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electron

leptons of three generations

taumuon

Lepton Universality (LU)
• Gauge Symmetry dictates our Universe:  

• Gauge interactions operate universally on particles of all generations  

• Precisely tested & established with leptons ̶ “Lepton Universality”

ge

gμ gτ

ge = gμ = gτ



• Recently several 
experimental results seem 
to indicate that Lepton 
Universality is actually 
violated (LUV): 

• B decays (RD, RD*, etc)
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Standard Model

Experiments

RD(*)

new particle / new interaction?

Hints of LU Violation?

Test of Lepton Flavor Universality

• R(D), R(D*) deviate from the SM 
expectation by more than 
• Can be a hint of LFUV between  and 

•  of charged 
leptons are sensitive probes of 
LFUV
• longstanding  can be considered as 

another hint of LFUV when compared to 
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METROLOGY

Measurement of the fine-structure
constant as a test of the
Standard Model
Richard H. Parker,1* Chenghui Yu,1* Weicheng Zhong,1 Brian Estey,1 Holger Müller1,2†

Measurements of the fine-structure constant a require methods from across subfields
and are thus powerful tests of the consistency of theory and experiment in physics.
Using the recoil frequency of cesium-133 atoms in a matter-wave interferometer,
we recorded the most accurate measurement of the fine-structure constant to date:
a = 1/137.035999046(27) at 2.0 × 10−10 accuracy. Using multiphoton interactions
(Bragg diffraction and Bloch oscillations), we demonstrate the largest phase
(12 million radians) of any Ramsey-Bordé interferometer and control systematic
effects at a level of 0.12 part per billion. Comparison with Penning trap measurements
of the electron gyromagnetic anomaly ge − 2 via the Standard Model of particle physics
is now limited by the uncertainty in ge − 2; a 2.5s tension rejects dark photons as the
reason for the unexplained part of the muon’s magnetic moment at a 99% confidence
level. Implications for dark-sector candidates and electron substructure may be a
sign of physics beyond the Standard Model that warrants further investigation.

T
he fine-structure constant a characterizes
the strength of the electromagnetic inter-
action between elementary charged parti-
cles. It hasbeenmeasuredby variousmethods
from diverse fields of physics (Fig. 1), and

the agreement of these results confirms the
consistency of theory and experiment across
fields. In particular, a can be obtained from
measurements of the electron’s gyromagnetic
anomaly ge − 2 by using the Standard Model of
particle physics, including quantum electro-
dynamics to the fifth order (involving >10,000
Feynman diagrams) and muonic as well as ha-

dronic physics (1–3). This path leads to an ac-
curacy of 0.24 part per billion (ppb) (4–6) and
was until now the most accurate measure-
ment of a.
An independent measurement of a at compa-

rable accuracy creates an opportunity to test the
Standard Model. The most accurate of previous
such measurements have been based on the ki-
netic energyℏ2k2=ð2mAtÞof an atom ofmassmAt

that recoils from scattering a photon of momen-
tumℏk (3), whereℏ is Planck’s constant h divided
by 2p, and k = 2p/l is the laser wave number
(where l is the laser wavelength). Experiments of

this type yield ℏ=mAt and have measured a to
0.62 ppb (7) via the relation

a2 ¼ 2R∞

c
mAt

me

h
mAt

The Rydberg constantR∞ is known to 0.006-ppb
accuracy (6), and the atom-to-electron mass ratio
ðmAt
me
Þ is known to better than 0.1 ppb for many spe-

cies.Here, c represents the speedof light in vacuum.
The fundamental tool of our experiment is a

matter-wave interferometer (8, 9). Similar to an
optical interferometer, this apparatus splits waves
from a coherent source along different paths, re-
combines them, andmeasures the resulting inter-
ference to extract the phase difference accumulated
between the waves on the paths. Sequences of
laser pulses are used to direct and recombine the
atomic matter waves along different trajectories,
to form a closed interferometer (10). The phase
evolution is governed by the Compton frequency
of the atoms. The probability of detecting each
atom at the output of the interferometers is a
function of the phase accumulated between the
different paths; measurement of the total atom
population in each output enables an estimate of
this phase. For the Ramsey-Bordé interferometer
geometry used in this experiment, the phase is
proportional to the photon recoil energy and
can therefore be used tomeasure the ratioℏ=mCs

(mCs, mass of a cesium atom) and, from that, the
fine-structure constant a.
In our experiment, we used a number of meth-

ods to increase the signal and suppress systematic
errors. We used 10-photon processes as beam
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Fig. 1. Precision
measurements of
the fine-structure
constant. A compari-
son of measurements
(1, 3–5, 7, 26–28).
“0” on the plot
is the CODATA 2014
recommended value
(7). The green points
are from photon recoil
experiments; the red
ones are from electron
ge − 2 measurements.
The inset is a close-up
view of the bottom
three measurements.
Error bars indicate
1s uncertainty. StanfU,
Stanford University;
UWash, University of
Washington; LKB,
Laboratoire Kastler
Brossel; HarvU,
Harvard University.
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2.4σ

Anomalous magnetic moments of muon and electron

The origin of the long-standing deviation seems to be  
“Lepton Universality Violating” 
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Unitarity of 1st row of  
CKM matrix

Discrepancy between:  
,  
and 

 nuclear beta decays

K → μν K → πμν

0+ → 0+

Another hint of LUV?

Pion beta decay:  
theoretically clean, free of hadronic corrections

π+ → π0e+ν



Goal of PIONEER

Re/μ =
π → eν
π → μν

SM Theory

Current Expt. Avg.

