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B. Pontecorvo 
μ-e universality, 
1947. 

“We assume that this is 
significant and wish to 

discuss the possibility of a fundamental  
analogy between β- processes and 
processes of emission or absorption of 
charged mesons” (muons)
Phys.Rev., v72(1947)246.



Physics Motivation / Theory

Modern SM calculations:
1.2352(5) x 10-4 Marciano and Sirlin, Phys.Rev.Lett. 71 (1993)3629

1.2354(2) x 10-4 Decker and Finkemeier, Nucl.Phys. B438 (1995)17

Chiral PerturbationTheory:
1.2356(1) x 10-4 Cirigliano and Rosell, Phys.Rev.Lett. 99 (2007) 231801
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Experiment
(1.2344±0.0023(stat)±0.0019(syst))x 10-4 

TRIUMF,  Phys.Rev.Lett. 115 (2015) 071601
(1.2265±0.0034(stat)±0.0044(syst))x 10-4 

TRIUMF,  Phys.Rev D49 (1994) 28
(1.2346±0.0035(stat)±0.0036(syst))x 10-4 

PSI, Phys.Rev.Lett. 70 (1993) 17
New average:

(1.2327±0.0023)x10-4



A layout of the PSI πE1 experimental area for the PEN 
experiment (top view)

2÷4·104 π+/s,    

P≈75·MeV/c,                
ΔΡ/Ρ≤0.28%[FWHM]



Main components:

BC – Beam Counter 

AD – Active Degrader 

mTPC – mini 
Time-Projection Chamber 

AT – Active Target

MWPC1, MWPC2 – Multi-
Wire Proportional Chambers

PH – Plastic Hodoscope

pure CsI - calorimeter 
and PMTs

PEN apparatus (2009)



The PEN calorimeter consists of 
240 pure CsI crystals.
The inner radius of the calorimeter 
is 26 cm, and the module axial 
length is 22 cm; corresponding to 
12 CsI radiation lengths 
(X0 = 1.85cm)

Weight is 1.6 t.

Fast component decay 
time 7 ns

Slow component decay 
time 35 ns

Fast/Total         >0.76                        

CsI Calorimeter

total solid angle ~0.77·4π

Angle resolution ~2°

ΔΕ/Ε ~  4-5%

Time resolution ~ 0.68 ns





The PEN Apparatus 2009



PEN Event Trigger

Process to Observe

• 75 MeV/c pion beam

• Active target with stopped pions, 
EπAT=11 MeV

• π→eν (π2e),
Ee≈0.5mπ=69.79MeV, τπ~26 ns

• π→µν (norm),  Eµ=4.12 MeV

• µ→eνν,  Eemax≈0.5mµ=52.83 MeV, 
τµ~2197 ns



Signals from beam detectors
BC – Beam Counter
AD – Active Degrader
AT – Active Target
are sent to digitizers for 

waveform analysis for 
π→µ→e and π→e decay 
chains. 

Acqiris High Speed 10-bit PXI Compact 
Digitizer, Model DC282,running at 2GS/s



Target waveform analysis for π→µ→e decay chains in
which the three signals are well separated. Removal of
the predicted pion and positron signals leaves a clean
4MeV muon signal.



Beam detector mTPC 
—To monitor the distribution of π+ and μ+ stops 
in the target, which is necessary for calculating 
the detector acceptance.
—To reconstruct the vertices of the pion decay 
in the active target and correct the π+, μ+, and e+

energy loss with allowance for inhomogeneity of 
light collection in the active target.
—To reconstruct the length of e+ tracks in the 
target for finding e+ energy loss for each 
individual event.
—To reject events with π+ and μ+ that decayed in 
flight.



mTPC Technical Specifications
• Proportional Region: 

40x6x40 mm3

• Drift Region: 40x40x50 mm3

• Drift Gas: 90% Ar and 10% CH4

• 4000 V across drift region
• Grid: 50 µm wires with 1 mm 

spacing
• Nichrome Anode Wires

o 40 mm length
o 20 µm diameter
o 10 mm spacing
o 235 Ω resistance

• CAEN VME digitizer V170



mTPC 2009



WaveForm Digitization
o Red: Left
o Blue: Right
Pion Tracking:
• x: charge division

Relative amp. left : right
σx < 0.97 mm

• y: drift time
Time of rising edge
σy < 0.35 mm

• z: wire location
Physical mounting

Nydegger R. Bechelor Thesis (2012)
Sokolov A. et al., NIM A574 (2007) 50.



Reconstructed Stopping 
Distributions



PH – PEN Plastic Hodoscope

The hodoscope array consists of 20 
independent BC-408 plastic scintillator 
staves arranged to form a complete 
cylinder 653.8 mm long with a 129 mm 
radius and 4.0 mm thickness. 

The light attenuation length is 210 mm.

The scintillator light is viewed at both 
detector ends by two Burle Industries 
S83062E photomultiplier tubes. The 
energy resolution measured for 
minimum ionizing particles is σE/E=26%. 



PH – measurement and simulation

Left: Intrinsic response of simulation compared to 
measurement.  

Right: Full detector response on measurement



The constraints on MWPC  design 
for the tracking detector:

(1) low mass, in order to minimize the γ’s
converting into e+ e- pairs;
(2) high efficiency—better than 99.9%;
(3) high rate capability—up to 107 minimum 
ionizing particles (MIP) per second;
(4) stable operation and good radiation 
hardness;
(5) cylindrical geometry.



MWPC specification
MWPC1 MWPC2

• Active length (mm)                           350            540
• Diameter anode (mm)                   120.3         240.2
• Number of anode wires          192            384
• Number of inner cathode strips 2x64   192
• Number of outer cathode strips     2x64   192
• Total chamber thickness (mg/cm2) 53.9          74.8
• Total chamber thickness              1.4·10-3 2.0·10-3   

(rad. length) 
• Detection efficiency                        >0.96        >0.97                      



chambers’ angular rms
resolution at   φ≈0.75O

spatial resolution z  ~0.97мм
spatial resolution x,y  ~0.6-0.7мм

Experimental x, y and z resolutions.



Cathode Charge Distributions in MWPCs

Experimental and E. Mathieson  (NIM A270 (1988) 602 ) 
single parameter formula.



MWPC induced cathode  charge 
Measurement and Simulation



Comparison of inner and outer 
cathode charges for 
measurement and simulation.

Cathode Charge Distributions

Cathode charge of MWPC 
(arbitrary units) vs energy 
deposited in plastic hodoscope 
PH.



Target Energy.

Observed energies are 
obtained from the target 
waveform and predicted 
energies are obtained from 
mTPC, MWPC, and beam 
counters for the pion and 
positron. 



Conclusion
Particle tracking plays an integral part in the analysis of the
PEN experiment for the precision measurement of the pion
electronic decay ratio.
In the 2009-2010 runs the mTPC and MWPC chambers
successfully operated for more then eight months.
The aforementioned detectors are utilized in the
calculation of vital observables that are used to
discriminate between background and signal events.
Proper Monte Carlo simulation, necessary for determining
the acceptances, has been successfully developed, thus
clearing the way for the evaluation of a precise branching
ratio.



Thank you!



Pion decay, lepton universality



Left and Right signal correlation in 
the mTPC wires



mTPC amplitude of a wire



Simulation and measurements:
Energy and timing



PIENU (TRIUMF) 
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