
PIONEER: A next-generation rare 
pion decay experiment

On behalf of the 74 current Collaborators:

David Hertzog; University of Washington

U.S. Institutes

The Collaboration has extensive experience in

– Rare p & K Decays;  Muon g-2, Muon Lifetime, MEG CLFV, 

& many PSI experiments

– We have STRONG, YOUNG Leadership at many institutions 

who will drive this program forward 
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PIONEER approved at PSI addressing 3 Physics Questions

https://arxiv.org/abs/2203.01981

First Beam Request-May 2022

Jan. 2022 Approved with high priority @ PSI

Snowmass 2022 White Paper

Pion Spot Size

PSI Progress Report 2023

• Lepton Flavor Universality  

• Cabibbo Angle Anomaly

• Sterile neutrinos and exotic decays

10 x 

Improvements 

in precision

https://arxiv.org/abs/2203.01981


Physics Case 1: Best Test of  Lepton Flavor Universality

• Lepton Flavor Universality test: 

15 x worse than theory
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(PIENU / the best test of LFU)

Theory: Marciano/Sirlin
 Cirigliano/Rosell

Sensitive to New Physics mass scales >103 TeV 
Unprecedented precision.

Current

Goal of PIONEER
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Physics Case 2: High Precision unitarity test with pion beta decay

Dominant uncertainty in d|Vud| associated with 
hadronic and nuclear corrections

Pion beta decay,                                    provides the 
theoretically cleanest determination of |Vud| 

3-fold improvement  improved Vus/Vud

Bryman et al, arxiv.org/pdf/2111.05338.pdf

Pion beta decay offers  unique precision to determine Vud

Vud

Vus
10-fold improvement to determine Vud at the level of 
0++, but without  nuclear corrections



LFUV may be impacting the CAA?
Assuming unitarity, Vud deduced from Kl2 and Kl3
and nuclear beta decay is inconsistent

Crivellin-Hoferichter 2002.07184, PRL 

Is this tension a sign of LFUV ??

eij are possible small corrections to the charged W-l-n couplings, 



Physics Case 3: 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

Pion decay

PIONEER
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

Uniquely sensitivity in the low mass region 1-120 MeV
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Our strategy for a next-gen pi-e-nu experiment
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t = 2197 ns

tp = 26 ns

70 MeV

The key to major improvements over current state-

of-the-art experiments (PIENU, PEN) is to 

accurately determine fraction of p  e events that 

hide below the Michel spectrum:  “The Tail”

25 X0 deep calorimeter: Tail fraction <1%

Highly segmented, active target with energy, timing, 
and topology information to identify events:

Tail fraction uncertainty  <0.01%
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Overall uncertainty goal:
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Technical approach (scope) requires
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Active Target

• Most intense low-energy pion beamline is at the Paul Scherrer Institute
• PSI fully supports experiments, installation, etc.

• LGAD 5D-Tracking target  (low-gain, avalanche diode)

High precision tracking Si strip target (Active Target)
• Distinguishes events types (unique feature)
• 5000 channels with time, energy, and position in 2x2x0.6 cm3

• 25 X0 LXe Scintillating Calorimeter 
• High-resolution, uniform, fast
• Following MEG II ; <1.5% resolution at 70 MeV  

• State-of-the-art additional instrumentation
• + µRWell Tracker; fast triggering; high speed digitization and DAQ
• Many following LHC developments



PIONEER Project Costing … being drawn from full WBS exercise that is in progress

• Total project cost $26 M + 50% contingency = $39 M
• Includes U.S. and International “new-money” contributions
• Does not include $10 M worth of existing 3 ton LXe and its infrastructure 

from MEG II
• Does not include evaluating the value of PSI’s full support of beamline, 

installation, data storage, and general support

• 60%  U.S. 
• 40%  International (Japan / Canada / Swiss) 

• Net US Cost:    $16 + $8 contingency = $24 M

FYI: We use LXe @ $2.56 M/ton as quoted to P5 by the XLZD “70 T” 



Needed R&D / Agencies 

• R&D funds critically needed for next 2 years 
• Priorities: 5D Active Target development, custom electronics 

designs, 100 L LXe prototype  (10% of TPC is target)

