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Muon LFV for BSM Search




N\ Is the energy scale of new
physics
Cnp is the coupling constant.

dimension 6



N\ Is the energy scale of new
physics
Cnp is the coupling constant.

dimension 6

ex : y—ey B<4.2x10-18 from MEG(20106)

A > O(109) TeV with Cue~O(1)

or

Cue~0O(10-9) with A < O(1) TeV




/\ Is the energy scale of new
physics
Cnp is the coupling constant.

dimension 6

ex : y—ey B<4.2x10-18 from MEG(20106)

A > O(103) TeV with Cue~O(1)

or

Cue~0(1 0'9) with A\ < 0(1) TeV

can explore very high energy scale that
accelerators cannot directly reach.



SM
Contribution
with neutrino
MiIXing

B(p — ey) = 327T|Z (Varns), (Vans et 7
W




SM
Contribution
with neutrino
MiIXing

BR~0(1054)

B(u — ey) = 39 |Z (VMns),, (Vuns)

My

Observation of CLFV would indicate a clear signal of
ohysics beyond the SM with massive neutrinos.



Osaka University




i
OMET

Osaka University

Sensitivity to Different Muon Conversion Mechanisms //[2

MECO

Supersymmetry
Predictions at 10-1°

Compositeness

A, = 3000 TeV

Heavy Neutrinos Second Higgs

. doublet
|U uN LJeNl2 = 4
8 x 1013 It = 107 X Gy
Heavy Z’,
Leptoquarks Anomalous Z
coupling
W M. = 3000 TeV/c?

3000 (A 4heq) 2 TeV/c? B(Z — ue) < 1077

After W. Marciano

W. Molzon, UC Irvine The MECO Experiment to Search for Coherent Conversion of Muons to Electrons September 27, 2002 3



Osaka University

Muon CLFV Processes
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» Event Signature
* Ee = Ey = my/2 (=52.8 MeV)
- angle 6,.=180 (back-to-back)
» time coincidence
« Backgrounds
» prompt physics backgrounds
* radiative muon decay
U—evvy
* accidental backgrounds
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* Event Signature Final MEG result (2016)
° Ee = Ey = mp/2 (:528 MeV)
. angle B,.=180 (back-to-back) B(u™ — eT7) < 4.2 x 107 *°
» time coincidence

* Backgrounds MEG |
* prompt physics backgrounds goal ~ 4x10-14
* radiative muon deca
g 2018-2020

U—evvy
* accidental backgrounds

Liquid Xenon Gamma-ray Detector

COBRA
Superconducting
Magnet

e’ /Pey

-
N

AN

Positron

Positron Timing Counter
s
13

Radiative Deéay Counter
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» Event Signature
* 2Ee =my
« 2P =0 (vector sum)
* common vertex
» time coincidence
- Backgrounds
* physics backgrounds
* Uu—evvee decay
» accidental backgrounds



« Event Signature Mu3e (@PSI)
* 2Ee =my
» 2Pe = 0 (vector sum)
* common vertex
* time coincidence
- Backgrounds
* physics backgrounds
* U—evvee decay
» accidental backgrounds

ecurrent limit : 1x10-12
eStage-| (2020 -)
® B~10-1° at nkE5S
eStage-2
® B<10-16 gt new muon source

Recurl pixel layers

Scintillator tiles Scintillating fibres

Inner pixel layers
—_—

_—
————3% uBeam
R

Outer pixel layers
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1s state In a muonic atom

%@

muon decay in orbit

u —evv

nuclear muon capture

u +(A2) —=v,+(AZ-1)



1s state in a muonic atom Neutrino-less muon
nuclear capture

u +(A,Z)—=e +(AZ)

@ Event Signature :
% a single mono-energetic
% & electron of 105 MeV
Backgrounds:
muon decay in orbit (1) physics backgrounds

(2) beam-related backgrounds
H e Vv (3) cosmic rays, false tracking

nuclear muon capture

u +(A2) —=v,+(AZ-1)




1s state in a muonic atom Neutrino-less muon
nuclear capture

u +(A,Z)—=e +(AZ)

@ Event Signature :
% a single mono-energetic
% & electron of 105 MeV
Backgrounds:
muon decay in orbit (1) physics backgrounds

(2) beam-related backgrounds
H e Vv (3) cosmic rays, false tracking

nuclear muon capture

"+(AZ2) — AZ -1 .
u +A2) = v, +( ) COMET explained later




Beam

background

challenge

beam
Intensity

u—ey

continuous
beam

accidentals

detector
resolution

limited

u—eee

continuos
beam

accidentals

detector
resolution

limited

U-€e
conversion

pulsed
beam

beam-related

beam
background

Nno limitation




If found,
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LuA—)eA (Aea:pt)

scalar
pseudo-scalar

Vector
axlal-vector

tensor

054

D> [mu (Cprero®’ urFus + Corero® urFap)

