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 Physics Motivation of CLFV

» Golden muon CLFV processes

* More muon CLFV processes

* CLFV of Tau leptons, Z, Higgs and Mesons
» Summary
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The Standard
Model is
considered to be

iIncomplete.
ex.

mass and mixing,
strong CP,

dark matter,
baryogenesis,
dark energy

New Physics is needed.




Effective Field Theory (EFT) Approach

N\ Is the energy scale of new physics
CU) is the coupling constant.
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Effective Field Theory (EFT) Approach

/\ IS the energy scale of new physics
CU) is the coupling constant.

|Ca| [A =1 TeV] A (TeV) [|Cq] = 1] CLFV Process

Cre 2.1 x 1071 6.8 x 10* ©w— ey
Cp e 1.8 x 1074 75 u — ey [1-1loop]
1.0 x 107° 312 @ — ey [1-Lloop]

4.0 x 107° 1.6 x 10* uw — eee
2.3x107° 207 u — eee
3.3x107° 174 u — eee

5.2 x 107? 1.4 x 10* p~Au — e Au

A ~ @( 1 04) TeV “Z 1.8 x10°° 745 p~Au — e Au

9.2 x 10" 1.0 x 103 p~Au— e Au

Cf. . 8K eu,eu 2.0 x 1076 707 - Au — e Au

F. Feruglio, P. Paradisi and A. Pattori, Eur. Phys. J. C 75 (2015) no.12, 579
G. M. Pruna and A. Signer, JHEP 1410 (2014) 014 s
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Future planned experiments expecting improvements of
>10,000 or more (will be described later) would probe ....
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A ~ 0(10°) TeV




Future planned experiments expecting improvements of
>10,000 or more (will be described later) would probe ....

It is crucial in establishing where is the next fundamental scale
above the electroweak symmetry breaking.
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Neutrino oscillation has been
observed.

Lepton mixing in the SM has
been established.
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Neutrino oscillation has been
observed.

Lepton mixing in the SM has
been established.

S.T. Petcov, Sov.J. Nucl. Phys. 25 (1977) 340

mgl 2
327T|Z (Vmns)y, (Vuns) M2, BR~0O(10-54)

Current upper limits on B,

1030 1OED 10-1310-10
New Physics




SM Contributionsto L™ — £ ¢ ¢~ e i

Penguin diagrams ) L) v W Box diagrams
Z(q) ('~ (p1) - g ;W
— > )Vj > f_(p) < V; <¢
L (P) ibv\’jw g/—(pl) €/+(p2)

Decay channel Our Result | Petcov’s Result®™ | Our Result | Petcov’s Result*
u- — e ete” 9,5-10=°° | 1,0-107°° 2,1-107°% | 2.6-10—°3
T e ete” 5,0-107°% | 1,8-107°% 3,6-10~°" | 45.107°%
T =TT 1,0-10—°% 3,7-107°° 7,6-107°° 9,7-107°°
T —e ptp~ | 29-107°° | 1,0-107°% 1,7-10=°" | 2,2-107°%
TT =S puete” 7,3-107°° 2,5-107°° 4,0 -107°° 5,0-107°9
Decay channel Our Result | Petcov’s Result™
U~ — e ete” 7.4-107°° 8,5-107°%
T e ete” 3,2-107°°% | 1,4-10—°%

Total ——= L ptpT | 6,4-10 95 | 3210 93
T~ —=e putp~ | 2,1-107°° | 94.107°°
T > pu"ete | 52-107°° | 2,1-10"°7

S. T. Petcov, Sov. J. Nucl. Phys. 25, 340 (1977).
G. Hernandez-Tome, G. Lopez-Castroand P. Roig. ArXiv:1807.0605 °
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—FT at high physics scale

m— MEG (Br<4.2-107")
= MEG (Br<4.107'*)
w== SINDRUM (Br<10'?)
== Mu3e (Br<5-107")

The operators are L5 coereran
mixed in RGE at |

the experiment
scale

[1702.03020]




