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Charged Lepton Flavor Violation
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(N eutrino Flavor Violation is observed !
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cLFV highly suppressed in SM+m,,:
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S.T. Petcov, Sov.J. Nucl. Phys. 25 (1977)
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Any observe is the evidence of New Physics
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1s state in a muonic atom U — e conversion: neutrinoless
muon nuclear capture

u +(AZ)—e +(AZ)

/ Charged lepton flavor violated

« Background signature:

Y/
’ s o No accidental background

Can utilize high luminosity

o Beam background can be

i D ¢ suppressed by pulsed
beam
o Physics background can be
W +(A,Z2) 2Vu +(A,Z-1) handled with current

detector technology
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What to measure

« The ratio of muon to electron conversions to the number of muon
captures by nuclei

U+ Al e+ Al
“ u” +77 Al = nuclear capture

« Signal: Neutrinoless conversion of a muon to electron in the field of a

nucleus :
Coherent Conversion

. | - A
- Experimental signature Al wNuclear Recoil
o Mono-energetic of 105MeV electron N

Ee=mu_NrecoiI- (B'E'\)<1S\x
=104.9MeV v,

Clean field to search for new physics!
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Muon CLFV search history

CLFV Searches History
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The “new idea”: MELC .
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MELC EXPERIMENT TO SEARCH FOR
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StoppingTarget

* Improve the production and capture efficiency

o Thick target with super conducting solenoid as capture magnet

e Clean muon beam

o Long beam line with momentum selection

« Search for signal with the special momentum
o Light detector to provide precise measurement
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Overview on COMET @T?Z

(COherent Muon Electron Transition)

) Located in the Japan Proton Accelerator Research Complex
T | (J PARC) in Tokai, Jopon | 8GeV

3.2kW for Phase-I
56kW for Phase-II

. | 4
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COMET Collaboration
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Overview of Mu2e

 Located at Fermi National Laboratory
 One of the U.S. Intensity Frontier top priority projects
« Cost~$275 M dollars (US accounting)

8 GeV protons

o FH=BeENTUWEFREN 2021/8/18 ® 10



Mu2e Collaboration

o > 220 scientists from 38 institutions
« Sun Yat-Sen University joined MuZ2e in Feb. 2016

Argonne National Laboratory,

Boston University,

University of California Berkeley,
University of California Irvine,

California Institute of Technology,

City University of New York,

Joint Institute of Nuclear Research Dubna,
Duke University,

Fermi National Accelerator Laboratory,
Laboratori Nazionale di Frascati,
University of Houston,
Helmbholtz-Zentrum Dresden-Rossendorf,
INFN Genova,

Institute for High Energy Physics, Protvino,University of South Alabama,

Kansas State University,

Lawrence Berkeley National Laboratory,
INFN Lecce, University Marconi Rome,
Lewis University,

University of Liverpool,

University College London,
University of Louisville,
University of Manchester,
University of Michigan,
University of Minnesota,
Muon Inc.,

Northwestern University,
Institute for Nuclear Research Moscow,
INEN Pisa,

Northern Illinois University,
Purdue University,

Rice University,

Sun Yat-Sen University,
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Novosibirsk State University
Budker Institute of Nuclear Physics,
University of Virginia,
University of Washington,
Yale University
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COMET Phase-I and Phase-II

etectors:

Cylindrical drift chamber
Goals of Phase- 1 Straw Tracker + ECAL

1. Background measurements
direct measurement of potential background
sources for the full

COMET experiment by using the actual
COMET beam line

Muon-transportation solenoid §
. —— —

Detectors: Straw Tracker + ECAL
2. Search for p-e conversion

. Goal of Phase- |l
a search for p-e conversion at the
intermediate sensitivity which « search of p-e conversion

would be 3.1 X107 which is 100-times . R on 17 g 4
better than the present limit (SINDRUM-II) S]I 8 %loeoegiwesriﬂzuvlwe 2CSr>r<e‘|r8r “m\i?/hlc;h =
3. Beam characterization '

e B+ BEERTYEEARESW 2021/8/18 @12



Overview of COMET Phase-I |

detector for Muon transport Pion production

J-e conversion \ /

COMET Phase-| Layout

1. Proton on production targets and produce pions
2. Pions decay to muons and transported to detector sections
3. Muons stopped and decay in the stopping target

g FB+=EEENTUWEFEREW 2021/8/18 ®13



COMET Proton Beam

o 3kW proton prompt beam:

o ~ 10" protons on pion targets (in 150 days running time)

« Bunch structure of proton beam

Bunch size ~ 107 POT
Bunch spill/width ~100ns
o Extinction factor 3x10-1! Prompt beam

o Bunch separation fime = 1170ns.

