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Muon to Electron Conversion Experiments

Mu2e and COMET are looking: Mu2e @ FNAL
1. For a rare uAl interaction mm—— e T g
(R _(Au)<7 X103 Ca= " DRy, NY
ue == 7 e, 4
2. Through a /ot of uAl (>1078) ' aoil
generated noise, background, and Stopping Tt
damage COMET @ JPARC [TDR]

detector for Muon transport Pion production
u-e conversion

Consequently, must understand
muon-aluminum interactions

[1] W. H. Bertl et al. (SINDRUM II), Eur. Phys. J. C47, 337 (2006)
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Muonic Atoms
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Nuclear Capture

Legend
_ o I
I s
On

- 105 MeV .
| | e B N

w4+ 2IAl s v+ 4N+ ... (n,p,7)

John Quirk PSI 2019 '



Issues for MuZ2e
Heavy Charged Particles:

e Protons in momentum acceptance (>70 MeV/c)
cause tracker hits
e Proton absorber: reduces hits — reduced Ap

conv. e

e Tradeoff: conversion e resolution <> proton hits

Neutral Particles:

e X-rays used for counting muon stops

e Y5 pair-produce, create backgrounds

Conversion e 105 MeV
Detected Proton: 58 MeV
Undetected Proton: <2.6 MeV

e Neutrons highly penetrating —

accidental cosmic ray veto triggers
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Work Packages

WP1: Charged WP2: Photons WP3: Neutrons
Particles e 1Al Capture/activation ys e Spectrum from target
e Proton emission rate of © Muon counting and structures
JAl e X-rays from candidate o Noise hits
o Assess noise hits target and structures o Previous measurement
e Previous spectrum >40 © Muon counting had no neutron energy
MeV o Noise hits information

o No use to MuZ2e

Previous measurement: Previous measurement: Previous measurement:
K. S. Krane et al., Phys. Rev. C 20, Measday et al., Phys. Rev. C 76, Macdonald et al, Phys. Rev. 139,
1873 (1979) 035524 (2007) B1253 (1965)
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Work Packages

WP2: Photons WP3: Neutrons

uAl Capture/activation ys @ Spectrum from target

o Muon counting and structures
X-rays from candidate o Noise hits
target and structures o Previous measurement
o Muon counting had no neutron energy
o Noise hits information
Previous measurement: Previous measurement: Previous measurement:
K. S. Krane et al., Phys. Rev. C 20, Measday et al., Phys. Rev. C 76, Macdonald et al, Phys. Rev. 139,
1873 (1979) 035524 (2007) B1253 (1965)
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Difficulty in Proton Energy Measurement

Al target

E, = 3 MeV

Si Detector

—=a

dx = 25um

E .. =900 keV

loss

Requirements:
e Vacuum

e Thin target
e Tight beam
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AlCap Setup hamber

e Cylindrical
e Stainless steel

Key
Plastic Scintillator e Under vacuum
e Silicon Detector Coe’ e 30cm T x 60 cm

Wire Chamber
== Liquid Scintillator
Germanium Detector
Lead Shielding
Stainless Steel

A

Beam counte

Collimator

PID Package

Particle Identification Package E | ” / “ | ~30cm
Target
~60cm
Punch through veto
Target y detector
Dli— Veto v
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AlCap Setup
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Proton Measurement

Xray L .1 Muon count
Count
Particle
%r;ar,;gcle: Identification | Measured Proton True proton energy
Energies spectrum and rate
Measurement
Beam : : Stopping Response
measurement | Simulation = distribution N Matrix
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Muon Count from X-rays

N2p-1s

N, =

€2p-1s X IZp-ls

2p-1s X-rays

Ge Efficiency
@ 347 keV

X-ray Intensity
(/p-stop)

Stopped
Muons
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X-Ray Spectrum (Al50 Target) +200ns
GeFit -

¥2/ ndf 4262152
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Particle Identification: dE/dx Method

E bands

2. Fit transformed bands to
gaussians

3. Cut on particle species

. Particles lie on distinct dE vs.

