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PIONEER
A next generation rare pion decay 
experiment relying on 5D tracking
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The Primary Goal of PIONEER
Precision measurements of rare pion decays

  = 


 = 

Re/μ(SM) 1.23524(015) × 10−4

Re/μ(EXP) 1.23270(230) × 10−4

 Branching Ratio 




With a precision < 0.01%

e/μ

Re/μ =
Γ(π+ → e+ν(γ))
Γ(π+ → μ+ν(γ))
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Lepton Flavour Universality TestFactor 15 improvement

PDG

D. Bryman et al. arXiv:2111.05338
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The Basics of Pion Decays (at Rest)
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Reminders 

 = 26 ns, 140 MeV


 = 2197 ns, 106 MeV

τπ+ mπ+ ≈
τμ+ mμ+ ≈

PDG

Signatures

π+ → μ+ν 53 MeVEe < mμ/2 ≈

π+ → e+ν 70 MeVEe = mπ /2 ≈

99.99%

1.23e-4
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Measurement Idea
• Stop 65 MeV/c pion DC beam in an imaging 

target @ 300 kHz.


• Measure the positron energy spectrum with a 
high resolution calorimeter.


• Region of interest bracket:


•  (-300, +500) ns w.r.t pion stop.


• 21% chance that a muon from a previous 
stop decays in this time window.
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PIONEER Phase I Strategy

Low occupancy but high accuracy tracking
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PIONEER Phase I Strategy
Counting Strategy
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Re/μ =
Γ(π+ → e+ν(γ))
Γ(π+ → μ+ν(γ))
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PIONEER Phase I Strategy
Counting Strategy
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Re/μ =
Γ(π+ → e+ν(γ))
Γ(π+ → μ+ν(γ))

≈
NH

NL

Define  and count 
events above and below threshold.

Ethr = 56 MeV
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PIONEER Phase I Strategy
Devil in the (de)Tail
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Re/μ =
Γ(π+ → e+ν(γ))
Γ(π+ → μ+ν(γ))

≈
NH

NL
× (1+cT)

Tail Correction 
cT ≈ 5 × 10−3

Use a segmented active target to tag muons and reveal the tail

Finite resolution and incomplete 
energy collection in the calorimeter 
result in a tail
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The Active Target (ATAR) - Heart of PIONEER
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6.6 mm

20 mm

• Highly segmented and instrumented 
pion stopping target made of silicon 
LGADs.

• Each sensitive strip has a size of 

 20 mm x 200 m x 120 m

• Total of 4800 channels arranged in 

criss-crossing pattern


• ATAR provides 5D track information

• 3D position

• Time:  

100 ps single hit / few ns pulse pair

• Energy in each strip 

10 - 20 %, depends on particle

μ μ
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6.6 mm

20 mm

100 Strips
48 Layers
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The Active Target (ATAR) - Heart of PIONEER
• Highly segmented and instrumented 

pion stopping target made of silicon 
LGADs.

• Each sensitive strip has a size of 

 20 mm x 200 m x 120 m

• Total of 4800 channels arranged in 

criss-crossing pattern


• ATAR provides 5D track information

• 3D position

• Time:  

100 ps single hit / few ns pulse pair

• Energy in each strip 

10 - 20 %, depends on particle

μ μ
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6.6 mm

20 mm

100 Strips
48 Layers

Provides particle 
identification 

Observe muon in 
few 100 microns
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Low Gain Avalanche Diodes (LGAD)
• Silicon detector with a thin gain-layer


• Gain required to reliably detect minimally 
ionising positrons.


• Large dynamic range from 40 keV (MIP) to 
4 MeV (Muon Stop)


• Excellent timing resolution


• Gain suppression for large energy deposits 
(stopping pion/muon)

• Degraded energy resolution

• Introduce angular dependency
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Vertical Readout

Bulk Silicon (front)

HV layer (front)

Support Frame

Horizontal Readout

Bulk Silicon (back)

HV layer (back)
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Particle Identification in ATAR for Tail Reveal
Measuring  events with  (  of all events) to 1%π → e Erec < 56 MeV 5 × 10−7
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 % of cases0.1  of cases6 × 10−6% of cases99.9
104 50 - 500Suppress by 107

 of cases5 × 10−7

Measure to 1%

Signal  event:

• Highly ionising pion stop

• MIP positron

• Defined by pion lifetime alone

π → e
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Particle Identification in ATAR for Tail Reveal
Measuring  events with  (  of all events) to 1%π → e Erec < 56 MeV 5 × 10−7
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 % of cases0.1  of cases6 × 10−6

 of cases5 × 10−7 % of cases99.9

104 50 - 500

Signal  event:

• Highly ionising pion stop

• MIP positron

• Defined by pion lifetime alone

π → e

Background  event:

• Highly ionising pion and muon stop

• MIP positron

• Defined by muon and pion lifetime

• Timing and energy alone bring suppression 

by 4 orders of magnitude.

