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Physics Motivation : Beyond the Standard Model with muons

» LF is not conserved from neutrino oscillations.

> cLFV in the SM (4+m, ) is negligibly small.

. ’“\(‘_,:'“, B. Pontecorvo (1947) : p = e*
’ \ Cheng and Li ('77,’80) Petcov('77).
i Ua W Ui BR(i — ev) ~ O(1075%).

> Search for rare processes or measure fundamental quantities like g-2

> Direct search (Energy Frontier) LHC, ILC : higher energy for heavier new
particle(s).
[Asm + enp|? = |Asml? + 2Re(Asmenp)

> Indirect search (Intensity Frontier): "slight” difference from SM prediction.
1
|Asm + enp|? =~ |enp|? = Rate ~ &7

» Probe the PeV scale with cLFV.
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Past and future
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Experimental consequences

Rare decays searches require :

» Detectors with very good resolution and excellent background rejection.

» Background includes physical background, beam-related backgrounds,

accidentals, cosmic rays and false tracking.

> As good as possible simulation and tracking are mandatory

Comparison between p — ey and pu — e conversion :

background challenge beam intensity
w— ey accidentals | detector resolution limited
[ — e conversion beam beam background no limitation

> High intensity pulsed muon beams require strict proton beam extinction between

pulses.

> Discussions on limits on BR or SES between experiments.
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Signal and Intrinsic Background

N normal muon decay p-e conversion and muon Michel
- decays are well separated.
normal muon decay ;

d p-e conversion and energy window
- muon Michel decays DIO ——p
- are well separated. - L-e conversion
- p—eee  p—ey Y-e conversion .
- ‘ ’ N 52.8 MV 105 MeV
. L — PR ey electron momentum spectrum
e\

electron momentum spectrum
» TWIST (2009), A. Czarnecki et al. (2014).

> DIO : decay in the field of a nucleus. Included in GEANT4.
Spectrum of the bound muon decay
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2
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u e
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Nucleus

It is the main background for the expected conversion signal
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Current bounds and future sensitivities

MEG(PS” Mu2e (FNAL)
MEG upgrade (PSI, planned) DeeMe (J-PARC)
[(JELGE)] COMET (J-PARC)
Process Experiment Limit
BR(utT — eTv) | MEG('13) 4210753
MEG-1I(> '20) at PSI 41071
BR(uT — eee ) | SINDRUM('88) 10712
Mu3e Phase I(> '20) at PSI | 2 10~1°
R(u — e :Au) SINDRUM-II(’06) 71073
R(p — e :Al) COMET-Phasel(~ '20) 310715
COMET-Phasell(>'20) 3107
Mu2e(> '20) 7.5 10~
R(p — e :Ti) PRISM(> '20) 0(10718)

PSI vs J-PARC : 10%u/s vs 10" 11/s
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MEG : coincidences and reconstructed mass

M EG .expe.rime.nt

Signal Event

Liquid xenon y-ray detector

Beam transport solenoid

Stopping target M ETETY]
Muecn
Decay

Drift chamber

Timing counter

Accidental .
Background %_ L]
COBRA magnet (Dominant) H




MEGII

Improve all resolutions : energy, momentum and timing.

Brce ~ X AEo X (AEammal? X AToganma. X (AGeganne)? |

T
COBRA magnet

) ) N 7 (RMD)*,
& & «° &® ! o (RMD) RDG
@ K o éav*‘a’;;@“ 02 o™ i beall e—
X X SR +
o o @2@* @ P 2% s &* (Michel)

Wavedream

9000
channels
at 5GSPS

X2 resolution
everywhere

Drift Chamber

Single
volume
He:iC4Hio

{4

Updated and Liquid Xenon

new Calibration Gamma-ray

methods Detector

Quasi mono- Better uniformity w/
chromatic 12x12 VUV SiPM

positron beam

Cobra magnet
Gradient B field
upto1.3T

Muon Beam and
target

Full available
stopped beam
intensity
7x10

Timing Counter
35 ps resolution

Auxiliary detectors
w/ multiple hits 4

Background rejection

from Angela Papa NuFACT2016
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Mu3e