Particle Identification Package E

Target

yli— Vg’:o
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SiR Proton Cut
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Measured Proton Energy

Selection:
A .. =80ns — 400ns < t
dt. < 200ns

neighboring u 10“8
Pro%ons only

S|1 -Si2

Left/Right Differences Understood:
e Target stopping distribution pushes SiR energies
lower
e SiRis a larger detector; Q. >Q.,
e Thin SiL higher threshold — high E difference
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Unfolding

Simulated SiR Proton Response

[ Entries 798596 |
-

;‘ . 7 e 'lq.:i..p.::_':'i._;!__:.;-:l-l b .'_-h’ mEE et
- © 14000— St 2L e %
Emeas = M X Firye ™0 245 Feisoshai
| F120001— W e 2 T
- ety el gl b
e Response matrix: 10000 o sl
M > {8 € (E )} ; :-:-'_':".--5-.?';:-3.-_3:.:."-'- ’ Example: 6 MeV
geom’ ~p-stop' " true 8000|— i-:'-:"_:.r L i iy
* Obtained from MC 6000: - _"-’Tr 2 Measured Energy
e BayesUnfold(M, E___ )= E P =
e » % Al 50um Target
e M relatively linear, 2000}~ %
i i I i :l 1 1 1 1 1 % 1 1 1 1 1 1 1 1 1 1 1 1 1
Slmp“fymg unfoldlng % 2oloo 4000 6000 80100 10(IJOO 12300 14cl)oo

Emeas [keV]
D'Agostini, 2010, arXiv:1010.0632

John Quirk PSI 2019 15



Systematics: 3.5-10 MeV

Backgrounds
and
Efficiencies

Calibration

Geometry
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PID (Energy Cut)
Acceptance

Pb Contamination
Si ECal
Target Position

Detector Position

3.3%

0.87%

0.4%

0.75%

5.6%

Beam &
Stopping
Distribution

Unfolding

Total

Stopping Depth

Iterations

Bin width

Energy Bound

Statistical

Systematic

2.1%

0.17%

0.17%

1.4%

3.2%

7.1%
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Proton Emission in Aluminum

Proton Emission Rate

0.005

o 0.0045
Proton Emission

(3.5-10 MeV)
per u-capture

0.004

!, 0.0035

p/u cap/500 keV

0.008
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Impact for Mu2e

Inner proton absorber:

Antiproton
Window

e Reduces proton detector hit rate
o Decrease noise hit rates
e Degrades conversion e signal

o Degrades signal momentum resolution
o Reduces signal energy

IFB Support

Collimators

Actual proton rate factor of ~3 lower than expected — Mu2e thinner proton
absorber, COMET removed absorber — less degradation of signal energy

resolution.
John Quirk PSI 2019 18
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Neutron Status

Measured Neutron Spectra

e Used 2 neutron detectors (BC501a) o
e Preliminarily report 0.44(3) n/u-capture o
in 2-11.5 MeV - |
Unfolded Neutron Spectra 102? o w’i""“”'";"?”’i“?“"*?i‘f!“",f!‘*"qiv‘j-‘si-;g"w JTqH:U
'E —Al oL
- —AI2 ; J

PRELIMINARY LT e
- Electron Equivalent Energy (MeVee)
m%

count per muon captured per 0.1 MeV

107 %“Ik%m Detector 1 Detector 2
++++¢x*ﬁt¢:m%¢% - Raw n Count | Raw n Count
i Al | 289026 337627
10*&""é'"'l“"é""é""%"""""N'e'm;o'r;'g'n;r;y'gh;\'l) Ti | 295309 349783
John Quirk PSI 2019 Pb | 80521 94698 19
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3000 Y

X/Y- ra yS :i:; 2500 é—
- Data taken on: Al, Ti, W, Pb F
- Analysis in progress -
1000{—
- Al/Ti for normalization -
500(—
- W/Pb for backgrounds L A NN
T e e e 5
Energy (keV)
Photon Energy Emission natural W spectrum
[keV] rate i hEAr::,?sgeLﬁgffg
Al (26Mg*) 1808.7 0.51 +0.05 ;
Ti (2p-1s) 931.0 0.90 £ 0.04 e l | | foor]
F - il
W (4f-3d) 761.0 025+0.01 |__—"u
783.6 0.19 +0.01 :
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AlCap Status
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AICap reports preliminary results for proton emission (3.5-10 MeV) per muon

capture in aluminum of 0.0207(7)Stat(15)syst
o  TWIST recently reported (arXiv:1908.06902) 0.0322(7)_,_(22)._. . over 3.4 MeV

stat syst

Additional aluminum datasets still being analyzed

Further results forthcoming on deuteron and triton, as well as on Si and Ti
targets

Photon and neutron analyses from a number of targets are in progress

John Quirk PSI 2019 21
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Rate

Stopping Depth in Target

3.5-10 MeV rates as function of muon stop position 4-8 MeV rates as function of muon stop position
= o 0.028
|- © =
| o«
0.038[— B
B Left o0.026—
0.036:— nght :
r Average W
0.034_— g 0.024 —
0.032— Coe
0 0.022(—
0.03— = T i
0.028:— 0'02—_
0.026— B /
- 0.018(—
0‘024:LIIIII|IIII|IIII]IIIIIIIIIIIIIIIIIIIIIIIIII _I[IIIIIIIII|IIII’IIII|IIII|IIIIIIIIIIIIIIII
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Depth [um] Depth [um]

While the effects on the individual detector arms is significant, averaging them cancels this out.
Ideally, the unfolded rates would agree in the left and right arms.

