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Features —~
/ _B,

* clear signal : E; + E; ~m, + m, — B,

« 2 CLFV mechanisms ﬁ ﬁ
v’ contact ( ueee vertex ) >< E
v photonic ( uey vertex)
(similar to u* —» etete")

\ *atomic#Z :large = decayrateI': large (< (Z -1)%) /
~ -~




BR(u"e™ »e"e”) = fur(:u_e_ —e"e”) due to existence prob.

Branching ratio of CLFV decay

How many muonic atoms decay with CLFV, compared to created # ?
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of bound e~ at the originj

[%ﬂ . lifetime of a muonic atom

cf. 2.2us for a muonic H (Z = 1)
80ns for a muonic Pb (Z = 82)

BR with CLFV coupling fixed on allowed maximum
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> BR Increases with atomic # Z.
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Using muonic atoms with large Z
Is favored to search for u"e™ - e~ e™.

Phys. Rev. Lett. 105,121601 (2010).




To improve calculation for decay rate

v’ previous formula of CLFV decay rate by Koike et al.

[ r.ll_e_—>e_e_ — Zo-vrelll/)fs(o)lz X (Z — 1)3 ]
Note —/\

> “Z dependence” comes from only [1)§c(0)]? (always T « (Z — 1)3) ]

» emitted e~ s are expected to be back-to-back with equal energies

, used approximations (Za < 1) - - - _ In atoms with large Z, - - - ~.
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* spatial extension of bound lepton

) small orbital radius
> wave length of emitted e~ -
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* bound lepton : non-relativistic :
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. emitted e~ : plane wave - Coulomb distortion ,
/
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More quantitative estimation is needed ! (important for large 2)




Improvement and expectation

v" this work

lepton wave function : relativistic Coulomb

the improvement contains... - - - - -------- .
| «finite orbit-size of bound leptons !
! + !
I e
e relativistic effects for bound leptons :
: + :
. *Coulomb distortion of emitted e~ !
N\ 7/
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# How are CLFV decay rates modified ?

other than quantitative modifications

» model-dependence

» energy & angular distribution of emitted e~ pair




Effective Lagrangian for uy"e™ - e e~

L; = Leontact T+ Lphoto

f _ _ N ™
Lcontact = g1(epugr)(eLer) + g, (egu) (eger)
+g3(erv.ir) @ry*er) + ga(erymy )@yt e)
. +gs(eryutir)(eryrer) + ge(eryums) (egy*er) +[h.c.] )

Lynoto = gRe_LO'MVﬂRFuv + gL@JMVULFuv +[h.c.]

~

contact interaction
(short-range process)

photonic interaction
(long-range process)

constrained by u — eee

J

constrained by u — ey




Our formulation for decay rate

.
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use partial wave expansion to express the distortion

g,S — z 41T ilrc(l’c’ m, 1/2’ Sle’ H)Yl’;,m(ﬁ)e—i6klpg,ﬂ

K . index of angular momentum

177"

get radial functions by solving “Dirac eq. with ¢” numerically

[dg,c(r) N 1+k

dr r
df,.(r) N 1—k

Kdr T

g (1) — (E +m+ e(p(r))fic(r) =0

~

() + (E—m+ep(1)gi(r) = 0

¢ : nuclear
Coulomb potential

_ gk(r))(;!cl(f) >
i) = (ifK ()




Radial wave function (bound u™)

208ph case  Z = 82
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v It is important to consider finite nuclear charge radius.



Radial wave function (bound e™)

[MeV1/?]

208ph case  Z = 81

1s (considering u~ screening)
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Relativity enhances the value near the origin.




Radial wave function (scattering e™)

e.g. kK = —1 partial wave 208pp case
K=-—1 /Z = 82

r9E,,, (1)

E1/2 Ei/; ~ 48MeV
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(D enhanced value near the origin
@ local momentum increased effectively




Contact process

v bound = @H v bound e~

o’

v’ scattering e~ v’ scattering e~

€ overlap of bound u~, bound e~, and two scattering e™s

- - 208
r2gl (Mg Mgk gk @) (TTPb)

' _ wave functions shift
scat. e” : plane — distorted to the center

bound e~ : non-relativistic
— relativistic

transition rate increases!
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Upper limits of BR (contact process)
BR(ut » eteet) < 1.0 x 10712 » BR(u"e™ = e e”) < Bpux

17 (SINDRUM, 1988) (91(ELur)(EeR) )
| this work L
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Photonic process

v bound u~ @5,

v’ scattering e~ J

v oy v bound e~

3 v’ scattering e~

r29u° 19k, (1jo(or) r2gd gk, Mjolger) 7 FP)
! ! ! ! | ‘ ‘ ‘ ‘ )
A scat. e : plane — distorted scat. e : plane — distorted
A\ ~ bound e~ : non-relativistic
P\ i, - relativistic
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distortion of scattering e~ - overlap integral decreases




Upper limits of BR (photonic process)

BR(ut - ety) < 5.7 x 10713 # BR(u"e™ - e e ) < Byux
(MEG, 2013)

(gLe_LUW.URFuv)
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Model-discriminating power
After finding CLFV, can the CLFV mechanism be determined ?