π → μ → e

Suppress by 107Measure to 1%
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Particle Identification in ATAR for Tail Reveal
Measuring  events with  (  of all events) to 1%π → e Erec < 56 MeV 5 × 10−7
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 % of cases0.1

 of cases6 × 10−6

 of cases5 × 10−7 % of cases99.9

50 - 500Suppress by 107Measure to 1% Suppress by 104

Background:

Pion decay in flight

• Highly ionising muon 

stop

• Defined by muon 

lifetime alone

• Time-suppression by 

2 orders of magnitude.



P. Schwendimann (UW)

Particle Identification in ATAR for Tail Reveal
Measuring  events with  (  of all events) to 1%π → e Erec < 56 MeV 5 × 10−7
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 % of cases0.1  of cases6 × 10−6 of cases5 × 10−7 % of cases99.9

Suppress by 107Measure to 1% Suppress by 104 Suppress by 
50 - 500

Signal  event:

• Highly ionising pion stop

• MIP positron

• Defined by pion lifetime alone

π → e

Background -Decay in flight:

• Highly ionising pion stop

• Few high ionising muon hits 

combined with MIP positron

• Defined by pion lifetime alone

• By far the hardest Background

μ
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Particle Identification in ATAR for Tail Reveal
Measuring  events with  (  of all events) to 1%π → e Erec < 56 MeV 5 × 10−7

17

 % of cases0.1  of cases6 × 10−6 of cases5 × 10−7 % of cases99.9

Suppress by 107Measure to 1% Suppress by 104 Suppress by 
50 - 500
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pion arrival
t = 0 ns
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at pion stop location
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An example of a pristine  eventπ → μ → e
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stop location, offset 
w.r.t. pion

: 
pion arrival
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Largest Energy 
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at pion stop location
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Three Challenges for ATAR Tracking
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Pion Stop Location

Find the end point of 
the pion track. 
rπ(xπ, yπ, zπ)

π+
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Pion Stop Location Positron Direction

Find the end point of 
the pion track. 
rπ(xπ, yπ, zπ)

Determine direction of 
emitted positron 

θe, ϕe

π+

e+
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Pion Stop Location Positron Direction Tail Analysis

Find the end point of 
the pion track. 
rπ(xπ, yπ, zπ)

Determine direction of 
emitted positron 

θe, ϕe

π+

e+

Tag  events. 
Provide 7 orders of 

magnitude suppression

π → μ → e

REJECTED
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Tracking Challenge 2: Positron Direction

• Information used for fiducial calorimeter 
volume decision ( )


• Rely on as little information as possible


• Energy dependent scattering cross-
sections affect  and  
events differently.


• Need good positron resolution at shallow 
angles

θe < 120∘

π → e π → μ → e

26

Preliminary studies suggest  resolutions around  (RMSE)θe 10∘

e+
θyz
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Difficulties with Positron Direction
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Bhabha scattering 
e+e− → e+e−

e+e−

Which hits to 
use in fit?

About 2% of all 
events will have 

Bhabha scattering
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Difficulties with Positron Direction
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Bhabha scattering 
e+e− → e+e−
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Prompt muon decay 
(decay within 1 ns)

μ

e+
Muon decay or 

coulomb scattering?

Which hits to 
use in fit?

About 2% of all 
events will have 

Bhabha scattering

About 0.2% of all 
recorded events have 
a prompt muon decay.
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Difficulties with Positron Direction
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e+e− → e+e−
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18.3 ns < t < 19.3 ns

Prompt muon decay 
(decay within 1 ns)

μ

e+
Muon decay or 

coulomb scattering?

Which hits to 
use in fit?

Low energy e+

About 2% of all 
events will have 

Bhabha scattering

About 0.2% of all 
recorded events have 
a prompt muon decay.

Sub-percent level of 
events are challenging to 
fit due to large multiple 

scattering.
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Track does not 
 follow initial 
momentum

e+
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Tracking Challenge 3: Tail Reveal Analysis
How do we get …

30

… from this …
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… to this?
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in flight νµ→π

By fully exploiting 5D tracking: Timing, Energy and Spatial information

cT =
Nπ→e

L

Nπ→e
H



P. Schwendimann (UW)

Tail Analysis: Muon Energy Deposit

• 65 MeV/c pions deposit a well-defined 
amount of energy (9.5 MeV) when 
stopped.


• Positrons deposit a characteristic 
amount of energy depending on ATAR 
material traversed.
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Tail Analysis: Muon Energy Deposit
Muon standing alone at a distinct point in time

• 65 MeV/c pions deposit a well-defined 
amount of energy (9.5 MeV) when 
stopped.