John Quirk Departmental Seminar 24 May 2019 23



R13 Setup

Plastic Scintillator
Silicon Detector
Wire Chamber
Liquid Scintillator
Germanium Detector
Lead Shielding
Stainless Steel

Beam counter

PID Package

!

Collimator

Target

Punch through veto

detector
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Chamber

. Stainless steel
Under vacuum
Diameter ~30 cm



Campaigns

Campaign R13 R15a R15b
Dates Nov 28-Dec 23 2013 Jun 8-21 2015 Nov 5-22 2015
Work Packages WP 1,2, 3 WP 2, 3 (Neutral WP 1 (Charged
particles) particles)
Beamline TE1 TES TE1
Al, Ti, Si (Passive) Al, Ti, H20, Pb, Steel Al, Ti, Si

Targets




Paul Scherrer Institut (PSI)

® Highest current, highest
power proton accelerator
(2.2mA, 590MeV cyclotron)

® Most intense muon beam

® Number of DC muon
beamlines to choose from
to balance rate and
momentum bite




Beamlines at PSI

Beamline E1 mE5
Campaign R13, R15b R15a
Q (msr) 13 150
Momentum 0.26% 2%
Resolution

(FWHM)

RN
Yopa—
"ﬂ.

M1

Target M

A

Proton Beam

To Spallation Neutron Source

(SINQ)

.' ;”j i nE5
L”‘t “t“
/.

¢ ‘kg
E 4 M3 I
A o
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Divider/Distributor
> WFDs |«
Detectors Amplifiers I_ g
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Vacuum > CFDs > TDCs |« +
Sensor 8
Interlock HY =1
Q
Temperature g
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Pulser g
(Run Length Control FE (
and Computer

Synchronization) ¢

MIDAS framework Control Room
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Sanity Check: Lifetime = 864ns
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Hit

Time and Enerav

Silicon Pulse
¢ 2500
o - —— Threshold
C B Presamples
2000|—
- —— Pedestal
N . R R Pulse Height
1500 — ;
- Time @10% Max
1000:—
500(—
g | oen | oex o9 oy ¢ LoeHn ¢ iy 3 5 |
% 20 40 60 80 100 120

Time [Clock ticks]

Pulse passes preset threshold,
triggering data taking in that
channel (each channel is
self-triggered)

Number of presamples before
trigger used to calculate
pedestal, preset number of
samples taken

Maximum height from pedestal
taken as energy

Interpolated clock tick where
pulse hits 10% of maximum
taken as time
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Charged Lepton Flavor Violation: y—e

? e

17 u ? e

New Physics

N N N N

[conv(Au — eAu)
[capt (HAu)

W. H. Bertl et al. (SINDRUM I1), Eur. Phys. J. C47, 337 (2006)

<7x10713

Au __
Rue =
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AlCap: The Aluminum Capture Experiment

e A Sp
e
o

Proton Beal
Production SOIenOid/ Detector Solenoid _
p % Transport Solenoid — = ﬁ
e m L ! A
i == Z

AlCap @ Paul Scherrer
Institut (PSI)
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Pileup Protection

Time Between Entering Muons Muon Beam Counter

Counts/10 keV

7000

| Pileup Protected

—
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1
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o

The beam counter (SiT) was placed as close as possible to the target; greatly improved muon stopping
fraction.
Pileup protection rejects 4.9% of muons
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Muon Count from X-rays

CountskeV

T IIII|IIII|IIII|IIII|II1

300 310 320 330 340 350 360 370 380 3 Energy (keV]
ay
X-Ray Hit Time
s Wk
I =f
4005—
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“E P uPb Capture
%‘%l.“—4&)““(;‘.‘.ﬂlx).‘.‘Zw"‘.JOO 400

Time [ns]
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Energy Loss in Target

Muon Stopping Dsitribution (Simulation)
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Target Self-Absorption (MC)

IIIII
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A proton’s energy loss in the target is dependent on stopping location and initial

energy
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Unfolded Spectrum

Unfolded Proton Spectrum

e Poorer statistics at lower

_ x10°
3 B
energies g SOO%—
e Some structure seems to g‘ - L
appear, but will disappear  © 20 _ T+ PRELIMINARY
after considering oo —+
. - —
systematics -
y B T
150_—
- s g
100(— ——
B —
- +++
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