» Here, only 3 very simple models will be considered.

[Model 1 : contact (same chirality) ﬁ T\
Ly = g1(eLug)(eLeg) + [h.c.] ><
\ g1 # 0,9c15¢e = 0 1)
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LI — gLe_LO-'uv.uLFuv + [h- C-] E

gL * 0,9c15¢e =0




Discriminating method 1
~ atomic # dependence of decay rates ~

Z dependence of I'/T}
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rh(Zz) . | contact (same chlrallty)
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» The Z dependences are different among interactions.

» Compared to (Z — 1)3, that of contact process is larger,
while that of photonic process is smaller.




Discriminating method 2

~ energy and angular distributions ~ . 4
1

E, : energy of an emitted electron

E;
0 : angle between two emitted electrons
Z =82
AT eyt 14T eyt
e
T dE;dcos6 [MeV™"] _TdE,dcosf
-0.5 ‘ ‘ ‘ — -0.5 T T T T —
ey
cos0O contact |l _los  €OSO l_hotomc o5
—0.6] N ] 0.6} . ]
10.4 J0.4

-0.7¢ -0.7}

-0.8

-0.9} 1 o1 1 Hoz

— 0.0 -1.0 — 0.0

35 40 45 50 55 60 65 70

E1 [MEV]

» The distributions are (a little) different among interactions.



Summary

® e~ — e e~ process in a muonic atom
v interesting candidate for CLFV search
v Our finding

* Distortion of emitted electrons
o Relativistic treatment of a bound electron
are important in calculating decay rates.

@ Distortion makes difference between 2 processes.

B contact process :decay rate Enhanced (7 times I, in Z = 82)
B photonic process:decay rate suppressed (1/4 times Iy in Z = 82)

€ How to discriminate interactions, found by this analyses

v atomic # dependence of the decay rate
v energy and angular distributions of emitted electrons




BACKUP




Backup
(Rough) Estimation of decay rate

Suppose nuclear Coulomb potential is weak,

{ l_‘.’i_e_—w_e_ zfzo-vrelll/)fs(())lz

(sum of two 1S e™S)

Phys. Rev. Lett. 105,121601 (2010).

o . cross sectionof uy”e™ - e"e” Vre - relative velocity of u= & e™
(free particles’)

T
: wave function of 15 bound electron (non-relativistic)

m [« (Z-1)3

(the same Z dependence in the both contact & photonic cases)

PES(R) = J (me(Z — DA o (mo(Z = Dal])




Backup

Decay rate B0

E;
4 F'u=(1S)e (a) > e e™) h
1 jmu—B}LS—Bg‘d 1d . d2T
= — Eq j COS
% 2 ), _1 dE;dcos6
E; : energy of an emitted electron
0 : angle between two emitted electrons
/differential decay rate : P, : Legendre polynomial
dZF * !/ !/
dEldCOSH — Z M(EL K1, Kz,])M (Elr Klr KZ)])
Kl;KZ:KLK;J;l
X w(kq, K-, K5, K5, ], 1) P;(cos@
\_ (K1, K2, k1, K2, ], D P ( ) -

M(ElelJ KZ!]) = Z i M(l;ontact(EllkHKZr]) + Z gj Méhoto(El»Kl»KZI_,)
i=1,-,6 j=L,R

contact photonic



Backup
Effect of distortion

scat. e™ : plane wave (Assuming momentum conservation at each vertex)

bound u~ emitted e™ bound u~ emitted e™

O . O _-

4
&

bound e~ emitted e~ bound e~ emitted e~
contact process photonic process




Backup
Effect of distortion

scat. e” : distorted wave (Assuming momentum conservation at each vertex)

bound u~ emitted e™ bound u~ emitted e™

01 0 [

4

N

bound e~ emitted e~ bound e~ emitted e~
contact process photonic process
» No momentum mismatches » momentum transfers to bound leptons
|—| make overlap integrals smaller
1

Totally (combined with the effect to enhance the value near the origin),

N v

enhanced ! suppressed...




Backup
Comparisonto u* - etee”

u-e” - e”e” in a muonic atom ut - etete”
@
< :)-; e+
/
e+
difference 1 . signal
2e”s le” &2ets
(approximately) two-body decay three-body decay

difference 2 : interference among interactions

Interference appears differently.
E>There IS possibility to test the relative phase of couplings.




Backup
Discriminating method 2

: E
0 : angle between two emitted electrons ' 4

E,
angular distribution (cosé = 1)
02 Z =82
-3 L
ar 0
I'dcos@
10 -
10°° ' ' '
0.8 0.85 0.9 0.95 1 cos0

» e~ pair has same chirality » e~ pair cannot emit same momentum
(due to Pauli principle)




Backup
Contribution from all bound e™s

normalize the contribution of 1Se~ to 1

contact (g;)

-------

WLy X 10‘ X 10‘ X 10‘ X 10‘ X 10‘ L2s

photonic (g;)

-------

0.15 1.21

><1O3 ><102 ><1O3 ><10_ ><1O2

@ it is sufficient to consider about S electrons for both cases