• Multi-Agency support?
• DOE-HEP is viewed as funding source with BNL as Lead Lab

• DOE and NSF Nuclear-funded groups have relatively smaller 
scope (by $) projects and are assumed to be supported by 
NP agencies



Timeline and budget.  See backups for finer detail

~1 $M



• R&D Phase
• ~10 FTEs presently on Calorimeter, Active Target, Simulations, Electronics, DAQ 

• This will rapidly grow with influx of R&D funding 

• Construction Phase 
• ~30 FTEs for testing, building, analyzing, simulations, pre-installations  

• Expect 5-10 graduate students and 5-10 postdocs and more senior scientists who are rolling off 
present commitments that will have ended

• Commissioning and Running Phase and Online Analysis
• ~30 FTEs (out of larger 100 person collaboration)

• Expect more graduate students and postdocs here given the many physics channels and topics 
that serve thesis and other projects

Physics* FTEs needed (i.e.; Scientific effort)

*Engineering and technicians are included in R&D, Project, and 

Operating Grant support, but not counted here



PIONEER Summary and Request to P5

• A Unique Precision Test of Lepton Flavor Universality in a Next-Gen Pion Decay 

Experiment

– Unprecedented 0.005% precision on LFU 

– Pion Beta Decay to obtain highest precision on Vud

– 10-fold improvements in sterile neutrino search

• PIONEER is approved at PSI where it will be strongly supported

– While it is a US HEP-Led project, there is a significant international component

– BNL is Lead Lab with very strong young leadership

• P5 Requests

• Strong support of our physics program and a priority message to Agencies to initiate funding

• We are “small” but our Physics Reach is large
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Phase I  LFU Goal



Active Target (ATAR)
 Full silicon active target (ATAR):

 High granularity in (X, Y, Z), fast full collection time, good energy response, high dynamic range

 Crucial to recognize decay chains that cannot be separated with the positron energy only

 The chosen sensor for the ATAR is a high granularity Low Gain Avalanche Diode (LGAD) 
technology

 Why LGADs? High S/N, full fast collection time, great time resolution

 Alternative design with standard Silicon being studied as well

 48 compact layers of LGAD strip sensors, 2x2 cm wide, 6 mm thick

 Complex event reconstruction to detect all types of pion decays

 Fast electronic readout and fully digitized for each event

What happens What is measured



Detailed Notional timeline & funding profile

Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

PSI Experimental Approval THIS REPRESENTS THE PHASE I PROGRAM OF LEPTON FLAVOR UNIVERSALITY TESTS. Pi Beta Design

 Snowmass presentation

 P5 presentation

 CD0 nominal & CDR development

 CD1 / CDR completed

PSI Shutdown / Upgade

 CD2/3 nominal & TDR

 CD4 nominal Request pibeta support

Pion Beam Test #1

R&D:  ATAR, Calo, Electronics, Tracker

LYSO Test Beam at PSI

LXe 100 L Prototype Test Beam at PSI

ATAR pion stopping test

Develop LXe Infrasture, including post MEG

ATAR + Partial Calo Systems Test Target and Trigger upgrade tests 

Calo Cryo Construction

Installation

Run-1 / Commissioning Result 1 on LFU and exotics

Run-2 Full Physics Run

Run-3 Full Physics Run Result 2 on LFU and exotics

Run-4 Full Physics Run Final results

Operating grants and small supplements Large purchases:

Special R&D award for prototypes LXe procurement

Project funds Photosensors and electronics

ASIC dev Calibration system

ATAR 0.5 All electronics LXe and tanks

R&D for ATAR and 2nd LXe test Final install eng OPERATION SUPPORT OF GROUPS

LXe Prototype and Electronics Elect / DAQ

2027 2028 20292022 2023 2024 2025 2026 20342030 2031 2032 2033



U.S. and International approximate Scope division 

• U.S. Scope
• Management, project costs
• Active Target development and readout electronics
• Calorimeter digital electronics
• Trigger and DAQ
• Calibration system for calorimeter
• Tracker system

• International Scope  (Japan, Canada, Switzerland)
• Custom beamline elements
• Fraction of new LXe purchase
• Calorimeter photosensors, cabling, and power supplies
• Cryo-vessel design and construction
• Cryo infrastructure expansion beyond MEG II
• Beamline detectors and LH2 charge-exchange calibration infrastructure 
• Local installation support at PSI
• Data storage at PSI

~ 60%

~40%



Pseudoscalar interactions

Phase I PIONEER Goal:  0.01 % measurement3 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 LFUp n 

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).