The Mu3e Experiment /@/

» Search for LFV decay: y§— eee
= Single event sensitivity of

105 Phase | ,
<10'¢ Phase || IR
» Muon rate 108 (>10°) per second 3 o5
> 0(10) (O(100)) tracks within 50ns b =
» Sensitive to New Physics: == :
. e e X \ "'..
O - s Y i A ”", .
Cluememimty PR A € " L
N R < Qe..
g e A 7 é y
All silicon tracker
Discussed in Research Proposal: based on
— arXiv:1301.6113 HV-MAPS technology
4 PSI, Users Meeting, February 9. 2015
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Mu3e Concept
2013 5 2017 2018-20
oo | Cornfoion [ EmRn] |
Sensmwty phase |1 [2018-20] ~ 10-15
Mu3e detector concept  (Final sensitivity phase Il [202x] ~ 106

needs 10° muons/s)
Tile detector

Superconducting
solenoid Magnet

Fibre hodoscope

MIDAS DAQ and Slow
Control

Muon Beam and
target
Mupix detector

from Angela Papa NuFACT2016
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Mu3e from Phase | to Phase Il

> A detector with good vertex and time
resolution. Mu3e Phase |

» Pixels and Scintillating Fibers.

> Low material budget for low momemtum
electrons.

Events per 0.2 MeV/c?

o
2

T Py R e

Outer pixel layers
96 98 100 102 104
> Increase acceptance for recurlers

> Smaller beam profile

o e

15 8
0" muon stops a}i.() muons/s

o —> eee
[at 102
o —> eee
fat107
o —> eee
[at 10
o —> eee
[at 10
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Scmifistos Sies
Irmer pixellayes

s Tama
Thintiening detector
ssssssssssssnsssssssssfissssnssssanssssanaannsl msssssnasssssssssssnnlinsnnnnnssssEnaaaaanns|

\/Mphiluus
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[4-€ conversion

» Coherent process: unchanged nucleus.

> Signal : mono-energetic electron Ee = my, — By, — Ejecoir
> me K my, By = mM%Z2o¢2 and Ejecoil = mu'zﬂ—n*/‘,

> For aluminum used by COMET : E. = 104.9 MeV.

. . r i —
> Define a conversion rate BR = [conversion 11— ¢)
[(capture de p)

> Current limit for SINDRUM-II at 90% CL on gold : BR < 7. 10713

» COMET Single-Event-Sensitivity Phase-1 < 3 1071% and Phase-1l < 3 10~/

r « Signal : Mono-energetic electron A
N E. = m"-Bu ~105 MeV
) * Coherent Process
N J
4 V. °BGs *Prompt (Beam-related) N
N / *Decay in Orbit (DIO)
*Radiative m/p-capture
~ *Decay in Flight (DIF)
L Vo r's & *Cosmic-rays Yy,
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Backgrounds and signal

Muon capture:
61% (Al)

— W Fp=ytn
— Muon decay

coherently with
nucleus

— Source of
background hits

Decay in orbit
(DIO) : 39% (Al)

— W e Vel
— (Dynamically) free

decay of muon
inside atom

— E(e,max,Al)
~<m, ™ 104MeV

(peak at 50 MeV

from Myeongjae Lee NuFACT2017

Muon
conversion

conversion
coherentlywith
nucleus




SINDRUM

SINDRUM-II (PSI)

A exibeam solencid F inner difl chamber
B goid target G outer drif charmbe

© vacuum wal H supsrconducting coil
D scintilltor hodascope | hellurn bath
E Cereniov hadoscope J magnet yoke

SINDRUM II

beam veto counter was placed. But, it
could not work at a high rate.

Published Results (2004)

By~ 4+ Au— e 4+ Au) < 7x 10713

events / channel

Class 1 events: prompt forward removed

@ measurement
&' measurement
MIO simulation

ve simulation

8

100

Class 2 evants: prompt forward

50
momentum (MeV/c)
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Mu2e

Cosmic Ray Veto not shown

Production Solenoid Proton Beam

25T Detector Solenoid ) -
—x] Transport Solenoid a7

Calorimeter
Tracker

B(u~ + Al — e + Al) =5x 1077 (S.E.) JaClleclgEleliNel fl/ISe{0)- 14 =]\

= = ~16 0 + Antiproton buncher ring is used to
Bl sral—e A <l L) produce a pulsed proton beam.

