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Neutral &Jown ﬂavour violation has been observed.

quum mixing in the SM has been known.

Why CLFV ?



SM neutrinos
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Effective Field Theory Approach

C (d) /\ Is the energy scale of new physics
Z eff = Z sm T Z Ad—4 CW is the coupling constant.

ad>4
from BR(u—ey)<4.2x10-13
C® Cco_
—50° > 20" s OF,, = A~ 6(10% TeV

Future planned improvements by an additional factor of 10000
would probe A ~ O(10% TeV

CLFV is sensitive to very high energy scale.



e CLFV of Muons
e Magnificent three (ur—ety, ut—etete-, y"N—=e"N)
e Muon bound states

e CLFV of Tau leptons, Z and Higgs

e CLFV in exotics

e CLFV/LNV of Muons

e Muon sources

e SuMmary
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» Event Signature - Backgrounds

e =my/2, Ey =my/2 e prompt physics backgrounds
(=52.8 MeV) e radiative muon decay

e angle B,e=180 degrees u—evvy when two
(lback-to-back) neutrinos carry very small

¢ time coincidence energies.

¢ accidental backgrounds
® positron In y—ewv
® photon In u—evvy or
ohoton from ete-
annihilation in flight.
- Experimental
® positive muon decays at rest
are used.




Osaka University

MEG @PSI (20106) MEG |l

® drift chamber for positrons ® all detectors upgraded

® liguid Xe detector for gammas  ® full muon beam intensity
® DC muon beam at PS ® Goal ~ 6x10-14 (2019-2021)

Liquid Xenon Gamma-ray Detector
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B(lu+ — 6+,Y) < 42 X 10_13 .;;'Positron Timif;é (;c;unter

Radiative Deéay Counter

® g factor of 30 iImprovement




my,Arpiro" e F, + myArproterF),,, + H.c.
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0 polarized
¢ muons (surface
Muons)

YK, Y. Okada, Phys. Rev. Lett. 77 (1996) 434






» Event Signature
® >Ee=my
e >Pc = 0 (vector sum)
® common vertex
¢ time coincidence
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Acceptance
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acceptance as E(min) of e+

Osaka University

« Backgrounds
® physics backgrounds
® U—evvee decay
(B=3.4x10-%) when two
neutrinos carry very small
energies.
e accidental backgrounds
® positrons In y—ewv
® clectrons in U—eeevv or
—evvy (B=1.2x10-2) with
ohoton conversion or
Bhabha scattering.
» Experimental
® positive muon decays at rest
are used.




SINDRUM (1988)

oBR<1.0x10-12
o \Vith constant matrix element
® U—evvee decay observed.

Mu3e (@PSI)
e Silicon pixel detector (HVMAPS)

for tracking
e Scintillating fibers for timing

Recurl pixel layers

Osaka University

e Stage-| (2020 -)

® B~10-15 at nmkES
e Stage-2

® B<10-16 at HIMB

Mu3e Phase |

10"® muon stops at 10® muons/s
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1s state in a muonic atom Neutrino-less muon nuclear capture

u +(A,Z2)—e +(AZ)

coherent process -

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

- - = (2) beam-related backgrounds
—_—
(3) cosmic rays, false tracking

nuclear muon capture

3 CR(4~N N) ['(u”N — e™N)
- _ — e =
u +(A2) —=v,+(AZ-1) M F(-N = all)




(O]
C
C
©
<
o
~
(2]
e
C
()
>
()

SINDRUM-II (PSI)

Class 1 events: prompt forward removed

4

delayed 4+, € measurement

${&$¢ e’ measurement

T MIO simulation

ue simulation

100

Class 2 events: prompt forward

prompt

A

100
momentum (MeV/c)

B(p~ +Au — e 4+ Au) <7 x 1079

A exit beam solenoid
B gold target
C vacuum wall

F inner drift chamber
G outer drift chamber

Osaka University

P —

H superconducting coil
D scintillator hodoscope | helium bath
E Cerenkov hodoscope J magnet yoke

SINDRUM I

configuration 2000

S

CR limit

sulfur

0

7 x 1011

titanium

0,5/2,7/2

4.3 x 1012

copper

3/2

1.0x 108

gold

0,5/2

7/ X 10-13

lead

0 (1/2)

4.6 x 10-11




COM

Phase-l _ Single event sensitivity : 2x10-15
Y a factor of 100 improvement

Running time: 0.4 years (1.2x107s)

T = COherent Muon to Electron Transition ?




