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Overview

e Theory/Motivation

e PEN Detector/Experiment
e Methods of separation

e Monte Carlo

e Radiative decays

e Event count

e Tail fraction

e Uncertainties

e Summary
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Theory/PEN

Explore the (V—A) interaction through a precision measurement

Mt —ptvu(y)—etveny) = \ 8 My

Mt —etve(y)) _ <&>2 (&)2 (1("7:>2)i(1 + 0R)
1-

Theoretical BR:  (1.2352 4 0.0001) x 10~ x
Experimental BR: (1.2327 +0.0023) x 10~*
dr rad/loop corrections in SM, non V—A extensions

(£2)% = 1.0021 + 0.0016 (experimental)

Goal: relative uncertainty 5 x 10™% or better

*For Review see: D.Potani¢ et al J. Physlcs G 41 2014 11
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Experiment

Detector Setup

e 7E1 beamline at PSI
e stopped 7" beam

e active target counter

e 240 module spherical

pure Csl calorimeter

e central tracking
PH
e beam tracking | ’\ )

. . . H
e digitized waveform + . 5%
digitized waveforms Jr,H,benm, ==
__ BCi : f’_ i!.

PEN detector
2009-10

BC: Beam Counter PH: Plastic Hodoscope (20 stave cylindrical)
AD: Active Degrader MWPC: Multi-Wire Proportional Chamber (cylindrical)
AT: Active Target mTPC: mini-Time Projection Chamber

-
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Experimental Branching Ratio (B)

N7r~>ez/A7r~>p.~>e

Naively, B = Too simplistic!

N7r~>uu T ev

MWPC efficiency depends on energy
Timing gates affect number of observations

_ Nfreikey(l + Etail) E(Ep.%el/l_/)MWPC fﬂ'*}“%e(Te) ATr—)p,—)é

B

N7r—>;u/ €(E7r—>ez/)MWPC f7r—>eu(Te) Aﬂ'—>el/
‘ l’ﬁ rs ra

16000F b

14000 1 Ec = cutoff energy
1209 1N = number of events
3 10000F ]
O r { A = acceptance

8000F ]

s000L erail(Ec) = tail to peak ratio

4000, 1 e(E)mwepc = efficiency of MWPC

20002— 1f(T.) = probability from time

F
10 20 30 40 50 60 70 80 90

EC (MeV)
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Geant4 Monte Carlo Simulation

particle tracking

e energy deposition

e decaying particles

e acceptances by simulating pure processes

5060 7080

ECT (MeV)
Needed for Ny,ii/Npeak

5
10°5 "5~
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Challenges
Geant gives energies, timings, and positions
Requires additional physics input to simulate full detector
response

In the Experiment:
e digitized energies and timings of detector elements

e mTPC, beam counters, and target waveforms
e photoelectron statistics smear signal

0.040 ,
H Crystal 24
0.025 0.035
! Measurement 0030 Measurement f 1
0.020) Simulation-No-PE ““Bimulation No P JJ L\
e \ Simulation W PE | 5 oozsbimulation-W.PE 4
2 0015 2 l
. \ S 0.020 |
0.010) 0015
N 0010
0.005|
) ‘Nm 0.005
P el s
0.0005 05 T 15 25 000§ 80
EHodoscope (MeV)
=
Hig
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Geant4 Simulation

Digitizer Signals
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Output

T — UV — evv
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Output
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Csl Difficulties - Unique Xtals

e Optical and Response Non-uniformities, AQ Coverage
e 240 PMTs = 240 different quantum efficiencies

R S T
. £ Mev) fev)
Charlie Glaser &

PEﬁ(ﬂ' — et ve(y
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Correct stopping position

i i 0.010
oot —Data e Data |
0.008;
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e
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Simulated Ee%r(n and mtpc constructed to eynsurep pion stopping

positions consistent with data

Target energy deposition independent check
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Csl
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With proper inclusion of processes, such as photonuclear
absorption, if all is good above 50 MeV
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Csl
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Predicted and observed energies and tlmlngs
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Discrimination
Measurement
m — pv(y) Simulation
7w — ev(y) Simulation
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Energy predictions allow greater separation
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Discrimination
Measurement
m — pv(y) Simulation
7w — ev(y) Simulation
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_ But we can do better
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Discrimination

0.1
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Higher Order Observables Look for 2 peak fit, take x3
H 2
Used for Acceptances and Tail Look for 3 peak fit, takes X3

Ax? = x3 — x5 and Normalized
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Regions of m — evy

All decays are radiative
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Regions of m — evy
All decays are radiative