• Positrons deposit a characteristic 
amount of energy depending on ATAR 
material traversed.


• The muon produces an energy deposit 
of 4.1 MeV time-separated from pion 
and positron.
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Require only two energy deposits: Factor 25 suppression
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Tail Analysis: Muon Energy Deposit
Muon standing alone at a distinct point in time

• 65 MeV/c pions deposit a well-defined 
amount of energy (9.5 MeV) when 
stopped.


• Positrons deposit a characteristic 
amount of energy depending on ATAR 
material traversed.


• The muon produces an energy deposit 
of 4.1 MeV time-separated from pion 
and positron.
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34

μ
π

Tail Analysis: Muon Energy Deposit
Time-coincident with either pion or positron

• 65 MeV/c pions deposit a well-defined 
amount of energy (9.5 MeV) when 
stopped.


• Positrons deposit a characteristic 
amount of energy depending on ATAR 
material traversed.
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Etot = 14.3 MeV > 10.8 MeV

Tail Analysis: Muon Energy Deposit
Time-coincident with either pion or positron

• 65 MeV/c pions deposit a well-defined 
amount of energy (9.5 MeV) when 
stopped.


• Positrons deposit a characteristic 
amount of energy depending on ATAR 
material traversed.


• The muon adds an energy deposit of 4.1 
MeV to either the characteristic pion 
stopping deposit or the outgoing 
positron energy deposit.
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-0.5 ns < t < 0.5 ns • 65 MeV/c pions deposit a well-defined 
amount of energy (9.5 MeV) when 
stopped.


• Positrons deposit a characteristic 
amount of energy depending on ATAR 
material traversed.


• The muon adds an energy deposit of 4.1 
MeV to either the characteristic pion 
stopping deposit or the outgoing 
positron energy deposit.
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Require only two characteristic energy deposits: 4 orders of magnitude suppression

REJECTED

Time-coincident with either pion or positron
Tail Analysis: Muon Energy Deposit

μ
π

Etot = 14.3 MeV > 10.8 MeV
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Tail Analysis: Distance of Closest Approach

• Positron will be emitted right from the 
pion in a  event.


• The muon travels around 1 mm and 
introduces a mismatch.


• Estimate 3D distance between pion stop 
and positron start based on simple fits.


• In early development and exploration 
phase

π → e
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 and  track separation limit: suppress  by 2 orders of magnitude.π+ e+ π → μ → e
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Tracking Challenge 3: Tail Reveal Analysis
Effects of individual cuts

38

0 10 20 30 40 50 60 70 80 90
Energy (MeV)

2−10

1−10

1
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410
Low Energy Events High Energy Events

thE )γ(ννe→µ
)γ(νe→π

Pileup
in flight ννe→µ

in flight νµ→π

at rest
Pion decay 

in flight
Muon decay 

in flight

Fiducial

5 - 35 ns

Summed 
Energies

Distance of  
closest 

Approach

dE/dx

2.0 × 10−7

π → e π → μ → e

3.8 × 10−3 1.8 × 10−65.2 × 10−6

1.7 × 10−7 4.3 × 10−6 1.0 × 10−62.2 × 10−6

1.6 × 10−7 0.5 × 10−7 2.0 × 10−75.1 × 10−7

8.9 × 10−8 < 1 × 10−8 1.7 × 10−81.9 × 10−10

Many orders of magnitude suppression come from timing.
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Tracking Challenge 3: Tail Reveal Analysis
Effects of individual cuts
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Many orders of magnitude suppression come from timing.

at rest
Pion decay 

in flight
Muon decay 

in flight

Fiducial

5 - 35 ns

Summed 
Energies

Distance of  
closest 

Approach

dE/dx

2.0 × 10−7

π → e π → μ → e

3.8 × 10−3 1.8 × 10−65.2 × 10−6

1.7 × 10−7 4.3 × 10−6 1.0 × 10−62.2 × 10−6

1.6 × 10−7 0.5 × 10−7 2.0 × 10−75.1 × 10−7

8.9 × 10−8 < 1 × 10−8 1.7 × 10−81.9 × 10−10

cT =
Nπ→e

L

Nπ→e
H
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Challenge summary

• High accuracy tracking in a low 
occupancy regime to measure a 
0.01% branching ratio to 0.01%


• Energy-dependent cross-sections 
introduce biases between  and 

. Need to understand 
those at  level.


• Require high background rejection for 
the  tail reveal analysis, based 
on ATAR tracking information.

π → e
π → μ → e

10−4

π → e
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PIONEER: Next gen rare pion decay experiment

• Improve the pristine LFU probe  by a 
factor 15 to challenge the SM prediction.


• Active Target is the heart of PIONEER.


• The reconstruction is in its nascent 
stage. 

• Preliminary studies suggest that we 

meet specifications. 

