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Charged Lepton Flavor Violation (CLFV)

Upper bound | Experiment (Year)

ut - ety 4.2 x 10713 MEG (2016)
ut - etete” 1.0 x 10712 SINDRUM (1988)
u~Au - e Au 7 x 10713 SINDRUM Il (2006)
ut - etX X — inv. 0(107°) TWIST (2015)
ut - etyX, X - inv. 0(107°) Crystal Box (1988)
ut -etX, X - ete” 0(1071%) SINDRUM (1986)
ut - etX, X - yy 0(10719) MEG (2012)

T - eX(uX), X - inv. 0(1072) ARGUS (1995)




Light invisible X with CLFV

Properties of an unknown boson X
vlight (my <m, )

)

v’ neutral
Vit .
\ with u-e-X coupling y
X

» theoretical examples of X

* light (pseudo-)scalar : majoron, familon, axion(-like) particle, ...

* light gauge boson

2116
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Example : Majoron

» Singlet Majoron model Y. Chikashige, R.N. Mohapatra, & R.D. Peccei, PLB98 (1981) 265.

L = Loy + iNgy*3,Ng + (3,0)" (8%0) — V(o)

— <ZyNRH + %N;ANRO' + h. C.) :I Ny : right-handed neutrino:
|

o : scalar with L = -2 ,

SSBof lepton #
I 2 o(x) =f+px)+i(x)

 majorana mass of neutrino

J : majoron
* interaction of majoron with neutrino ( NG boson of lepton #)

o I |
@ CLFV coupling at one loop ! ) mpm};

£ K = vf

7' Lypre =g Ko J€ Prt

n; : Majorana neutrino mass eigenstate form, > my (£ #¢")
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p" - e"X searches oy, <m,

» A. Jodidio et al. PRD 34, 1967 (1986).
« 1.8 x 107 u* that was highly polarized
« search for e* emitted in opposite direction for u* polarization
e Br(ut - e*tX) < 2.6 x107°formy =0

1] 2
Mass of X (in MeV/c)
> TWIST Collab. a P Wk LI %Dh

PRD 91, 052020 (2015). 25E [ao%ci A
. 5.8 x 108 y* =0 '
« for various my ~ g %é 80%C.l, A=0
& various angular property f '
(dI'/dcosf « 1 — AB,cosb ) z gg [ 90%Cl, A=+1
15
*Br<21x105(my=0A4=0) 'S

0= 25 30 35 40 45 50
Signal Momentum (MeV/c)

> Muse COIIab A. Schoning, Talk at Flavour and Dark Matter Workshop, Heidelberg, September 28 (2017).

e Br < 1078 (for 25MeV < my < 95MeV )
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u - e X In amuonic atom

cf. X. G.i Tormo et al., PRD 84, 113010 (2011).
& H. Natori, Talk at 73th JPS meeting (2018).

Advantages over free muon decay

shape of electron spectrum

1. less background | (mx=0)
- ==:u*t - e*X (free) 7 7
- —-ut > ety (free)
— . u~ - e X (u-gold)
— 1y - e Vv, (u-gold)

« different peak positions of signal & BG

0 10 éo éo 40 SOT 60 70 80
E, [MeV

2. more information : “spectrum”, “dependence on nucleus”, ...

3. huge # of muonic atoms in coming experiments (COMET, Mu2e, DeeMe)

Disadvantages

v" non-monochromatic signal v" shorter life time of muonic atom
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Spectrum near end-point (rough estimation)

DIO with two neutrino emission L = G(ﬁyavﬂ)(v_ey“e)
( Decay In Orhbit)

dr d3p, d°p, — _
x —Y8(E, + E, + E. — Eror) Dy +
d Ee j Ev Ev ( v 1% e tot) Py pv Ewt _ Ee

~ A near end-point

DIO with one boson emission L = g(uy,e)0*X

dF d3pX —
dEe OC] EX S(EV+EV+E6_EtOt) |"'pX|2

~ A% near end-point

Investigation of e~ spectrum near end-point could be a good probe for u= - e X.

I:> Need to take into account 4 relativistic effect for bound uo,
distortion of emitted e~ in Coulomb potential,

finite size of nucleus, nuclear recoll, ...
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Previous WOrK x c.iTormo etal., PRD 84, 113010 (2011).

» assuming that massless X has yukawa-type CLFV interaction

L; = g(ﬁe)X (g : coupling)

electron spectrum of u~ - e~ X (gold)

0.04

—~ 0.03} o
>

L%

2

| ¥ 002}
|

1 dr
Iy dE,

0.01] el 5
10 shape of DIO spectrum

0.00}

80 90 91 92 93 94 95

0 20 40 60
E.(MeV)

E.(MeV)

v The result of the past u-e conv. corresponds to Br(u —» eX) < 3 x 1073,

v' Sensitivity of COMET & Mu2e : Br(u - eX) ~ 2 x 107°

)

same level as the current limit of free u* search (~ 107°)
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Aim of this work

u- — e Xinamuonic atom

X. G. 1 Tormo et al.
CLFV interaction : L; = g(ue)X

This work

v" various possibilities of CLFV interaction

If the shape of e~ spectrum depends on CLFV interaction,
we could determine the new physics model by observation.
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Effective models

A. Scalar X

€ yukawa coupling ( e.g. majoron induced by R-parity violation, ... )

already analyzed by X. G. i Tormo et al., PRD 84, 113010 (2011).