Matching Solenoid
LN, e
Becton Beain C : Production Target

Delayed electrons (DIO)

»
»

Time Window
for Signal Search

Proton Pulse

number of particles

v

S

time

700 ns

Pion Capture Solenoid Radiation Shield ) .
) 1.17us ]
Time structure of proton beam bunch
R F+=EEERTYEEREN 2021/8/18 ® 14




Muon Beam

90 degree and long muon transport solenoid
« High efficiency and stopping rate for ~ 40 MeV/c muons
« Collimator to block high momentum muons ~ 75 MeV/c

8
g

— All muons
— Stopped muon

o
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0.04 o
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0
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052080800020 140 M‘lgc;murl%g;e;;g?o 6000550 10000 5000 6000 400020000 !
Megative X{mmj)
Initial momentum of stopped muons and all muons The bird view of muon beam intensity

Yield (per proton): After muon transport section Stopped in muon target
Muons 5.0 x 107 4.7 x 107*
Pions 3.5 x 1074 3.0 x 1076

Muon and pion yields per proton at end of the muon beam line and stopped in the stopping target

g FB+=EEENTUWEFEREW 2021/8/18 ®15



COMET Phase-I Cylindrical Detecto

Cylindrical Drift chamber (CDC)
Trigger hodoscope: Cherenkov radiator + plastic scinfillator
Al muon-stopping target

cylindrical trigger hodoscope

T |
1N
(i
| ‘
A

CyDet forPhase- | ° | muon-stopping target
o

RECBE Muon Stopping target
holders CTH e

Light guide
for CTH

cylindrical drift chamber

" 330m (outer)

36cm (inner) 2021/8/18 @164
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COMET Phasell @“‘
Stopping target and detector system

e Use straw tracker to measure the momentum
* Really light: put in vacuum, 12 micro
meter thin straw

 Electromagnetic calorimeter
+ Providing trigger, TOF and PID

F+=meENTFIEFRSW 1/ 2021/8/18



|

Cylindrical Detector
Sectlon (CyDet)

Muon beam

#4
///'///

7

Veto System "
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COMET Sigle Event Sensitivity(S.E.S\ £

. . ; 15
Signal and DIO (BR=3 x 10°7'°) Signal and DIO (BR=3 x 107"°)
L0181 o i 0 ¥ i g ‘ ! :
2 | 3 L | —— Signal Acceptance
'E_ms_—------ - 2 12— {i = DIO Contamination
s s L 1.0% Contamination
8014t P - 93% Acceptance
g ¢ i — 103.6MeV/c Threshold
£ : ‘
T L
P R S
................... g 08
o |-
T L | : ‘
................... -3 S W N S S S
£ Ok
_____________ 02k ‘ ;
i - \_4 .
101.5 102 102.5 103 103.5 104 104.5 105 105.5 106

IR SR SR Sy = . I P eaoion
Momentum [MeVi/c] 181.5 102 102.5 103 103.5 104 104.5 105 WPOt?{fMeWI:?G

1
Nu ) fcap ) fgnd ) A,u—e

SES=Br(u~+Al-e™ + Al) =

feap = 0.61 (Al), fraction of muon capture

fona = 0.9 is the fraction of u—e conversion to the ground state in the final state
A,—. = 0.041 is the signal acceptance

N, is the number of muons stopping in the muon target

« Single Event Sensitivity = 3.1 x 10-'5 (~150 days)

« At momentum window 103.6MeV/c<p_<106MeV/c, yielding a signal
acceptance of 0.93

g FB+=EEENTUWEFEREW 2021/8/18 ®19



COMET Phase-I background study

* The optimization of COMET Phase | is

finished. Detailed performance is Event selection Valuo
es’rimo’red WITh MOI’]TG CQF'O STUdieS Online event selection efficiency 0.9
) DAQ) efficiency 0.9

O Sensi’rivi’ry: Track finding efficiency 0.99

. . Geometrical acceptance + Track quality cuts  0.18

« Total acceptance of signalis 0.041 Momentum window (£mom ) 0.93
« Canreach 3 x 1071> SES in 150 days. _Timing window (£iime) 0.3