N=p,n

NN)_
VR €7

OéPR,u> NWQN

. )EWO‘PL,UJ + @Ng )E’YQPR,U) NYavsN

N)_

L€O'

of p ,u+C'é

N)_—
R €0

of pRM) NoasN + h.c.

dipole




L,UJA—mA (Aea:pt) Z {m,u (CDL@UO‘BILLLFQB + CDR@JO‘BILLRFOéﬁ)

N=p,n .
dipole
scalar

pseudo-scalar
vector C(NN)_ *Pr i+ C'( RN)éﬂyO‘PR/L) N~ N

axial-vector YNy P+ COY @Oépw) NyoysN

tensor b NN)gqgab p 1 e C’é = )EUO‘BPR,LL) NoasN + h.c.}

22 coeff. = 2 (dipole) + 2 (left/right) x 2 (proton/neutron) x 5 (interaction)




B(u— e;Z) /| B(u— e;Al)

NVls

| @A

!\ b T

normalised at Al ]

—%

40

60
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V. Cirigliano, R. Kitano, Y. Okada,
and P. Tuzon, Phys. Rev. D80,
013002 (2009)

with Z
penguin

vector interaction
(with photon -
charge radius)

left-right
models

SUSY-
GUT

SUSY
seesaw
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dinole Coherent
P vector scalar u-e Conversion

interaction interaction CIECLOY  (5hin independent)




dl Ole Coherent |
9 vector scalar e Conversion

interaction interaction CIECLOY  (5hin independent)

axial vector tensor
INnteraction INteraction

compare zero-spin and non-zero-spin nuclear targets

V. Cirigliano, S. Davidson, YK, Phys. Lett. B 771 (2017) 242
S. Davidson, YK, A. Saporta, Eur. Phys. J. C78 (2018) 109



Coherent Incoherent

nuclear muon :
B} - u-e Conversion
pu-e Conversion capture

(spin independent) (spin dependent)

O
P
v

~
L

N.

l
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Other Muon LFV Processes




U= +NA,Z) = et + NA,Z—-2)

_epton number violation (LNV) and
_epton flavour violation (LFV)

-inal can be the ground or excited states.

signal signature

E,=m,— B, — E,.— (MA,Z - 2) — M(A, Z))

u

backgrounds

e radiative muon nuclear capture (RMC)
u +NA,Z) > NA,Z-1)+v+y

Exprc =m, — B, — E,,. — (M(A,Z — 1) — M(A, 2))
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U= +NA,Z) = et + NA,Z—-2)

Lepton number violation (LNV) and uw” +Ti—e™ + Ca(gs)
Lepton flavour violation (LFV) p~+Ti—e™ +Ca(ex)

Final can be the ground or excited states.

signal signature

E,=m,— B, — E,.— (MA,Z - 2) — M(A, Z))

d

Measurement:

== all events

= |¢41>2ns

Q
o
o
©
K
O
~
n
+—
o
Q
>
Q

Simulation:

0 id |
i — RMC
NI - GSatB  =2.2x10"
T | b

e radiative muon nuclear capture (RMC) |
U+ NAZ) = NA,Z—D+v+7y B =

Epyc=m,— B, — E,,.— (M(A,Z- 1) — M(A, Z))




U= +NA,Z) = et + NA,Z—-2)
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U= +NA,Z) = et + NA,Z—-2)

Requirement on targets £+ > Egye — M(A,Z— 1) < M(A,Z — 2)

simulation for 1018 muons
signal ~ 1x10-12

)

(0.5

Events /
N
o
o

B. Yeo, YK, M. Lee and K. Zuber, Phys. Rev. D96 (2017) 075027
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U= +NA,Z) = et + NA,Z—-2)

Requirement on targets £+ > Egye — M(A,Z— 1) < M(A,Z — 2)

simulation for 1018 muons
signal ~ 1x10-14

E,>101.84 MgV

'
W8 e e

g LI U TR TR TR T T
100.5 101 101.5 102 102.5 103 103.5 104 104.5
E,. (MeV)

M. Lee and K. Zuber, Phys. Rev. D96 (2017) 075027
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ut+e - u +et

muonium to anti-muonium conversion
| AL,u/e ‘ — 2

model etc. \  hodoscope
e muonium production in e T e ety ool
® previous experiment at \\ V| | peeaeraer