• AI/ML is being investigated as an 

option


• We are very interested in discussing 
ways to leverage ACTS.


• We are a growing Collaboration.

Re/μ
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Backup
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thE

Simulation-informed Experiment Design
Know and mitigate problems before they arise

Various effects distort the energy separation 
between  and  events


• Energy leakage produces a  tail. This was 
limiting the previous PIENU experiment. 
0.5% systematic correction 

• Muons can decay in flight and boost the positron 
to the high energy region. 
0.1% systematic correction. 

• Pions decaying in flight bias the acceptance 
towards . Same for beam muons. 
0.1% - 0.2% systematic correction

π → μ → e π → e
π → e

π → μ → e
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Energy spectrum for Events 
with 5 ns < te − tπ < 35 ns
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• Record 800 ns around triggering pion


• 300 kHz pion rate implies a 21% chance to 
observe a secondary positron.


• Calorimeter Pileup: Two particles hit the 
calorimeter at the same time. The summed 
energy is above threshold and counted 
towards 


• ATAR Accidental: The primary pion is 
matched to the secondary positron, falsely 
counted towards 

NH

NL

High rate effects
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Calorimeter Pileup
An extra energy deposit is falsely considered.

• Suppressed significantly by 
calorimeter segmentation. 


• Typically a  event with an 
additional energy deposit.


• This sort of pileup follows a time 
distribution distinct from the  
signal.

π → μ → e

π → e
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 Fit"e#$
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Muon DAR

Pileup

Muon DIF

RBM

Pion DIF

PIONEER Phase I Simulation, High Energy Region

Pileup introduces statistical uncertainty through time-spectrum fit. 
Degradation below 10 percent with respect to the pure poisson limit
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PIENU @ TRIUMF
 Fid. Volume120∘

π+

PIONEER @ PSI

e+

e+

e+

e+

e+

PIENU Calorimeter

• 48 cm (19X0) NaI

• Single Crystal

• Angular dependence


PIONEER Calorimeter

• 21 cm (19X0) LYSO

• 311 Crystals

• Angular uniform


Improves  tail 
from 3% to 0.5%. Doesn’t 
help with other problems.

π → eν(γ)

If only we could see the  in the ,  decay chain.μ+ π+ → μ+ν(γ) μ+ → e+νν(γ)

A. Aguilar-Arevalo et al. 
PIENU Collaboration 
PRL 115 (2015) 071801

Lesson from PIENU: Calorimeter Design
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Tracking Challenge 1: Pion Stop Position

• Pion hits fairly easy to identify: 

• Start in first layer, reach centre

• Highly ionising, large dE/dx


• Decent XY precision as multiple 
layers are crossed.


• Sub-strip Z resolution based on 
energy deposit in last layer.

47

Strip Width: 120 m μ

Preliminary studies suggest a promising resolution of 60 m (xy) and 25 m (z)μ μ
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Room for improvement: Prompt Pion Decay
Pion decays within the first nanosecond after arrival

• Prompt pion decay happens in around 
4% of the events. Improved time 
resolution reduces this initial fraction.


• The muon track may appear to be an 
extension to the pion track.


• May introduce a bias towards 
 events.


• Potential handles:

• Pion Bragg peak

• dE/dx measurements

• Kink in the track

π → μ → e
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Pion stop location extraction depends on position, time and energy measurements.

Largest energy deposit 
far from end of track
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Difficulties with Positron Direction
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About 2% of all 
events will have 

Bhabha scattering

About 0.2% of all 
recorded events have 
a prompt muon decay.
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Positron annihilates 

before enough hits to 
fit are observed.

Around 0.02% of all 
events will not be 

trackable due to AIF. 
Use Calo to correct
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Tail Analysis: Energy Deposit per Distance
Looking for energy deposits that are too large for a MIP

• 70 MeV positrons are minimally ionising 
particles.


• Pions and Muons are highly ionising, 
exceeding positron energy deposits by 
about an order of magnitude.


• Powerful tool if tracking provides a good 
estimate for distance travelled in strip.
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Tail Analysis: Energy Deposit per Distance
Looking for energy deposits that are too large for a MIP

• 70 MeV positrons are minimally ionising 
particles.


• Pions and Muons are highly ionising, 
exceeding positron energy deposits by 
about an order of magnitude.


• Powerful tool if tracking provides a good 
estimate for distance travelled in strip.
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REJECTED

dE/dx limits provide another order of magnitude suppression

Tail Analysis: Energy Deposit per Distance
Looking for energy deposits that are too large for a MIP

• 70 MeV positrons are minimally ionising 
particles.


• Pions and Muons are highly ionising, 
exceeding positron energy deposits by 
about an order of magnitude.


• Powerful tool if tracking provides a good 
estimate for distance travelled in strip.