Total 0.041

o Background:
« With 99.99% CRYV total expected

bOCkground is 0.032 Type Background Estimated events
i Physics Muon decay in orbit 0.01
'e) Trlgger rOTe: Radiative muon capture t].t)[ﬂ_g
Neutron emission after muon capture < (0.001
. A\/ergge Trigger rate ~10kHz (Qﬁ'er Charged particle emission after muon capture < 0.001
i . . . Prompt Beam * Beam electrons
trigger with drift chamber hits) * Muon decay in flight

* Pion decay in flight
* Other beam particles

All (*} Combined < 0.0038
Radiative pion capture 0.0028
Neutrous ~ 1077
Delayed Beam  Beam electrons (]
Muon decay in fight ~ ()
Pion decay in Hight ~
Radiative pion capture o ]
Anti-proton induced backgrounds 0.0012
Others Cosmic rays/ < 0.01
Total 0.0132

1 This estimate is eorrently Hmited by computing resonrces.

[ J
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B-line complete (2020) o o | COMET Experimental Hall Installation Yard in 2015
Constructed in 2015
A-line : 7 ==
i e TR A ] i Al L | B .’
Z Tl — U LI |
I L= F -
. . i - v
D CPa O
O D cd 018
> P A " Ifhagnets will be m@Vedsio Hadron

« Experimental Hall building completed

» Cryogenic system under construction

* The final part of the proton beamline (C-line) will be ready this year (2021)
 Shield wall & power station completed. 2 more magnets to be located soon.
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S W Pion Capture Solenoid TS1

CS cold-mass

Pion Transport Solenoid

Pion Capture Solenoid CS

g FB+=EEENTUWEFEREW 2021/8/18 ®22



MuZ2e Apparatus @T“(Z

Production
Solenoid

8 GeV
Proton Beam .. 1. rCalorlmer

Production .
# Target Transport Solenoid Detector Solenoid

Three functional
solenoids with graded
fields (4.5T - 1T)

e F+=REENFYEZERESN 2021/8/18 ® 23



Mu2e Detector Solenoid

Proton Absorber 1 absorber

%n =
S
e ‘

'A"A

Tracker EM Calorimeter

Stopping target to capture muons

Graded magnetic field from 2 Tto 1 T, captures conversion
electrons with bigger acceptance

Tracker and Calorimeter in a uniform field to reconstruct and
identify electrons.

F+=jEeENTFIEEARSWN 2021/8/18 @24



Mu2e Tracker

105 MeV
Tracker Structure Conversio

n electrons_ -

i o

DIO

electrons

5 mm diameter straw drift tubes

15 um Mylar walls, filled with Ar:CO, (80:20)
18 stations, 2 planes/station, 6 panels /plane
Blind to beam flash and >97% DIO

Expect 100 um hit resolution

Momentum resolution < 180 keV/c
(@105MeV/c)
o

F+=jEeENTFIEEARSWN 2021/8/18 ® 25



Mu2e Calorimeter

Two disks separated by 70 cm (1/2 &), ~ 674 Csl crystals/disk

Provides independent energy (o:/E< 5%), time (5,<0.5ns) and
position (o, ~1CmM) measurements

Parficle ID, Cosmic Ray rejection, tracking seed
Independent frigger

F+=jEeENTFIEEARSWN 2021/8/18 @26



MuZ2e Signal

Stopping Target Straw Tracker Crystal Calorimeter

signal e-
DIO e-

straws with hits

To find a signal electron near 105 MeV/c from a bunch of track candidates

F+=jEeENTFIEEARSWN 2021/8/18 @27




Mu2e Run 1 background expectatio

Channel Mu2e Run 1 Background Expectation
Cosmics 0.047 + 0.010 (stat) £ 0.009(syst)
DIO 0.038 4 0.002 (stat) poie (syst)
Antiprotons 0.010 4 0.003 (stat) To051 (syst)
RPC in-time 0.011 & 0.002 (stat) *o-005 (syst)
RPC out-of-time negligibly small

RMC negligibly small

Beam electrons negligibly small

Total 0.106 &= 0.032 (statd®syst)

For Run 1 (planned 2025-2026, before PIP-Il shutdown)

Most realistic simulation so far for Run 1 (before PIP-Il shutdown),
overall expected background ~0.1 event

o FH=BeENTUWEFREN 2021/8/18 28



Mu2e Signal and Backgrounds @T@

0.3

, Mu2e Run 1 preliminary: R, = 1.0 x 107:N =6 x 10'°; TO in [640,1650] ns

u” stops

0.25

N /50 keV/c

0.2

0.156

0.1

0.05

e momentum (MeV/c)