» Approved in 2009, and CDO in 2009,
and CD1 in 2011.

+ Data taking starts in about 2019.

15/31



OME':I:'
COMET

[ — e conversion
» Staging approach : Phase | to achieve 10~1* sensitivity and then Phase I

Pion Capture Section
Protons
\\‘\ i Asection to capture pions with a large
\\\ ) solid angle under a high solenoidal

magnetic field by superconducting

'§ Production Maget
g Target

=

COMET Phase-I

Detector Section

A detector to search for
muon-to-electron conver-
sion processes.

Pions

Muons

Stopping

M Target

/
////Wﬂ bt s

Pion-Decay and
Muon-Transport Section
A section to collect muons from
decay of pions under a solenoi-
dal magnetic field.

ﬂﬂﬂﬂﬂﬂﬂi////

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ\\\@'

5m

|

> 8 GeV, pulsed proton beam to produce high-intensity muon beam

» COMET building finished and Muon Transport Solenoid installed
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COMET (E21)
COMET Phase | (2016)

» Beam background study and achieve
S.E.S. ~3.10715 with 8 GeV - 3.2 kW
proton beam, ~ 3 months DAQ

Pion Capture Section

pion-Decay and
Muon-Transport Section

COMET Phase Il (2020)

> 8 GeV - 56 kW proton beam , ~ 1 year
DAQ to achieve the COMET final goal of
S.ES ~3.107Y7
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COMET

> u — e conversion signal identified with an energetic electron of 105MeV emitted
from a muonic atom with delayed timing.

100 ns
Main_Proton Pulse
10ppuse

Prompt Background

A

Stopped Muon Decay

bl

Arbitrary Unit
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COMET Sensitivity

Osaka University

Signal Acceptance

Table 28: Breakdown of the p~ N — e~ N conversion signal acceptance. Signal and DIO (BR=3 x 10""%)

Event selection Value Comments

Geometrical acceptance 0.37

Track quality cuts 0.66
Momentum selection 0.93 103.6 MeV/c < P, <106.0 MeV /¢

Timing window 0.3 700 ns < ¢ < 1100 ns
Trigger efficiency 0.8

DAQ efficiency 0.8

Track reconstruction efficiency 0.8

Total 0.043

Signal Sensitiy

* fep =06 B(p~ + Al — e + Al) =3.1x 1071

* Ae =0.043
« N, = 1.23x10% muons B(u~+Al—e +Al)<7x10 (90%C.L.)

Muon intensity about 0.00052 muons stopped/proton

With 0.4 pA, a running time of about 110 days is needed.
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Exclusion diagrams

Dipole and 4-fermion couplings
pu~ N — e~ N low energy effective lagrangian
m;, —

L=t A RROM e Fuy

1+k

+
e (A" er)(@vear) + hc.

Al[TeV]

| Tree

20130804 |

— IWHM“

Bils ¢ha) <1 SINDRUM Il

Excluded




DeeMe

&
)
°
_ DeeMe
*] @ 7~ Production
], . . @in-flight m= p~
®Muonic Atom Formation
Proton @ p-e Conversion .
: s AN ]
- 1 & N low-P BG e
L4 ) COMET | . .
* ¢ L man?r 1|
Tm ut lon Signal || Magnet
arge Secondary Beamline Spectrometer
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DeeMe

M—eY vs. h-e conversion

André de Gouvea

Model Independent Analysis

A (Tevy

A(TeV)

ep, o

LoLpy = —hal

+arsazarer (apy*ur + dpytdy)

® ji — e-conv at 10~17 “guaranteed” deeper

probe than i — ey at 10714,
P F 109

« We don’t think we can do y1 — e better than

10714, i — e-conv “only” way forward after MEG10®

o If the LHC does not discover new states
J1 — e-conv among very few process that can

access 1000+ TeV new physics scale:

e-level ne i o1, L~ I 0en 9
tree-level new physics: & 3 1, ly ~ §2 10
e Q/ﬁ
Qi/ \\C'
¥ b 10

Physies

January 31, 2008 4—&-.—-'
photonic-like nonphotonic-like

22/31



g-2 experiments

New g-2 at FERMILAB

PARTICLE PHYSICS

Muon’s magnetism could point to new physics

After a hiatus of nearly 20 years, experimental scrutiny of fleeting particle resumes
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g-2 at J-PARC
1 beam intensity achievement.