Single event sensitivity : 2.6x10-17
Phase-ll : .
a factor of 10,000 improvement

Running time: 1 years (2x107sec)

proton beam power = 56 k

= Single event sensitivity : O(10-18)
I\ \ a factor of 100,000 improvement

Running time: 1 years (2x107sec)




Production Solenoid Proton Beam
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Single-event sensitivity : 2.5x10-17
a factor of 10,000 improvement

Running time: 3 years
(2x107sec/year)

Cosmic Ray Veto not shown

Detector Solenoid

Calorimeter

Tracker aluminium target

e300 MeV, 100 kW from PEP-I|
eaim at 2x10-18 with 3 years

a factor of 100,000 improvement




Beam

background

challenge

beam
Intensity

H—ey

continuous
beam

acclidentals

detector
resolution

limited

u—eee

continuos
beam

accidentals

detector
resolution

limited

L-€
conversion

pulsed
beam

beam-related

beam
background

no limitation

continuous beam (cyclotron) or pulsed (synchrotron)




u—e Conversion Phenomenology ml

Lagrangian

non—photo _ _ _
E,u—e CZZ)'mf — (gLS(q)eLluR -+ gRS(q)eRuL)qq

+(9rLp(q)€LIR + JRP(q)CRIL )T V5

+(9Lv (€LY L + IRV () CRY LR)TVuG
+(graery 1L + graq)€rRY LR)TV Y5

1

+§(9LT(Q)§0WMR + 9rr(9)€RO" L) GO g + H.c.

In addition to the photonic part, the four-fermion contact interaction,
where the scalar, pseudo scalar, vector, axial vector and tensor
interactions for left-handed and right-handed are included.




with Z penguin

3t / \f A MNa@ ]

vector interaction
(with photon -

. left-right models
charge radius)

B(u— e;Z) /| B(u— e;Al)

dipole interaction | SUSY-GUT

| @A

scalar interaction | SUSY seesaw

S
\( normalised at Al ]

20 40 60
Z

80

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

S. Davidson, YK, M. Yanaka, Phys. Lett. B790 (2019) 380-388



: herent
dipole Co |
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



muon CLFV white paper to the
2020 update of the European
Strategy for Particle Physics,
by COMET, MEG, MuZ2e and
Mu3e collaborations.

Charged Lepton Flavour Violation using
Intense Muon Beams at Future Facilities

A. Baldini, D. Glenzinski, F. Kapusta, Y. Kuno, M. Lancaster,
J. Miller, S. Miscetti, T. Mori, A. Papa, A. Schoning, Y. Uchida

A submission to the 2020 update of the European Strategy for Particle
Physics on behalf of the COMET, MEG, Mu2e and Mu3e collaborations.

Abstract

Charged-lepton flavour-violating (cLFV) processes offer deep probes for new physics with dis-
covery sensitivity to a broad array of new physics models — SUSY, Higgs Doublets, Extra
Dimensions, and, particularly, models explaining the neutrino mass hierarchy and the matter-
antimatter asymmetry of the universe via leptogenesis. The most sensitive probes of cLFV
utilize high-intensity muon beams to search for u — e transitions.

We summarize the status of muon-cLFV experiments currently under construction at PSI, Fer-
milab, and J-PARC. These experiments offer sensitivity to effective new physics mass scales
approaching O(10%) TeV/c?. Further improvements are possible and next-generation experi-
ments, using upgraded accelerator facilities at PSI, Fermilab, and J-PARC, could begin data
taking within the next decade. In the case of discoveries at the LHC, they could distinguish
among alternative models; even in the absence of direct discoveries, they could establish new
physics. These experiments both complement and extend the searches at the LHC.