* Run 1 simulation, R, < 5.9 x 10°1¢ (90% CL)
« For aconversion ratio of 1 x 10-15, ~5 signal events, 5¢ discovery of CLFV
* Further 10X improvements with Run |l

o FH=BeENTUWEFREN 2021/8/18 @29



Mu2e Current Status

Production

Transport Detector

Solenoid

\\\\\\\\\
- S A
e

Proton and stopping
targets assembled

= Simulation of realistic data for
Mock Data Challenge

= New estimates of backgrounds
from Sensitivity Update 2020

Solenoid fabrication and testin campaign
R F+=EEENTFYEEREW 2021/8/18 @ 30




Mu2e Current status

Integration of detector systems
and preparation for installation

FH=REENTHEEREN 2021/8/18 @31



COMET CDC readout board by IHEP

* The production of 128 readout board — RECBE
«  Work in the CDC cosmic ray test

Optimization of COMET experiment

o Leading role to the COMET Phase-l and Phase-Il optimization

o Main conftribution to the beam simulation, Sensitivity and Backgrounds
s

1“‘. - \J

COMET-CDC readout board readout board in CRT
ém : T’anicles atIThe End nlr 90 Degren‘a - ) Momenta of particles at the exit of TS (transport solenoid) ) Production Target Length Optimization
- g e
S E ED‘ = /_‘ @ Before 80 Degrea Bending
Wy L N —— Gam Doy |
T — Stopped in Stopping Targat
iy A I N A
Collimator: =0 Mumemumigrr?plml@(mewzufu ! ¢ * 0 ° au ngglh[cm] C 11' f
' : . . - ollimator after optimizati
lease-l beam profile Phase alpha beam profile Production target optimization p i‘té;n
FT+=EEERFYEEREN 2021/8/18



COMET Single event sensitivity

«  Main contribution to the COMET drift chamber reconstruction

Framework, simulation, data analysis and new physics

Performance test for SimG4 MPI version

900 - 8

< 300 Mother 7

£ 700 i 6
'E 600 5 5
% 500 4 E
S 400 - g
300 P @

= 200 - 2

092 B 100 1

0 4]

1 4 8 12 16 20
Field map calculation Jobs in one node
4 & ) et | | s 1o T gEm] - . {3
10% | ke B0 MY 1 L s ] . e
‘ 10 :snxv ,—/;‘ E EEE A :: l‘m /\ n i Nt *
o e e | e == == = T T 3
. o T ] ] = = - ik B g
- - - L :
I)( 100 200 300 400 S00 600 700 800 800 1000 B"I'*?Wf"’
Drift chamber X-T calibration  Upper limit of Majoron@COMET Beam resampling with GAN
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SYSU work in Mu2e

Anfi-proton background simulation

Cosmic rays 0.209 £ 0.022(stat) £ 0.055((syst)
DIO 0.144 + 0.028(stat) £ 0.11(syst)

Antiprotons 0.040 £ 0.001(stat) £ 0.020(syst)
Pion capture 0.021 + 0.001(stat) + 0.002(syst)

Detector and track visualization

Muon beamline optimization with anti-
proton absorber design

Simulation of the Stopping Target
Monitor

w +AZLN)—e +A(Z.N)
“ o lu+A(Z,N) — v,+A(Z-1N)
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Contribution from the experience

1. Low p;track reconstruction at BESIII

7- efficiency vs pt,e

gn Hough space Hough map f !sa e
Fill hi F == Soft pion efficiency increase
| ISt T 7.6% in 50~100MeV
. P Signal number from recoil
- ) . I T mass fit 1 2.76%
,,,,,,,,,,,,,,,,, 0 :

eeeeeeeeeeeeeeeeeeeeeee

2. BESIll simulation on Tianhell supercomputer
3. Pre-design of EMuS

Tianhell super computer

g FB+=EEENTUWEFEREW 2021/8/18 35
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» CLFV has great potentials to probe new physics af
the Intensity Frontier

» COMET&Mu2e will search for CLFV with uN—eN

« Improve the current limit by a factor of 104
« Search for New Physics with mass scale up to 104 TeV

» COMET project plan
> Phase-| data taking planned at 2024JPY at S.E.S.=3.1x10-15
> Phase-Il will search mu-e conversion af S.E.S.= 2.6 X101/

» MuZ2e project plan

* Run | data taking planned for 2025-2026, improve SINDRUM I limit
by x1000, with R, < 5.9 x 10-1¢ (90% CL)