—FT at high physics scale

The operators are
mixed in RGE at
the experiment
scale

A. Crivellin, S. Davidson, G.M. Pruna and A. Signer, arXiv:1611.03409

A. Crivellin, S. Davidson, G.M. Pruna and A. Signer, JHEP 117 (2017) no.5
S. Davidson, Eur. Phys. J. C76 (2016) 370 T
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o SM+HNL

SM + NHL (neutral heavy lepton)
large extra dimensions

extended Higgs sector
additional vector boson (Z’)
leptoquark

SUSY-GUT and SUSY seesaw
R-parity violating SUSY
low-energy seesaw

Branching ratios

(‘]{‘/‘

etc. etc.

100 200 500 1000 2000 5000 1x10*
Mp |GeV
B(uTi — eTi) x 102 {le10 ; 10~16 10-14 10712 10710

o SUSY-GUT IS o

14
conv = 10

L&

M

1200 1400 1600

JWI/Q(GGV) BR{p—=ey) = 104 Br(u—ey)
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muon g-2 anomaly

flavour conserving component of the BSM dipole operator

muon CLFV (u—ey etc.)

flavour violating component of the BSM dipole operator



muon g-2 anomaly

flavour conserving component of the BSM dipole operator

muon CLFV (u—ey etc.)

flavour violating component of the BSM dipole operator

If the Muon g-2 anomaly is confirmed, it will establish
the presence of a BSM muon interaction which may
induce sizable effects of muon CLFV.

M. Lindner, M. Platscher, and F.S. Queiroz, arXiv:161006587
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Lepton Flavour Universality Violation (UFUV)

neutral current

P BR(B—D®) 7= 1) charged current cor
D™ ™ BR(B—D™ ¢~ 1) Bpe > e

Many discussions on the relation between LFUV and CLFV. If
confirmed, it might introduce CLFV. in particular, models such as 2’
and Leptoquarks.
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Current upper limit Future sensitivity
4.2 x 1013 ~ 4 x 1014

1.0 x 1012 ~1.0x 10-16
7.0 x 10-13 < 10-16

IN this workshop

MEG/MEG-II Mug3e MuZ2e COMET
Stefan Ritz Wang Ying Chen Wu







EFT approach for y—e conversion
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EFT approach for p—e conversion '

w +qg—re +q

contact interaction dipole interaction
q q
wo e~
\_/

(eI'Pypu)(qlq) , q € {u,d, s}
I'={I,~vs,7v,7Ys 0}
S, PV AT dipole (D)



»C,uA—)eA (Aea:pt> — Z {m,u (CDLﬁaaB,uLFaB + CDR@O-&B,URFQB)

dipole
scalar 2

pseudo-scalar

vector CN ey Pru+ Cy Y ey P M) NvaN

axial-vector DN ey Py + O >m&PRM) Nryovs N

\ . N N I o
(derivative) CN M ey Pry+ CoNl }{EVQPRM) i(N 9o, ¥5N)

tensor ééle)EUO‘BPLM + 5¥’VRN)EUO‘5PR/L) NoasN + h.c.}




E,uA—)eA (Aea:pt> —

scalar
pseudo-scalar

VEeCtor
axial-vector
(derivative)
tensor

Z [mu (CDLﬁaaﬁﬂLFaﬁ T CDR@U&B/‘RFW)
dipole

o N ey Py + Oy RN)EVQPRM) NN
C(NLMEVO‘PLWL C( ey P u) Nvavs N

Cher 1Y Po+ O jE7* Pr u) i(N 9 45N)

C'(NLN)EUO‘BP W+ C’<NRN)EUO‘5PR/L) NoosN + h.c.}

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



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

R. Kitano, M. Koike and Y. Okada, Phys.Rev. D66 (2002) 096002; D76 (2007) 059902

V. Cirigliano, R. Kitano, Y. Okada, and P. Tuzon, Phys. Rev. D80 (2009) 013002
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dipole vector scalar
iINnteraction interaction interaction




dipOle vector scalar Spin independent

interaction M interaction Sl interaction S A Skl
(coherent)