3/22/2023 17
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Exotic Searches in PIONEER Phase I
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Searches for 

Sterile Neutrinos



Strategy for 10-4 precision experiment

• Analysis

– fit high/low energy 𝑒+ time distributions 

• 𝜋 − 𝑒

• 𝜋 − 𝜇 − 𝑒

• background, pileup, etc

• Statistics

– 2x108 𝜋 → 𝑒ν events 

in 2-3 years with 3x105 π/s beam 

• Systematic improvements

– intense, high quality 𝜋+ beam

– active target with key new ideas

and technology

– calorimeter: 3π, 25X0, high res., fast

19

normalization & background



A LYSO based crystal CALO is being investigated to provide a comparison with LXe.  To date, no LYSO 

test array has met our required precision goal but we are testing new crystals to see if improvements have 

been achieved. 𝑁𝑒𝑤 LYSO (16 𝑋0)
+ PEN CsI xtals (12 𝑋0)

• Fast, segmented, compact

• Is resolution good enough? 

• LYSO for HEP not yet demonstrated, given 

its promise and extensive use in PET

Hybrid allows for “2 tails” to 

be measured vs simulation
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@TRIUMF

@PSI

0.8p
NaI(Tl)
19 X0

CsI

3p

CsI

12 X0

• Good geometry but calorimeter depth of 12X0

too small to resolve tail under muon spectrum.

• NaI slow, but excellent resolution
• Single large crystal but shower leakage depends on 

angle changing resolution and tail fraction
• Small solid angle

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



WBS Examples
5a Calorimeter (LYSO)

5a.1 Management and conceptual design
5a.2 Crystals & Mechanical Support
5a.3 Photosensors and frontend
5a.4 Power supplies and cables
5a.5 Calibration

6 Electronics
6.1 Management and conceptual design
6.2 Clock and control
6.3 Hardware Trigger
6.4 Calo WFDs
6.5 LGAD WFDs
6.6 Tracker TDCs
6.7 Other backend electronics
6.8 UPS

7 DAQ and Computing
7.1 Management and conceptual design
7.2 Control Room
7.3 Computing (Midas level)
7.4 Online (DQM / DB / Nearline)
7.5 Data storage (PSI provide?)
7.6 Offline
7.7 Slow controls

8 Installation
8.1 Management and conceptual design
8.2 Beamline
8.3 Calorimeter and tracker
8.4 ATAR
8.5 Alignment
8.6 Counting House (physical)
8.7 Power and grounds

1 Project Management
1.1 Project Manager/CAM
1.2 Deputy PM
1.3 Controls
1.4 Project ME/EE
1.5 Reviews/travel

2 Beamline
2.1 Management and conceptual design
2.2 Instrumentation
2.3 Entrance Counters and Readout
2.4 Separator

3 Active Target (ATAR)
3.1 Management and conceptual design
3.2 LGAD sensors
3.3 Frontends, readout, and cabling
3.3.1 Frontend
3.3.2 Cabling
3.4 Power supplies
3.5 Calibration
3.6 Mechanical support

4 Tracker
4.1 Management and conceptual design
4.2 Detector
4.3 Frontends, readout, and cabling
4.4 Power supplies
4.5 Calibration
4.6 Mechanical support

5 Calorimeter (LXe)
5.1 Management and conceptual design
5.2 Xenon procurement
5.3 Cryogenic plant
5.3.1 Liquid storage
5.3.2 Gas storage
5.3.3 Purification
5.3.4 Purity monitor
5.4 Cryo Control/UPS
5.5 Photosensors
5.6 Frontends, readout, and cabling
5.7 Power supplies
5.8 Calibration
5.9 Mechanical Support



WBS Examples (WBS 3.1&3.2  ATAR related …



WBS Examples 
(WBS 6.4;  Calo digitizers)