Goal of PIONEER
～100%

～10-4
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Most scrutinising test of Lepton Universality 
by measuring rare pion decays

Second Phase:  Pion beta decay 
π+ → π0e+ν

0.01%



electron energy (MeV)

π → μν → eνν

π → eν
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low energy “tail”

×103
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Challenges



“5D” Active Target (ATAR) & Tracker

25X0 Liquid Xenon Calo
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Pion 

3π solid angle

3D + time + energy



π → μν → eνν

π → eν

μ

e

π

π

π

π μ
e

e

e

25X0 Calorimeter reduces the tail: 3% ̶> 0.5%

×103

Fast, uniform LXe Calorimetry 
with excellent energy resolution <1.5% 5D event identification  

by ATAR (LGAD technology)
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pion beam profile 
(beam test 2022)

Most intense, high quality, low-energy  
pion beam at PSI, Switzerland



Matured LXe Technology
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◀Inside the 2.7ton MEG II LXe detector  
（VUV SiPMs & PMTs are seen） 

    The necessary performance established ▼ Prototype Detector 
　 to be used for R&D 
　 for PIONEER

Developed for MEG
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Active Target (ATAR) key new technology to develop
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@PSI

0.8π
NaI(Tl) 
19 X0

CsI 3π 
CsI 

12 X0

• Large solid angle 
• Calorimeter depth of 12X0 - large tail under 

muon spectrum

• Single large NaI - excellent resolution but slow 
• Small solid angle, 19X0 - large shower leakage and tail

Past Pion Decay Experiments: PIENU and PEN/PIBETA 
Both took data a long ago but have (known) challenges to overcome before final results
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Appendices

Appendix A: PIENU and PEN

Measurements of Re/µ and associated exotic searches.

The PIENU experiment has provided the most precise measurement of the branching
ratio Re/µ = (1.2344±0.0023stat±0.0019sys)⇥10�4[35]; a further factor two improvement in
precision is anticipated. The ⇡ ! e⌫ branching ratio provides the best test of electron–muon
universality in charged current weak interactions resulting in the ratio of weak interaction
strengths gµ

ge
= 1.0010 ± 0.0009[3]. The PEN experiment at PSI is aiming at comparable

precision to PIENU.

FIG. 24 – The upper panel shows the positron energy spectrum with the red line indicat-
ing Ecut. The lower panels show the time distributions for events below and above Ecut.
The black histograms are data, the red curve is the ⇡+

! µ+
! e+ signal, and the blue

line is the ⇡+
! e+⌫ signal. The other histograms in various colors are the background

terms related to pile-up, muon DIF, and other effects discussed in Ref. [35].

PIENU obtained the branching ratio by first separating events into high- and low-energy
regions at an energy cut value (Ecut) as illustrated in Fig. 24. The time spectra were
fit in each region with the ⇡+

! e+⌫ and ⇡+
! µ+

! e+ shapes, plus backgrounds
originating from different sources including pion decays in flight, contamination from old
muon decays etc. The raw branching ratio Rraw

e/µ
was the ratio of the ⇡+

! e+⌫ amplitude
to the ⇡+

! µ+
! e+ amplitude. Corrections such as the tail correction for low energy

Strategy for 10-4 precision experiment

•  Statistics
• 2 x 108   events  

in 2-3 years with 3x105 /sec beam 

• Analysis
• fit high/low energy  time distributions 

with various components:  
•
•
• background, pileup, etc

• Systematic improvements
• intense, high quality  beam
• ATAR with 5D capability to identify events
• LXe calorimeter: 3 , 25X0, high res., fast

𝜋 → 𝑒ν
π

𝑒+

𝜋 − 𝑒
𝜋 − 𝜇 − 𝑒

𝜋+

π
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Sterile neutrinos and exotic decays
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https://arxiv.org/pdf/2203.08039.pdf
Snowmass paper: The Present and Future Status of Heavy Neutral Leptons; Abdullahi et al

Expected from Phase I Data Taking
A. Aguilar-Arevalo et al.  Physical Review D 97(7) 072012 (2018) 
A. Aguilar-Arevalo et al.  Physics Letters B 798 (2019) 134980
A. Aguilar-Arevalo et al. Phys. Rev. D 102, 012001 (2020) 
A. Aguilar-Arevalo et al. Phys. Rev. D 101, 052014 (2020)
A. Aguilar-Arevalo et al. Phys. Rev. D 103, 052006 (2021)

Example papers published by

Heavy sterile neutrino and 
hidden sector searches 
improved by  factor of 10

Unique sensitivity in the low mass region 1-120 MeV
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PIONEER approved at PSI addressing 3 Physics Questions

https://arxiv.org/abs/2203.01981 

Jan. 2022 Approved with high priority @ PSI Snowmass 2022 White Paper

Pion Spot Size

• Lepton Flavor Universality   
• Cabibbo Angle Anomaly 
• Sterile neutrinos and exotic decays

10 x 
Improvements 

in precision

https://arxiv.org/abs/2203.01981


Notional Timeline
2023 2024 2025 2026 2027 2028
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R&D toward TDR 
ATAR, LXe, electronics

prototype demonstration

beam test beam test

complete TDR
Construction

MEG II

Shutdown for HIMB

beam test integration

design optimisation by simulation

prototype simulation study

simulation study of final setup

Mu3e

πE5 beam line

FY

Installation/test

beam test
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