Pseudo-
scaler
INteraction

Spin dependent
u-e Conversion
(incoherent)

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 .
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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))

IL[,

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))




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€+ :mﬂ_Bﬂ_Erec_(M(sz_z)_M(AaZ)) 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

_ J. Kaulard et al. (SINDRUM-II)
NGRS  Phys. Lett. B422 (1998) 334. @)
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U=+ NA,Z) > et +NA,Z-2)
Requirement on targets
E, > Epyc — MA,Z—-1) < M(A,Z - 2)

Atom E, .+ E, .- Efitc NA. feap 7, Ar

Al
328
40 Ca
48Ti

Aluminum (for COMET & MuZ2e) is not good.
B. Yeo, YK, M. Lee and K. Zuber, Phys. Rev. D96 (2017) 075027

(MeV)
92.30
101.80
103.55
98.89

104.06
103.30
104.25
103.10
100.67

(MeV)
104.97
104.76
104.39
104.18
103.92
103.65
103.36
103.04
102.70

(MeV)
101.34
102.03
102.06
99.17
101.86
101.93
101.95
101.43
100.02

(70)
100
95.0
96.9
73.7
4.4
5.9
68.1
48.3
20.8

(70)

(ns)

61.0 864 0.191

75.0
85.1
85.3
89.4
90.9
93.1
93.0
92.7

509
333
329
234
206
152
159
167

0.142
0.078
0.076
0.038
0.027
0.009
0.011
0.013
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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
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U — ea

a is a light, invisible, new
particle with FV coupling to
leptons. It could be
. (pseudo)scalar, like
Majoron,
AXxion,
Familon
. light gauge boson, Z’




U — ea

a is a light, invisible, new
particle with FV coupling to
leptons. It could be
. (pseudo)scalar, like
Majoron,
AXIion,
Familon
. light gauge boson, Z’

Current Limits and future

e Jodidio et al. (TRIUMF) 1986
e polarised muons
* BR(u" — eta) < 2.6 x107°
® F,, >55x10"GeV
o TWIST (TRIUMF) 2014
e Michel Parameters
e BR(ut —» ea) < 5.8x 107
¢ F,, > 12x10°GeV
e Crystal Box (LAMPF) 1988
e Nal(Tl) crystals
®* BR(u" — etay) < 1.1 x 10~
* F,,>9.8x10°GeV
e Mu3e plan at PSI (25 < m, < 90 MeV)
* BR(ut - eta) < 1078 ®



bound 4 — ea

e Advantages
® packground less
® spectrum shape
® nucleus dependence
® many p--s as parasite !l!
® Disadvantage
® not monochromatic
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bOUﬂd I[/t —> ed electron spectra (normalized by rate)

free

® Advantages decay In
® background less | | dashed
® spectrum shape ' ' bound
® nucleus dependence - j decay In
® many p--s as parasite !l!
® Disadvantage

2IO 3IO 4:0 SOT 60 70 80
| m, /2 E, [MeV]
® Not monochromatic

— Yukawa
= Derivative 1= 014 | ‘ — - Derivative |
— Dipole = 1 Il — Dipole

\
i \
’ \
/ \
/ \
/ \

/ L L L \\N_... L -
0 10 20 30 40 50 60 70 80 90 100

Y. Uesaka, at NuFACT2019 E, [MeV]

-
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® Spectrum near the end-point
® |-e conversion signal region

® signal bound u~ — e~ a x AE’

® DIO background o AE?
® Past analysis (X.G. i Tormo et al.)

® Use the past y-e conversion data
e BR(u= = e a)<3x107

electron spectrum of u=~ — e~ X (gold)

X.G. i Tormo, D. Bryman, A. Czarnecki, M. Dowling. Phys. Rev. D84 113010 (201 1).