Contact: André Schoning [schoning@physi.uni-heidelberg.de]




CLFV Schedule in 2025 and beyond

Osaka University

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

COMET Phase-| OMET Phase-II RISM ->
Sensitivity: 107" 10
i !
Sensitivity: 0™ 10" 10" or smaller
“ Pursue options for a follow-up experiment

Sensitivity: 10™ or smaller )

201° 2003 20%3° 205

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

Figure 1: Planned data taking schedules for current experiments that search for charged-lepton flavor
violating u — e transitions. Also shown are possible schedules for future proposed upgrades to these

experiments. The current best limits for each process are shown on the left in parentheses, while
expected future sensitivities are indicated by order of magnitude along the bottom of each row.



http://comet.kek.jp/Documents_files/PAC-TDR-2016/COMET
http://comet.kek.jp/Documents_files/PAC-TDR-2016/COMET
http://comet.kek.jp/Documents_files/PAC-TDR-2016/COMET
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PRISM/PRIME : ¢

Osaka University

Detector Solenoid PRIME detector

Spectrometer Sclencid-

-
PRISM-FFAG

muon storage ring
\

Muon Storage Ring

(Phase Rotator) Pion and Muon

Transport Solenoid

a few MW proton
beam

Pulsed Proton Beam

stopped muons
~0O(1020)/year

Pion Capture
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Osaka University
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H te — U te previous experiment

AL, |=2 at PS| (1999)
ulel —

-3
* doubly-charged Higgs Gy < 3 X 107°Gp
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accelerator

* new attempt at MUSE/ NN

T collimator—|

J-PARC ?
® |aser ionization RO -
e new attempt in China? il
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u +e et +e

e similar to p—eee
e may be useful to distinguish different couplings
e ? body final state
e disadvantage
e poor-wave function overlap between pyand e Museum detector
e Coulomb bound state @J-PARC

Future prospects:

® NO experiments so far
® Mmuonium production in

MUSEUM at MUSE @ J-PARC
¢ measurement of hyperfine

Spllttlng | Online Beam Monitor] 8 Positron Counter

2D cross-configured S . Segmented
® 1 01 O fOI’ 2)(1 07 SecC : Gas Chamber scintille?tion counter

fiber hodoscope




U +e —e +e

LFVverte>\<‘ -

[ € —> € In muonic atom

electron 1S orbit

muon 1S orb' '

/ dependence discriminate dipole and contact contributions.

M. Koike, YK, J. Sato and M. Yamana
Y. Uesaka, YK, J. Sato, T. Sato and V

Ka, Phys.
. Yamana

Y. Uesaka, YK, J. Sato, T. Sato and M

. Yamana

Rev.
ka, P

ka, P

u-e-—e-e- has the
overwrap of y-and e-
which is proportional to
/3. (almost compatible
to yr—etete)

Experimentally a pair of
e-and e In the final
state IS measured.

_ett. 105 (2010)
nys. Rev. D93 (2016) 076006

nys. Rev. D97 (2018) 015017






-
R fi}/ BR(z — uy) <4.4x 10

BR(t — ey) <3.3x 1078
- Event Signature

+ energy E, ~1/s/2

" mass . M, ~M, | 3¢ final state | BR (BaBar) | BR (Belle) |
T T 2.9x107% | 2.7x107°
T — fi_fj_f]:_ 22x1078 | 1.8 x 10~°
1.8 x 10° 1.5 x 10°°
- —8 —8
» Event Signature 2.6 x 10 8 1.7 x 10 8
2% 10~ 2.7 x 10~
* energy E31,”N s/2 3.2 x 10 8 7 %X 10 )
3.3 x 10~ 2.1 X 10~
* mass M,, ~ M.