Lso = gsolew)X + [H.c.]

€ derivative coupling ( e.g. majoron, familon, axion, ... )

_Ys1
Loy =
s1 = Ags

—— (eyn)0*X + [H.c.]

B. Vector X

LVO = Jvo (Eya‘u)Xa + [H C_] ( for only massive X )

& dipole coupling

Ly1 =

ng (eaaﬁ,u)X“ﬁ + [H.c.]

XaeB = gaxb — gf x«a
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Effective models

A. Scalar X

€ yukawa coupling ( e.g. majoron induced by R-parity violation, ... )
already analyzed by X. G. i Tormo et al., PRD 84, 113010 (2011).

Lso = gsolew)X + [H.c.]

€ derivative coupling ( e.g. majoron, familon, axion, ... )

Is1
Ls1 =7 — (eYeu)0“X + |H.c.]
S1
B. Vector X
@ dipole coupling
Ly, = ng (eaaﬁ,u)X“ﬁ + [H.c.]

x*F = 99xF — 9P x“



Formulation for decay rate
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\_

4 sz d’p,  d°px
(2m)32E, (2m)32Ey

(2m)6(m, — E, — Ex)

X z (W @by |l  19)|

~

J

spins /

partial wave expansion for the electron in the final state

P = N A (lm, 1/2, 5l iV m (B Pty

K,Uum
Dirac eq. for radial wave functions / /

\

Cdg,(r) 1+k ) S
ot 9@ —(E+m+ep())f () =0 » <
Kd};,;(‘r) + 1 : Kﬁc(r) + (E —m+ egb(r))gk(r) =0 )

¢ : nuclear Coulomb potential

I (x5 (7) >
ifi (XL ()
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Electron spectrum

€ yukawa coupling

g0 PeDx
d E, 4;(; - 2(2 +1)|I | k : angular momentum of e~
[Irc = mujo drr? ]l (pXT){gpe(r)g S(r) — fplce(r)f;}s(r)}]
rgu rgE ismeys Tio(48MeV x 1) 20%Pb
/’\ [;‘\\\\ //\/

/ / \\ | [/ \\\‘ / //\

N ,
A (4
7/
0 =~ = —-—\— \/ N~

_—’--

-
~N_-

0 5 10 15 20 25 30 0 5 10 15 20 25 30
r [fm] r [fm]
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e~ spectrum (my = 0)

1 dr’

+ 197 27
FaE Au Al
l;l 0.05 T T T T T T T T T ';' 0.18
% — Yukawa -% 0.16 | ﬂ — Yukawa
S 004 — - Derivative {15 o014 | ;' — - Derivative |
/ \ — Dipole I oqal | | — Dipole
003} BG : o1l i E
' ‘ | |
\ 0.08 | i |
0.02 | | I
| /’ | 006} i p
0.01 | 1 0047 BG I a
. / \\ . 0.02 - / \
0 ™™ | | S \ — 0 \ _L—// \~, — .
0 10 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100
E, [MeV] E. [MeV]

» Spectrum does not strongly depend on properties of X.

» The sharper peak is obtained for the lighter nucleus.
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Spectrum near end-point

[MeV~1] 107 ' : 27 Al target
PRELIMINARY
1 dr 10§ '; my =0
l_‘_OdEe 1012 ¢
10-13 L
10"t — Yukawa \
sl T Derivative
10" — Dipole
1071° ' .
103 104 105 Eo [MeV]
RN | vukawa | Derivative | Dipole __
[, dE, A a, 3.4 x 10710 8.4 x 10716 3.0 x 1077
' a, —31x1077 —23x10"12  —26x1077
A Eiot — E. as 9.7 X 107° 8.1 x107° 3.3x 107

my, Ay 1.2x 1073 8.7 x 10~* —2.8%x 1072
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Ratio to background

Br(ut - e*X) <2.6x10°°

27 Al target
g dFy—>eX dru—>evv I d . J
dE, / dE, ( allowed maximum ) my = 0
10" ¢
e - «— same # as DIO
1071 — Yukawa
- = - Derivative

b — Dipole

1073

103 103.5 104 104.5 105
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Nuclear dependence (my = 0)

r(z) 1
F(Z - 10) — Yukawa
0.99 r -+ Derivative -
— Dipole
0.98 -
0.97 +
0.96 r
0.95 ¢
0.94

10 20 30 40 50 60 70 80 90
proton number, Z
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Summary

» U~ — e~ X In a muonic atom

v Promising probe of a light neutral boson with CLFV
( e.g. majoron)
v' Advantages over free muon

 less background
* more information ( shape of spectrum, Z-dependence, ... )
* many muonic atoms in coming experiments (COMET, Mu2e, DeeMe)

v' Findings in e~ spectrum
 the rough shape does not depend on the type of CLFV interaction
 dipole-case : large tall
» yukawa-case : characteristic behavior near endpoint ( doubtful ?)

v Detailed simulation is in progress with members of COMET