* dOUbly_Charged nggs magnetic field colils
annihilation ||| _5/1IN | |
vacuum \ "'\H “ '\l SiOstarget
PS' (1 999) T \‘ | ’l i J;’f T1 collimator—|

Gy < 3% 107G

— _I.I ‘

separator

TOF -TOF _, . teq [NS]
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ur+e > u +et

muonium to anti-muonium conversion
| AL,u/e ‘ — 2

model etc. \  hodoscope |
e muonium production in e T e ety ool
® previous experiment at \\ V| | peeaeraer

* dOUbly_Charged nggs magnetic field colils
annihilation ||| _5/1IN | |
vacuum \ "'\H “ '\l SiOstarget
PS' (1 999) T \‘ | ’l i J;’f T1 collimator—|

Gy < 3% 107G

— _I.I ‘

new attempt at J-PARC? ————| ey
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ut+e et +e

e similar to y—eee
e may be useful to distinguish different couplings
e ? body final state
¢ disadvantage
e poor wave function overlap between p and e
e Coulomb bound state

Museum detector
@J-PARC

Upstream Counter | -

T \ Extc i o] 1. Muonium fcmation
Y (Pellmants {2. RF spin flip

| R 3. Positron asymmetry

mElL
=

Online Beam Monitor [ Positron Counter
2D cross-configured L Segmented
fiber hodoscope  scintillation counter

® NO experiments so far
e muonium production In
vacuum at Muse @ J-PARC
e 10715 for 2x107 sec
e < 10-1S might be possible in
the near future.

S B decay e+

RF Tuning Bar

RF Cavity s



U +e —e +e

u-e-—e-e- has the
overwrap of u-and e-
which is proportional to

/3. (almost compatible
- to yr—etete)

LFV vertex -
M € —>e€ in muonic atom

electron 1S orbit Experimentally a pair of

muon 1S orb' M c and e- in the final

state Is measured.

/ dependence discriminate dipole and contact contributions.

M. Koike, YK, J. Sato and M. Yamanaka, Phys. Rev. Lett. 105 (2010)
Y. Uesaka, YK, J. Sato, 1. Sato and M. Yamanaka, Phys. Rev. D93 (2016) 076006
Y. Uesaka, YK, J. Sato, T. Sato and M. Yamanaka, Phys. Rev. D97 (2018) 015017
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Muon Facilities for CLFV




Cockcroft-Walton
870 keV

Injector I
72 MeV

—

\

Injector |
72MeV | 5,

Neutron spallation
source SINQ

Osaka University

Neutron
experimental hall

Ring cyclotron
590 MeV

Ultra cold neutron
source UCN

Muon & Pion
experimental hall ¥

Proscan
cancer therapy




Cockcroft-Walton
870 keV

Injector Il |~
72 MeV

1.3 x 1010 p+/s @ 2.3 mA |, transported

0

‘4n » =y,

Large aperture (500 mm)

bending magnets 0

Beamline of solenoids
similar to capture
solenoids

Osaka University

@ 1.3x1010

20 mm TgM
5° rotated slab

Neutron spallation
source SINQ

Neutron
experimental hall

Muon & Pion
experimental hall ¥

|| Secondary

Ring cyclotron | : — I _ e ]

590 MeV ;' x ' . | :—— -

o T —

i
)

Proscan

Ultra cold neutron

source UCN cancer therapy
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Hadron Experiment Facility

Material/Life-Science Facility (MLF) g
(muon source, pulse neutron source)

Accelerator-driven
Transmutation exp facility

Wy Neutrino Experiment Facility
(T2K, towards SK)

|

-~

Linac 3GeV Synchrotron (RCS) @ 30GeV Synchrotron (MR)

(330m. 400MeV) (350m ring, 25Hz, IMW) (1600m ring, 0.75MW)
-




H-Line,
High Momentum
Muon Beam Line

S-Line,
Surface Muon
Beam Line

3GeV Pr_qton Beam

e

c Decay/Surface
Muon Beam Line

itor-driven
on exp facility

—~———

Material/Life-Science Facility (MLF)
(muon source, pulse neutron source)

3GeV Synchrotron (RCS)
(350m ring, 25Hz, IMW)

Hadron Experiment Facility

B Neutrino Experiment Facility
- (T2K, towards SK)

o~

30GeV Synchrotron (MR)
(1600m ring, 0.75MW)

Osaka University
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3.51 and graphite target

<

2.0T with 0.04T dipole field

~Proton beam line

Beam Dump ¢t A\ .