Future prospects at Super KEK-B factory, Tau-charm factory, LHCb

BR(r > ¢y) < (1-3)x10" BR(r—-3¢)<(1-2)x107"




Heavy Flavor Averaging Group

Osaka University

Spring 2017

LHCb

Belle + CLEO
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AN 77 BR(Z® — eu) <7.5x 107" ATLAS, CMS
BR(Z' - ur) <1.2%x 10  LEP (ATLAS, CMS)

BR(Z" — e7) <9.8x 107®  LEP (ATLAS, CMS)

(note : indirect limit from low energy BR(Z? — ex) < 10713

HO = 2.7, BR(H" — en) < 0.035% CMS (2012)
—! BR(H = e7) < 0.37 % CMS (2016)
BR(H" - ur) <0.25% CMS (2016)

(note : not confirm the CMS 2012 excess)

0 new massive BSM resonance
X' =7 j e imits are model-dependent
e R-parity violating SUSY particle or QBH

Future Prospects| HL-LHGC, ILC, FCC-ee, CEPC and others







o | epton flavour violating K decays
Kt - atu—et: BR <52x 1071
KT — ztute : BR < 1.3 x 107!
K° > u*e™ : BR < 4.7x 10712

¢ | epton number violating K decays
KT — 2z utuy™ :BR< 1.1 x107°
Kt — a2 ute™ : BR< 1.1 x107°
Kt - nefet :BR< 1.1 x107™°

Future Prospects NAG62 ~O(10-11)
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muon beam from muon collider or
electron beam from the ILC (at
beam dump)

M. Sher and I. Turan, Phys. Rev. D 69, 017302 (2004).
S. Kanemura, YK, M. Kuze and T. Ota, Phys. Lett. B607 (2005) 165
M. Takeuchi, Y. Uesaka, M. Yamanaka, Phys. Lett. B772 (2017) 279






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

Measurement:

== all events

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

Final can be the ground or excited states. || (9 Simulation:

~d — RMC
. | . N ) ---- GSatB  =2.2x10"
Slg Nnal Sl g ﬂatu re o S 43 GDR at B, =4.5x10""°

= |¢41>2ns

events/channel

E,=m,—-B —E,—WMAZ-2)-MA,Z)) C

backgrounds

e radiative muon nuclear capture (RMC) #~ + Ti — e™ + Ca(gs) < 1.7 X 10—11?
- > + _
U~ +NA,Z) > NA,Z-1D)+v+y pu~+Ti - e" + Ca(ex) < 3.6 x 10

o N J. Kaulard et al. (SINDRUM-II)
Frie =1y = By = Eree = (M4, 2= 1) = M4, 2) Phys. Lett. B422 (1998) 334.




1018 muons, signal~1x10-12
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Aluminum (for COMET & Mu2e) is not good. i

B. Yeo, YK, M. Lee and K. Zuber, Phys. Rev. D96 (2017) 075027






590 MeV proton ring
cyclotron 1.4MW

1.3x1010 muons/s '0.. TR

=== Neutron spallation
source SINQ

Osaka University

1.3 x 1070 p+/s @ 2.3 mA |, transported

Large aperture (500 mm)

bending magnets

HIMB 2025~

5° rotated slab

Beamline of solenoids ‘ |
similar to capture '- . -

solenoids

Neutron
experimental hall

Ring cyclotron
590 MeV

Ultra cold neutron

source UCN

Comet
\-. 250 MeV ===

'} ‘.,.—.a"l?/

Proscan
cancer therapy




H-Line,
High Momentum
Muon Beam Line

S-Line,
Surface Muon
Beam Line

itor-driven
on exp facility

3GeV Pr_qton Beam

— 50w

Decay/Surface
Muon Beam Line

—~———

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

Hadron Experiment Facility

Osaka University
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Hadron Experiment Facility

Material/Life-Science Facility (MLF)
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Osaka University

Production Solenoid Proton Beam

25T Detector Solenoid

Calorimeter




Osaka University

|GM cryocooler

3.51 and graphite target S. Cook et al., Phys. ReV. Accel.
- of / and Beam, 20, 030101 (2017)
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e CLFV processes provide an unique discovery
potential for physics beyond the Standard
Model (BSM), exploring new physics parameter
space in a manner complementary to the
collider, dark matter, dark energy, and neutrino
physics programs.

e CLFV experimental programs are rich, being
covered by low energy to high energy
measurements.

® |[n particular, the muon CLFV programs are
expecting significant progress owing to
improvement of the muon sources in coming
years.

Thank you for

your attention!