Laser resonant ionization of Mu (u'e’)

Laser
122nm, 355nm

v

Ultra-cold

D P

re—acceleration

1
S =

Surface muons

Mu production
target

= 28Mev/c

3keV/c 300 Mev/c

p,/p 3 keV / 300 MeV =1€-5

FERM27E BIFILX—IERHEARENR F)IIEH
A3t E—LRROI ma)‘:pr "JM“Q*JF‘]%J
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g-2 measurements
Spin precession in a uniform B-field

¢ aﬁ_(%_L]ﬁ"_ﬂg(ﬁxéi

0=-— 5
m y -1] ¢ c

- Two alternative methods
Magic momentum : BNL E821 and FNAL E989
Eliminate the 2nd term by
setting p=3.09 GeV/c (r=29.3) ) T
Can use E-field for beam focusing m

Zero E-field : J-PARC E34

Separation of ay and n

. - e
A new technology is necessary. o =——

Muon beam w/o E-focusing m
= Ultra-cold muon beam
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Comparison

The new Muon g-2 experiments: A comparison

I E34 @ JPARC E989 @ Fermilab

Beam High-rate, ultra-cold muon beam High-rate, magic-momentum muons
(p =300 MeV/c) (p =3.094 GeV/C)

Polarization P o= 50% P=97%

Magnet MRI-ike solenoid (r, . = 33cm) Storage ring (7m radius)

B-field 3 Tesla 1.45 Tesla

B-field gradients Small gradients for focusing Try to eliminate

E-field None Electrostatic quadrupole

Electron detector Silicon vanes for tracking Lead-fluoride calorimeter

B-field measurement Continuous wave NMR Pulsed NMR

Current sensitivity goal 400 ppb 140 ppb
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New Muon g-2/EDM Experiment at
J-PARC with Ultra-Cold Muon Beam

3 GeV proton beam
EEERIT

¢ u (ﬁraphite/SlC target
(20-mm)

S
r Surface muon beam

(28 MeV/c, 3x10%/s)

Muonium Production
(300 K ~ 25 meV=2.3 keV/c)

K
Surface muon
.,_’\.

Laser
122nm, 365nm

Surface muons

Mu production
target

~ 10-21e - cm
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Positron tracking detector

Slit

FPG

_ . Front-end board
Silicon strip sensors

(for R module) Heat pipe

Frame

B Silicon strip sensor, Front-end board
DOsnron (for Z module)

FPC

Components design optimized for the g-2/EDM
T—

neutrino

A

—

Silicon strip sensor Frontend ASIC
Partial funding available to complete ~1/3 of the system
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g-2/EDM expected measurement

~ e
w=-—\a,B+

m
p>200 MeV/c

+
= 10“’r P.=100% N . =15x10"
o 10 A, /m,=0.1 ppm
— 8

@ 10°)

o

E 1) w

2 10°f >

25 30

i
e* decay time (sec) :

L T8

> Separation of g-2 and EDM.

> Slmultaneous measurement.

—

L x10

2(3x5)

107°
0.3
E T 4
7} E =2E- .
¢ o2l =2E-20 e * cm
E f
@ 04l <
c - A
2 0 [=)
$ ) ¢
. L
5 -0
. 7 fit:d,=(2.1+ 0.1)E-20 e.ci
L x¥ndf=1.05
- I | | | L «107®
03 5 10 15 20 25

e* decay time (sec)
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New g-2 at FERMILAB

Number of high energy positrons as a function of time

—~data
—fit

count/2"149 ns

T Fermilab Muon g-2 collaboration
A Commissioning Run, June 2017
1 “ @ ’ PRELIMINARY
Eov v b v vy v e by b v v by by i by a
0 10 20 30 40 50 60 70 80

time modulo 80 us
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Welcome to COMET (and g-2/EDM)
with a tentative schedule from Satoshi Mihara

2014

2022

2023

2024

2025
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Conclusions

» An interesting period of expected new results.

» Either discovery or new limits,
it will impinge on the high energy physics strategy.

» But still a lot of work to keep pushing the limits.
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