAD)

• An additional gain layer multiply 
signals

• Better timing resolution down to 
𝑂 10 	𝑝𝑠

• Widely used at particle physics, e.g. 
HL-LHC, EIC, etc.

• ATAR key specifications
• 48 layers of 120um-thick LGAD plane
• 2x2 cm2 transverse size for each layer
• 100 strips for each layer (200 um pitch 

size)

9
AC-LGAD

TI-LGAD
https://www.mdpi.com/2410-390X/5/4/40
https://doi.org/10.1016/j.nima.2024.169395

https://urldefense.com/v3/__https:/www.mdpi.com/2410-390X/5/4/40__;!!P4SdNyxKAPE!GppKZyJTCM6yxJJALcYPM7rlABpRxVOkt8dUUcEk2Z0swiPyhH5_DHZt5zJZ9Q6_5E8ISK9tjZzZX_yfp1W4$
https://urldefense.com/v3/__https:/doi.org/10.1016/j.nima.2024.169395__;!!P4SdNyxKAPE!GppKZyJTCM6yxJJALcYPM7rlABpRxVOkt8dUUcEk2Z0swiPyhH5_DHZt5zJZ9Q6_5E8ISK9tjZzZX3uMiIdN$


Calorimeter
Challenges to CALO

• Bhabha scattering, shower leakage, 𝜎I and etc. lead to a tail of 
𝜋 → 𝑒 under overwhelming 𝜋 → 𝜇 → 𝑒

• Pileup muon accidentally produce fake 𝜋 → 𝑒 
Calorimeter needs to satisfy

• Reasonable radiation length
• Excellent energy resolution
• Large solid angle coverage
• Precision timing
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CALO options: LXe and LYSO crystal
Liquid Xenon (LXe) arxiv:2310.11902 

• Excellent homogeneity
• Energy resolution ~1.8% @ 50 MeV

LYSO crystals NIM A 824 (2016) 684, arxiv:2203.06731

• Segmented
• Prototype studies show resolution < 2%
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Fast trigger and data acquisitions
Several key triggers
• PI – an unbiased trigger
• Prompt – suppress 𝜋 → 𝜇
• CALO – suppress 𝜋 → 𝜇
• TRACK – for redundancy
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Summary and outlook
• Unique physics opportunities to study LFUV by 

measuring pion rare decays
• PIONEER aims at

• 𝑹𝒆/𝝁
𝝅 = 𝚪(𝝅→𝒆𝝂(𝜸))

𝚪(𝝅→𝝁𝝂(𝜸)) with uncertainty O(0.01%)

• 𝑹𝜷𝝅 =
𝚪(𝝅!→𝝅𝟎𝒆!𝝊(𝜸))

𝚪(𝒕𝒐𝒕𝒂𝒍) 	with uncertainty O(0.05%)

• Active developments of PIONEER design
• (4+1)-D active silicon targets
• Calorimeter with excellent timing and energy 

response
• Fast trigger and DAQ
• And more!
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Backup



PIONEER Experiment
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CKM and LFUV
Redefinition of fermi constant and assume CKM in SM is unitary
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(PRL 125 (2020) 111801)



CKM elements
Superallowed beta decay
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PRC 102 (2020) 045501

PoS(CKM2016)028

• PIONEER Phase 2: 3-fold improvement for 𝑅./ and a 
0.2% determination for |Vus/Vud|

• PIONEER Phase 3: 10-fold improvement for 𝑅./	and 
0.02% determination for Vud without nuclear structure 
dependence

* Neutron needs corrections from lifetime and 𝜆



SM and charged scalar
Standard model calculation using ChPT

Sensitivity to PeV scale
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From PiENu proposal

PRL 99 (2007) 231801



Heavy neutrino, 𝜋 → 𝑒𝜐#
Heavy neutrino, 𝜋 → 𝑒𝜐4
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Arxiv:2203.08039

PRD 97 (2018) 072012



Error budgets 
From PiENu & PEN to PIONEER
• Phase 1: Expected 2x108 𝜋 → 𝑒𝜈(𝛾) for 3 years (5 mon/yr)
• Phase 2: Expected 7×105 𝜋$ → 𝜋&𝑒𝜈(𝛾) for 4 years (5 mon/yr)
• Phase 3: Expected 7×106 𝜋$ → 𝜋&𝑒𝜈(𝛾)
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𝑅 ⁄1 2 =
𝑁(𝜋 → 𝑒)

𝑁(𝜋 → 𝜇 → 𝑒 ) =
𝑁&.(. 𝜋 → 𝑒 (1 + 𝐶)*+,)

𝑁(𝜋 → 𝜇 → 𝑒)



PiENu and PiBeta/PEN
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Gallery of ATAR
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• (a) Standard LGAD
• (b) AC-LGAD / TI-LGAD

ATARReadout & cable

10.1109/LED.2020.2991351



Trigger design
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