1.5Wx2 + 1W ”‘.‘ X ~~ . .
SUS radiation shield : 3 <& [ransport Solenoid

Graphite target

Pion Capture Solenoid

3.5T
Iron yoke
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3.5T and graph|te target

IGM cryocooler

&

1 (S Er'
NG [ransport Solenoid =

2.0T with 0.04T dipole field

. Wl
6‘

|SUS radiation shield

Proton beam line k “?'*

- 1

- ok ot By =

= e o 0m

A ;—tz’ﬁ/ 5! la i :
- ™ i s
v Graphite target [ .‘7 i - < 4 o §)

Pion Capture Solenoid *\“ ‘ ]73 W
3.5T

Beam Dump e B gL hgd
3 Ll A

VBRI TFD—DChdIa1—F =it
EEDWERTCERIDIDEE
[MuSIC]. FEOIBED(CANE
ColeDh. FHIFEDKLIIEERIT
DT> TL\DDH%ZE, KED=1—
7 ERFEiTZERMEL iR T 5



Osaka University

3.5T and graph|te target

IGM cryocooler

™ o
= e L Vx2 é oS - . ‘ '
|SUS radiation shield ‘ GORY 1 X [ransport Solenoid
(\ \\ ; \

Muon Science Intense Channel (>2011)

2.0T with 0.04T dipole field

Proton beam line

Beam Dump

f= i ) {
_— T ————
— T o

= 1 {

Graphite target

Pion Capture Solenoid

3.5T
Iron yoke

\FBRFD—DCTHDIa1—F4 7%z

EEDWERTCERIDIDEE
[MuSIC]. FEOIBED(CANE
ColeDh. FHIFEDKLIIEERIT
DT> TL\DDH%ZE, KED=1—

4> Era iz B EL TR S

£



MuSIC at RCNP, Osaka University

alid graphxi;e EICRE  \uon Science Intense Channel (>2011)

oy _
.« Transport Solenoid
4 2.0T with 0.04T dipole field

e Graphite target

Pion Capture Solenoid
3.5T

Entries 799527 aEnT::\“ 2301:.:

‘ . 2Indf  222.8/191 RMS 159
gl (‘Tl) " |BG 1599 + 6.1 Characteristic

) A1 6310 + 55.5 :
+ Az X exp (~%> 7553 + 1392.4 energies from Pb
e*/e- Annihilation
511 keV
Muonic Mg decay l
Ka(296.4 keV)

|

2000 4000 6000 8000 10000 12000
Time (ns) d

200 400 500 600 700

100

y -



Osaka University

3.5T and graph|te target

GM cryocooler

Muon Science Intense Channel (>2011)

Transport Solenoid -\

2.0T with 0.04T dipole field

ISUS radiation shield

Proton beam line

Beam Dump

4 ;
. 4 - =
| =g . b
| 2 =3 o =
i M - -

* proton~Xx1 000y

w.

N A ,‘H \ y

ey 4
B . £

Time spectrum - Run 499, Cu target, By=0, 6 pA | h1

| energy spectrum | | hist
. "Entries 799527 | e s
9000} ( - ) %2 I ndf 222.8/191 o RMS 159 .
BG + A; X exp 4 [ ~
1 I = BG 1599 + 6.1 . Characterist M SI Id
8000 \ 71/ . A
! e uSIC muon yields
et + Az rr-:;»( =) | a2 7553+1392.4 | N 1 e ‘ -
6000 A 22| B w0 e*/e- Annihilati |
t T 169.1% 17.7 f e Annihilation .
¥ | P - 5 [ ]
. 511 ke - pt: 3x108/s for 400W
4000} 0 t
E *”] I Muonic Mg decay l ;
3000f- 20| (a (296.4 / 8 \Iﬁ:
o 1 | u X S 10r e
0 2000 4000 6000 8000 10000 12000 10}
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100 200 300 400 500 600 700
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PHYSICAL REVIEW ACCELERATORS AND BEAMS 20, 030101 (2017)

5%

Delivering the world’s most intense muon beam

S. Cook,1 R. D’Arcy,1 A. Edmonds,1 M. Fukuda,2 K. Hatanaka,2 Y. Hino,3 Y. Kuno,3
M. Lancaste:r,1 Y. Mori,4 T. Ogitsu,5 H. Sakamoto,3 A. Sato,3 N. H. Tran,3 N. M. Truong,3
M. Wing,l’* A. Yamamoto,5 and M. Yoshida’
1Depazrtment of Physics and Astronomy, UCL, Gower Street, London WCIE 6BT, United Kingdom
*Research Center for Nuclear Physics (RCNP), Osaka University, Osaka 567-0047, Japan
3Deparl‘mem‘ of Physics, Graduate School of Science, Osaka University, Osaka 569-0043, Japan
4Ky0t0 University Reactor Research Institute (KURRI), Kyoto 590-0494, Japan