® “Preliminary” estimation at
the spectrum at the ena
point (80 - 105 MeV/c) in

® Spectrum near the end-point
® |-e conversion signal region

® signal bound u~ — e~ a x AE’

COMET Phase-|
® DIO background o AE? ® BR(u~ = e~a) <3x 107
® Past analysis (X.G. i Tormo et al.) e dedicated measurement at
® Use the past y-e conversion data lower energy ?

e BR(u= = e a)<3x107

electron spectrum of u=~ — e~ X (gold)

1
A

X.G. i Tormo, D. Bryman, A. Czarnecki, M. Dowling. Phys. Rev. D84 113010 (201 1).
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Future prospects:

e new proposal at CSNS
e [ater In this
workshop
e new attempt at MUSE/
J-PARC 7
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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
model etc. o ———

. . . iron i|
® muonium productlon QNN magnetic field coils MCP\ | |

\ hodoscope Csl—_ \
vacuum
\\ mMwec N

annlhllatlon |

A\ beam counter  photons — L

SiOstarget
Future prospects: WL ¢

accelerator

e new proposal at CSNS A

T collimator—|

¢ [ater In this
Welg:ciglele S 5

* new attempt at MUSE/ i Suul ‘
J_PARC ’) "' - _.I_ﬂ jL\ separator

) TOF -TOF _, .cieq [NS]
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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 py and e
e Coulomb bound state



,l/t+€_ — Yy ,u+e_ — I7ﬂl/e

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

iUpstream Counter™

1. Muonium formation

Future prospects: I | [T Exerimental i

® NO experiments so far
® Mmuonium production in

MUSEUM at MUSE @ J-PARC
¢ measurement of hyperfine

R
I I o« . v R— —_— - st | -
Sp“ttlng | Online Beam Monitor . Y Positron Counter

15 7 2D cross-configured : - Segmented
° 1 O fOr 2X1 O SeC fiber hodoscope scintillation counter




LFVvertex |

N

{,u‘e_—> € € In muonic atom

not only 1s but also other electrons (2s...)
electron 1S orbit

@uon 1S orbi

® QOriginal idea
M. Koike, YK, J. Sato and M. Yamanaka, Phys. Rev. Lett. 105 (2010) .




u-e-—e-e- has the

overwrap of y-and e-

[ LEV vertex ] ) which is proportional

\ to Z3. For instance,
/=80, enhancement

Lu‘e_—> € € In muonic atom of 5x105.
~ |
Z 3 Experimentally

measurement of a pair

lectron 1 it
electron 1S orbi of e-and e- in the final
<_muon 1S orbi state is easier (larger

phase space).

® QOriginal idea
M. Koike, YK, J. Sato and M. Yamanaka, Phys. Rev. Lett. 105 (2010) .



normalized at Z=20 |

50 60 70 80 90
A

(1) solid red line :
contact int. with the
same chirality

(2) a dashed black line :
contact int. with
opposite chirality

(3) a dash-dotted green
line : photonic int.

(4) a dotted orange
line : mix of contact
and photonic int.

® Study of contact interaction with different Z targets

Y. Uesaka, YK, J. Sato, T. Sato and M. Yamanaka, Phys. Rev. D93 (2016) 076006
e Study of long-distance dipole interaction with different Z targets

Y. Uesaka, YK, J. Sato, T. Sato and M. Yamanaka, Phys. Rev. D97 (2018) 01501
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(3+1) model (3+2) model

T

CR(u-e, Al) + ' '
[BR(We —e e, Al | n OTHER BOUNDS

M4 : HNL mass ms : HNL mass

Cyan points : -+ & =& + e colored points : Br(u-+ e- e + )
blue points : y-+ Al e + Al

A. Abada, V. De Romeri, A.M. Teixeira, JHEP 02 (2016) 083) @



o//{_l_ —> €+]/

eyt = etete”

e u” +NA,Z) = e~ + NA, Z)
e u"+N(A,Z) = et +NA,Z—2)
ey +NA,Z) = u* +NA,Z-2)
e ute” - uet