1. = T
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Regions of m — evy

Intro  Experiment  Geant4 Simulation Key observables
All decays are radiative
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Radiative Decays m — evy
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v 1 ﬁ Measurement [k Measurement
;"'us It o ILJ‘ \H‘ H Simulation b gl ulation
imulation
gasmisn JA -3 o} By Rgls 2T Raerc
3 g ] 3 i
o ¥ O i ¢ O N
{ il )
ahtlys] Lﬂf I
%3 R et 3 P W 3 [ e
A = 2Ee/my sin“(0e~) A = 2Ee /My sin“(0e~) A = 2Ee/my sin“(0e~)
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Region D
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PEN is first to observe region D in detail
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Region D
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Take away: Can observe radiative decays. How to include in
Branching Ratio?
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Invariant Mass

o ey Simulatio PEN indirectly measure p,
8
N Pe + Py = —Pu
. !
()
s E,+E.+ E, =mc?
< @ : ——
QE) Eobs pvc
Eobs + pvc = m7rC2

100y

S

PCS/(I\/IeV)
Pcsi(MeV)

o).

L Il il
20 40 60 80 100 120 140

20 40 60 80 100 120 140

ECS[(MGV) ECs/(MeV)
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Branching ratio/uncertainties
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- N1 t
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7

PEN goal: 6B/B ~ 5 x 10~*
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Choosing times, f(t), 7 — p — e

7 — p— e ("Michel”) timing selection: symmetric time window:

f . ! f‘ 4/ f / ! 1 —l’/TM _ —t/Tﬂ—
T e — 7r—>u(t t)rse(t)dtl = —— (e €
0

Ty — Tr
2 _ LW _ %
|f7r_m_>e]§fx: — |Tue t/Tu sinh — — 7.e t/™ sinh —
Ty — Tr T Tr
x103
" ; ; : : : ! 54@”10_‘3

01000 2000 3000 4000 5000 6000 7000 8000 0.0% 50 100 150 200 250
Time (ns) Time (ns)
Charlie Glaser PEN(7T — eTre(v)) PSI 2022 October 20 2022 22/ 38




Intro  Experiment  Geant4 Simulation Key observables Radiative re rn Tail Minimizing error  r, Results
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Choosing times, f(t), 1 — ev(7)

m — ev(y) timing selection:

s

1 [
ety ) = — / et/ gt — et/ _ ool
t1

Choose t; < 0: §fryer = %e*tz/fw

10*
10%¢ E \ ™ — ev(y) 6t = 60 ps
10?
Sk ] indow ot = 50 ps
—_— S 3L
g_f = ot = 40 ps
10*F 3 w
104 \\\ t-==-30-ps
105 E SN
10 %\
10°%¢ E NN
0 50 100 _.150  ,200 \ 250 300 20 20 60 80 100 120 140 160 180 200
time (ns)
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Energy requirement at positron birth
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Energy requirement at positron birth
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Tail

Photonuclear Absorption

* A. Aguilar-Arevalo et al., Nucl Instrum. Methods. A621, 188 (2010)
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Photo nuclear X-sections
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Minimizing Error for m — ev(7)
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Minimizing Error for m — ev(7)
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Simulgtion Chamber Efficiencies
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— (m=er(v))
)

PEN is on its way to evaluate e/u Mo ()

In the process of releasing series of papers (analysis, instrumental,
methods ...)

Event selection for m — ev(vy) decays
— Tail/Peak separation 117.5 MeV
— Decay time -5 to 93.5 ns
—Ax?> -8

Current tasks underway:

e Systematic corrections on trigger energy

e More realistic radiative muon Monte Carlo
e Improvements on Ay?

e Experimental tail

Unblinding

-
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Table of Uncertainties

B — Nf;(ikey (1 + fta'I)Aﬂ%#He E(E,u%el/ﬂ)MWPC fﬂ'%u*}e(Te)
N7r—>;w I A7r—>e1/ E(Eﬂ‘*)e}/)MWPC f7r—>el/(Te)
ra re rf

Systematics Value AB/B
Etail (3.804 4+ 0.040) x 1072 3.8 x 1074
re 0.0440926 8 x 107°
*rar. * ~ 1074
Statistical:
No—s 5225.68 +-0.23) x 10° 4.4 x 107° (run 2)

)
9545.50 +-0.33) x 10° 3.4 x 107° (run 3)
1409.43 + 1.18) x 103 8.37 x 10~* (run 2)
2413.81 +1.63) x 103 6.75 x 10~ (run 3)
ANy e /Nysey 413 x 10~% (possible)  5.26 x 10~ (09/10)

5 x 10~*(Goal) 7.6 x 107*
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Thanks for listening!
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xgpeak — Y (observed; — predicted;)? = Ynetto?

Xg,peak = Y (netto; — muon;)?

1000 1000
Ax* =" ((netto; — muon;)? — netto?) / > (muon;)*
i=0 i=0

2 2
X3 peak X2 peak

1000 1000

=1-2 Z netto;muon;/ Z (muon;)?
i=0 i=0

ey
fi
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