5High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan
(Received 25 October 2016; published 15 March 2017)

A new muon beam line, the muon science innovative channel, was set up at the Research Center for
Nuclear Physics, Osaka University, in Osaka, Japan, using the 392 MeV proton beam impinging on a
target. The production of an intense muon beam relies on the efficient capture of pions, which subsequently
decay to muons, using a novel superconducting solenoid magnet system. After the pion-capture solenoid,
the first 36° of the curved muon transport line was commissioned and the muon flux was measured. In order
to detect muons, a target of either copper or magnesium was placed to stop muons at the end of the muon

™ . ~ 1 1 ad
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COMET Phase-|

Cosmic Ray Veto not shown

Detector Solenoid

Production Solenoid Proton Beam

Calorimeter
Tracker

proton beam power=8 kW

_ ~1.2x1010 stopped muon/s

proton beam power=56 kW

~2.0x1011 stopped muon/s stopped muons

~0O(4x1018)/year

(0.004 stopped muon/proton)
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U — e conversion
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current
limit;
< bx10-13

aimed
sensitivity:
< 6X10-19

\
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current

0T imit:

n target < 6x10-1

& -ng.\ ‘ //
0 iy

v
4

oy
J

aimed
sensitivity:
< 6X10-19

/ 7 ?/// / N‘

' il 'pi ,’4\; i /

NG /X

.|\w "{ & i\%"

'\‘Qs Wi

» St
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X100 improvement
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original
sensitivity:
2.6x10-17

detector

1'. |
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original
sensitivity:
2.6x10-17

| 1N

muon beamline detector

1'. |

x10,000 improvement
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A submission to the 2020 update of the European Strategy for Particle
Physics on behalf of the COMET collaboration.

Abstract

The search for charged lepton flavour violation (CLFV) has enormous discovery potential in
probing new physics Beyond the Standard Model (BSM). The observation of a CLFV transition
would be an undeniable sign of the presence of BSM physics which goes beyond non-zero masses
for neutrinos. Furthermore, CLFV measurements can provide a way to distinguish between
different BSM models, which may not be possible through other means. So far muonic CLFV
processes have the best experimental sensitivity because of the huge number of muons which
can be produced at several facilities world-wide, and in the near future, new muon beam-lines
will be built, leading to increases in beam intensity by several orders of magnitude. Among
the muonic CLF'V processes, 1 — e conversion is one of the most important processes, having
several advantages compared to other such processes.

We describe the COMET experiment, which is searching for 4 — e conversion in a muonic
atom at the J-PARC proton accelerator laboratory in Japan. The COMET experiment has
taken a staged approach; the first stage, COMET Phase-I, is currently under construction
at J-PARC, and is aiming at a factor 100 improvement over the current limit. The second
stage, COMET Phase-II is seeking another 100 improvement (a total of 10,000), allowing a
single event sensitivity (SES) of 2.6 x 10717 with 2 x 107 seconds of data-taking. Further
improvements by one order of magnitude, which arise from refinements to the experimental

design and operation, are being considered whilst staying within the originally-assumed beam

power and beam time. Such a sensitivity could be translated into probing many new physics

constructions up to (’ﬂ. 10%) TeV energy scales, which would go far beyond the level that can be
reached directly by collider experiments. The search for CLFV y — e conversion is thus highly
complementary to BSM searches at the LHC.

lcontact person: kuno@phys.sci.osala-u.ac.jp.
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from the muon CLFV white paper for the 2020
update of European Strategy of Particle Physics

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams

e o
COMET Phase-I - ’

Sensitivity: 10" 10’ 10 107"

Sensitivity: 10 10 10 10" or smaller

Sensitivity: 10" 10" or smaller _
201° 207° 2030 20

Data Taking _
- (Approved Experiments) - Proposed Future Running

COMET Phase-l COMET Phase-l| PRISM

O(10~1) O(107198) 61071




Osaka University




e Muon CLFV search would provide one of the
best opportunity to search for BSM.

e [he muon sources will be improved from
1018/year (1000 more)

e Major muon CLFV processes are p—ey,
u—eee, y—e conversion, whilst there are
other interesting muon CLFV processes.

e COMET @ J-PARC is seeking for u—e
conversion with sensitivity of O(10-18) with
staged approach, 100,000 improvement.

e COMET Phase-| with 100 improvement is
under preparation, starting soon.
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