/Ll €6 —>¢e e

eu+N-7+X

ey, +N—->1"+X

e Il — ed

8 o




-yﬂ+N—>T++X
o —> ed
s o



Osaka University




Uu+NEe+N)—->71+X

m, < m,

inelastic scattering (DIS) region with
high-intensity and high-energy muon
(electron) beams




Uu+NEe+N)—->71+X

m, < m,

inelastic scattering (DIS) region with
high-intensity and high-energy muon
(electron) beams

® the search with scattering is less effective than searches with decays
(weak interaction cross section ~ 10-45 barns at 1MeV)

® scattering cross section increases as incident energy is higher.

® clectron beam from ILC (at beam dump) or muon beam from muon
collider can be considered.
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u+NEe+N)—->1+X

LFV MSSM

Minimum supersymmetric mode b crmosL
(MSSM) with Higgs mediated LFV ., N:proton
coupling ol

Upper limits from tau decays is given.
T — Un

0<10-5 fb for 50 GeV
Mmuons.

M. Sher and |. 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 .
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LNV Charged Current Scattering Process ',,,




LNV Charged Current Scattering Process i i

v+ N—C ; 2.8 | N\ LFV charged current (LNV-CC) interaction

- measurement can be made at a neutrino near detector with a magnetic
field to identity an electric charge of the charged leptons
- at production like z7 - u D,

- at detector
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BR(z — uy) < 4.4 x 1078
BR(z = ey) <3.3x 1078

T - fiy

- Event Signature
+ energy E, ~1/s/2
*mass M, ~M

- 3¢ final state BR (BaBar) BR (Belle)

29x 108 | 2.7x 1078

+ + o+ o
T~ —> fi—fj—f;' 22%x1078% | 1.8 x 1078
1.8 x 10~% 1.5 x 108
. —8 —8
- Event Signature D B
. 3.2 x 10~ 2.7 x 10~
energy  Es, ~ $/2 3.3x10°% | 2.1 x 1078

* mass M, ~ M,



-
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]:_ 2.2 %1078 | 1.8 x 108
1.8 x 10~% 1.5 x 108
- —8 —8
» Event Signature 2.6 x 10 8 1.7 x 10 8
o energy E3f ~ S/2 3.2 X 10 8 2.7 x 10 .

. 3.3 x 10~ 2.1 X 10~
mass M, ~ M.

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

BR(t - ) <(1-3)x10" BR(r » 3¢)< (1 =2)x 1071V ®
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Heavy Flavor Averaging Group
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Spring 2017

LHCb

Belle + CLEO

e ATLAS 4 BaBar

(dp)]
>
(qo]
()
(ab]
&)
=
L
|
T
-
(@)
%
€
=
(ab)
o
o
-
—
O
2
(- )
([@)]
=

l

|_l
l_l
|_l

+
<

> hlt = ¢h




Osaka University




720> ¢,

BR(Z" = ep) <7.5x 1
BR(Z? - ur) < 1.2 x 1

BR(Z° - er) 9.8 x 1
(note : indirect limit from low energy BR(Z? — eu) < 10713

|AS, CMS
D (ATLAS, CMS)

D (ATLAS, CMS)
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—! BR(H = e7) < 0.37 % CMS (2016)
BR(H" - ur) <0.25% CMS (2016)

(note : not confirm the CMS 2012 excess)
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0 new massive BSM resonance
X' =7 j e imits are model-dependent
e R-parity violating SUSY particle or QBH
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Future Prospects| HL-LHGC, ILC, FCC-ee, CEPC and others ‘
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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

¢ | cpton number violating K decays
Kt— 7z utut :BR<1.1x10™°
Kt — a2 ute™ : BR < 1.1 x107°
Kt - 7etet :BR< 1.1 x10™°

BNL EG65
BNL E777/E865
BNL E871

NA48/2

BNL EG65
BNL E865
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e CLFV processes provide a unique discovery
potential for physics beyond the Standard Model
(BSM), exploring new physics parameter space
IN @ 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.

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