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Intro

Overview

• First Crystals

• PEN Detector/Experiment

• Energy collection

• Pen approach to analysis

• Monte Carlo simulation

• Radiative decays and large solid angle

• Tail Analysis

• Summary
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Intro

In the beginning - first crystals

1997: 44 crystals
produced by Bicron

70 MeV
monoenergetic
positrons

Responses added
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Intro

In the beginning - first crystals

1997: 44 crystals
produced by Bicron

70 MeV
monoenergetic
positrons

Responses added

Exponential
gaussian fit

σ = 1.8 MeV (FWHM 4.3 MeV at 70)
6.1% (Penny Slocum’s thesis)
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Intro

240 crystals produced for PiBeta experiment π+ → π0β+ν

Crystal technica produced remaining 196

Hexagonal, pentagonal, tetragonal pyramids

85% of total light output in first 20 ns

40-110 photoelectrons/MeV
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Intro

Detector Setup
• πE1 beamline at PSI
• stopped π+ beam
• active target counter
• 240 module spherical

pure CsI calorimeter
• central tracking
• beam tracking
• digitized waveforms

AD AT

mTPC
PMTVACUUM

MWPC1

MWPC2

PH

BC

~3 m
flightpath

CsI

pure

π
+

beam

10 cm

PEN detector
2009-10

���
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���:

BC: Beam Counter

AD: Active Degrader

mTPC: mini-Time Projection ChamberAT: Active Target

PH: Plastic Hodoscope (20 stave cylindrical)

MWPC: Multi-Wire Proportional Chamber (cylindrical)
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Intro

Current methods of energy collection

• 30 degree cone

• 45 degree cone

• Main crystal + nearest neighbors (up to 7)

• Main crystal + nearest neighbors + next to nearest neighbors
(up to 13)
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Geant CsI energy responses
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Geant total energies (CsI + Tgt + Hod)
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Measured CsI energy
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Intro

Measured energy (CsI + Tgt + Hod)
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Intro

xtal + nearest neighbors spread
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Intro

xtal + nearest neighbors spread
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xtal + nearest neighbors spread
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Intro

PEN analysis approach

Rexp
π2e =

Nπ→eν(γ)

Nπ→µν(γ)
× corrections

With
Nπ→eν(γ) = Ntail + Npeak

10 20 30 40 50 60 70 80 90
0

2000

4000

6000

8000

10000

12000

14000

16000

µ→ ν̄νe
π → eν

= cutoff energyEc

ECsI (MeV)

C
o
u
n
ts

Charlie Glaser PEN(π+ → e+νe (γ)) Santa Cruz 2022 April 17 2020 14/ 33



Intro

PEN analysis approach

Rewrite

Rexp
π2e =

Npeak

Nπ→µν(γ)
× (1 + εtail)× corrections
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Intro

Challenges
Geant gives energies, timings, and positions
Requires additional physics input to simulate full detector
response

In the Experiment:

• digitized energies and timings of detector elements
• mTPC, beam counters, and target waveforms
• photoelectron (pe) statistics smear signal
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Intro

CsI - Unique Xtals

• Optical and Response Non-uniformities, ∆Ω Coverage
• 240 PMTs = 240 different quantum efficiencies
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Intro

Correct stopping position

-15 -10 -5 0 5 10 15

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

x stop (mm)

Data

Geant

Sim

yi
el

d

-15 -10 -5 0 5 10 15

0.002

0.004

0.006

0.008

0.010

y stop (mm)

Data

Geant

Sim

yi
el

d
Simulated beam and mtpc constructed to ensure pion stopping

positions consistent with data

Target energy deposition independent check

Charlie Glaser PEN(π+ → e+νe (γ)) Santa Cruz 2022 April 17 2020 17/ 33



Intro

0 1 2 3 4 50

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 10

Measurement
Simulation

0 1 2 3 4 50

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 65

Measurement
Simulation

0 1 2 3 4 50

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 123

Measurement
Simulation

0 1 2 3 4 50

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 163

Measurement

Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 20

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 81

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 129

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 178

Measurement

Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 47

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 97

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 149

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 181

Measurement

Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 56

Measurement
Simulation

0 1 2 3 4 5

0

0.01

0.02

0.03

0.04

0.05

Xtal Hit 100

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 153

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 202

Measurement

Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 60

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 119

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06
Xtal Hit 161

Measurement
Simulation

0 1 2 3 4 5
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08 Xtal Hit 207

Measurement

Simulation

Y
ie

ld
Y

ie
ld

Y
ie

ld
Y

ie
ld

E tgt
e (MeV) E tgt

e (MeV) E tgt
e (MeV) E tgt

e (MeV) E tgt
e (MeV)

Charlie Glaser PEN(π+ → e+νe (γ)) Santa Cruz 2022 April 17 2020 18/ 33



Intro

CsI
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Regions of π → eνγ
All decays are radiative
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Regions of π → eνγ
All decays are radiative
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Regions of π → eνγ
All decays are radiative
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Radiative Decays π → eνγ
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Invariant Mass
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Tail Trigger
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Subtraction
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Invariant mass resolution
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Photonuclear Absorption  
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Photo nuclear X-sections
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δεtail/(1 + εtail)

80 100 120 140 160 180

-310

-210

-110

Invariant Mass (MeV)

δ
ε t
a
il
/
(1

+
ε t
a
il
)
(s
ta
t)

Data

Statistical too high

Simulation needed!

Systematics from :

Gain Variation

Photo-nuclear physics

125 130 135 140 145 150 155

2000

4000

6000

8000

10000

12000

Invariant Mass (MeV)

C
o
u
n
ts

Measurement

Simulation

100 102 104 106 108 110 112 114 116 118 120
1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Invariant Mass (MeV)

δ
ε t
a
il
/
(1

+
ε t
a
il
)

×10−4

Charlie Glaser PEN(π+ → e+νe (γ)) Santa Cruz 2022 April 17 2020 31/ 33



Intro

Summary

• Resolution depends on how energy is determined

• PEN calorimeter has various xtals with various resolutions

• GEANT is supplemented to simulate a more realisitc response

• The large solid angle coverage permits study of radiative
decays in all phase space

• The simulation includes methods and means for systematic
tail study - photo nuclear effect
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Family

Current and former PIBETA and PEN collaborators

L. P. Alonzi , K. Assamagan , V. A. Baranov , W. Bertl ,

C. Broennimann , S. Bruch , M. Bychkov , Yu.M. Bystritsky , M. Daum ,

T. Fl ”ugel , E. Frlež , C. Glaser, R. Frosch, K. Keeter, V.A. Kalinnikov ,

N.V. Khomutov , J. Koglin , A.S. Korenchenko , S.M. Korenchenko ,

M. Korolija , T. Kozlowski, N.P. Kravchuk , N.A. Kuchinsky,

D. Lawrence , M. Lehman, W. Li , J. S. McCarthy , R. C. Minehart ,

D. Mzhavia , , E. Munyangabe , A. Palladino , , D. Počanić ∗, B. Ritchie

, S. Ritt , , P. Robmann , O.A. Rondon-Aramayo , A.M. Rozhdestvensky

, T. Sakhelashvili , P. L. Slocum , L. C. Smith , N. Soić RB,

U. Straumann , I. Supek , P. Truöl , Z. Tsamalaidze , A. van der Schaaf
∗, E.P. Velicheva , M. Vitz, V.P. Volnykh, Y. Wang , C. Wigger ,

H.-P. Wirtz , K. Ziock .
Home pages: http://pibeta.phys.virginia.edu

http://pen.phys.virginia.edu
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