« Additional data taking after LBNF/PIP-Il shutdown, ultimately set
the conversion rafio R, <8 x 10-17 (90% CL)

Summary

o FH=BeENTUWEFREN 2021/8/18 @34
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Mu2e Transport Solenoid

« Gradient magnetic field from 2.5 T to S §
20T |
« S-shaped magnetic channel o

transmit low-momentum negatively
charged particles in helical trajectories

« Collimators to remove positively
charged and high-momentum

A

o FH=BeENTUWEFREN 2021/8/18 38



Production Target
* Protons + target — 1 + X; T decay into muons
« High A and high density material Tungsten to maximize muons production

« High melting temp, radiative cooling (~1600°C), with 8kW beam (700w in
target)

« Heat Radiation Shield

« To protect superconductor of PS and upstream TS
« To limit heat load and radiation damage

« ~251tons of Bronze
o FH=BeENTUWEFREN 2021/8/18 @39



Mu2e Beam Time Structure

a

1695 ns peak-to-peak

4x107 proton

[ ] POT pulse

n arrival/decay time ( x 1M )
w arrival time ( x 400 )
w decay/capture time ( x 400)

Prompt background

Signal window

1 T Mt S P | g b s 3 3 i IR T TN I N T N | 1
0 200 400 600 800 1000 1200 1400

« 4x107 protons per bunch, bunch spacing 1695 ns

/00 ns delay before 1 ms live gate

Extinction factor (Out-Of-Time proton rate) < 10-1°,

FH=REENTYEERSN

1800

1800
Time (ns)
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Extinction Monitor

Spectrometer
magnet

Filter
i | magnet

&
<

Proton Beam
Dump

Production
solenoid

|1,

%

Protection %
collimator

,‘/“}///
Proton
beam line

1695 ns peak-to-peak

] POT pulse

n arrival/decay time ( x 1M )
w arrival time ( x 400 )
w decay/capture time ( x 400)

0.08
0.07
0.06
0.05
0.04
0.03

3x107 prot
Proton absorber “p Preten

and extinction
Target monitor filter

Prompt background

TTTTITTT i IIII|IIII|IIII|I

0.02
0.01 Signal window
0 1 i PR k_l | I T ST W NN T S S S s S s s s |
0 200 400 600 800 1000 1200 1400 1600 1800

Time (ns)

« Extinction definition: protons between pulses / protons
In pulse

« Exfinction requirements < 10 -19
e Extinction measurement is imoportant to su¢&cess



Loops

Contact Terms

u L “~
New Physics in y—e <°M?IZZ £

Supersymmetry Heavy Neutrinos  Second Higgs Doublet

rate ~ 1019 |U Ugnl? ~ 8x10-72 g(H,e) ~ 10%g(H,,)
N a
;" W ‘“: : H!' t ®
g é q q . q
Compositeness Leptoquark rleavye :
Mg = Anomal. £ Coupling
A, ~ 3000 TeV 3000 (A 4hoq) "2 TeVic?

M. = 3000 TeV/c?

o & W @ d u o &
d o '

Flavor physics of leptons and dipole moments, arXiv:0801.1826
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¢ Extinction Requirement is <10-10 (to reduce beam-related backgrounds).
e chopper to remove protons in every other pulses at the linac — 0(1079)
¢ single bunch kick (SBK) : shift the timing of injection kicker to the MR
e Measured at the main-ring (MR) abort line - 6 x 10~
¢ Extinction depends on RF voltage of bunched slow extraction
e Forward (shift) SBK : fill protons for front bucket (rear empty) tested before

e Backward (shift) SBK : fill protons for rear bucket (front empty) newinT78

.‘ ' N " ]
4 batch injection ’\\, 1 4 batch injection ™ (3

normal injection




178 Experiment :
Accelerator Study of 8-GeV bunched SX

Beam Power = 1.8kW (5.2sec cycle) of| 21/05/2217:5; 028  at 21/05/22 17:52:36

Slow Extraction <ol

. # Df bUI"]Ch = 4 Duty Factor  57.11% o
ssosive  54,60% - | -

- # of proton per pulse = 7.4x1012 e santea
- Equivalent to 3.4kW (Phase-l) with 2.4sec cycle e

Spill Length .59 e

Achieved Extraction Efficiency = 99.1% s shors o [N <
MHA Power 1.83kw

Spill duty = bb% (Transverse RF is off) sshosme  1B2KW
Spill length = 0.6sec g oo
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