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1. INTRODUCTION




CLFV search using muons

Advantages of using muon for rare process

1. high intensity muon beam (~ 10° muons per a second)

2. long lifetime and simple kinematics

Examples of CLFV processes using muons

BR : Branching Ratio

a)ut -ety BR < 5.7 X 10~13 by MEG

Phys. Rev. Lett. 110 (2013) 201801.

b) ut* > ete~et BR<1.0x107'2 by SINDRUM

Nucl. Phys. B 299 (1988) 1.

C) u-N-—-e N BR <7 X 10713 (41~ Au - e~Au) by SINDRUM I

L}

Eur. Phys. J. C 47 (2006) 337.

The details of u~-e~ conv. will be given by later talks in this session.
COMET, DeeMe @ J-PARC, Mu2e @ Fermilab 1/14




U e  — e e Inamuonic atom

M. Koike, Y. Kuno, J. Sato and M. Yamanaka,

New CLFV search Phys. Rev. Lett. 105,121601(2010)
using muonic atoms - RN
ﬁ E;
\
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proposed to be - | 1 !
measured in COMET Vo A
R. Abramishili et al., W . A
COMET Phase-I Technical Design Report, \ -~ - /
\ KEK Report 2015-1 (2015) ) S

Features —~
/

-

* clear signal : two e”s (E; + E; = my + m, — B, — B,)

2 type CLFV interactions ﬁ

v ueee vertex >< E

v’ uey vertex

\ *atomic#Z :large = decayrateI': large ('« (Z -1)%) )
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Estimation of decay rate

> Koike et al. Phys. Rev. Lett.105,121601(2010)

e e e
1 Suppose nuclear Coulomb potential is weak, :

- - s o s o o e O S S D S D S B D B B B B B B e e .

[~ Vel [T (0)|* o (Z — 1)3

OV, . CrOSS section of u"e~ — e~ e~ (free particles’)
Y3is(x) : Schrédinger wave function of a bound electron

Branching ratio

101 grrprems [ [ AL | UL L [ UL AL HM 3

Br(uwe™ »e e ) =T, T(u"e” me7e™) [zof | g memensletes o
N . . . T 10717 :"'""""'"'E.-"-"'"e"’i!""'-"h"‘*-I.-'-e-}-')"21"]';2?“0 11 i 3

%, : lifetime of a muonic atom | |2 . zem NN L

. . : : Eg B (3 AR S

» Increasing as atomic # Z is larger E o B A e 10 ]
::—i 10-2t : "‘:«’/ i % _;

. . . 1023 L m‘..\..E‘|....T...|....|.........|....|....|.........|.........l......f.r..;l.lr.\_.'“m\ J
Using muonic atom with Iarge Z O e e

IS favored.




g Emm Eam B S o oy,

om mEm Em Em o - .y,

Improved calculation of decay rate

Approximations used in the previouswork |- = ~- == —-=-=-—-=-==—--~- N

\
* The spreads of bound u~, e™ are sufficiently large. |
* emitted e~ : plane wave |
* bound electron : non-rela (nucleus : point charge) :

------ Those approximations are expected to be worse for large Z.

@ for more quantitative estimation

® treatment of leptons as relativistic Coulomb wave
« distortion of emitted e~s by nuclear Coulomb potential

* relativistic treatment of bound leptons
(nuclear charge distribution with a finite size)

\
!
!
!
!
!
!
]

» How will the decay rates be changed by this improvement?
4/14




2. FORMULATION




Effective Lagrangian

L; = Leontact T+ Lphoto

a _ _ _ _
Lcontact = 91(épug)(erer) + g2 (eguy)(erer)

+93(eryutir) (Ery*er) + ga(Erym )@y er)
+9s(egyuur)(@yrer) + go(eLvum ) Eryter) +[h.c.]

J

[ Lphoto — gRe_Lo'ﬂvﬂRFuv + quo'ﬂvﬂLFuv +[h.c.] ]

) )

photonic interaction
(long range process)

J

contact interaction
(short range process)

.
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Calculating method

Decay rate I

[r - anzcswf - E) (o (0D <p2>|H|¢j“<1s)¢§e(1s>>lz]
f v

A=~

use partial wave expansion to express the distortion

YE@) = ) AmiteClem 1/2,5lig 1OV, m(Be S

o ///

get radial functions by solving Dirac eq. numerically

" dg (), 1+« RGYAG)
- g() — (E +m +ep()fi(r) = 0 W) = (lfx(r))( (r))

dr r
d fi ('f‘) 1—-k
\_ dr T

fie () + (E —m+ e¢(r))gk(r) = 0)

¢ : nuclear Coulomb potential
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3. RESULTS




Upper limits of BR (contact process)

BR(u* - e*te"e™) < 1.0 x 10712 # BR(u"e™ - e"e”) < Bpax
(SINDRUM, 1988)

(g1(eLug)(éLer) )

10-17 s : i
_ this work L
[(Is+2st..)| 2 this work (1s)
Bmax 0”8 A— H— S e
— g
Koike et al. (1s) [
1079 ¢
-20 .
10 atomic #, Z

20 30 40 50 60 70 80 90
needed # of muonic atoms (Z = 82)

18 | 17
12.1x 10'8 | W) | 3.0 x 10 Si1a




Upper limits of BR (photonic process)

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

(gLe_LUWHRFuv)

10718 |
_ — :
Koike et al. (1s) [
Bmax
10_19 I __________________________ th|S Work (15)
Preliminary
10-20 Z

20 30 40 50 60 70 80 90

needed # of muonic atoms (Z = 82)
18 | 18
11.8x 10'8 | W) | 7.1 x 10

8/14




Distortion of emitted electrons

» k = —1 partial wave L 208ph case
9k, (1)

[MeV~3/2] o, (Z = 82)

- Ey/, ~ 48MeV
0.1 [/\ RN //\’

\ o
\ \ /. distorted wave
-0.1 /

\)\ R4 plane wave

\
0 5 10 15 20 25 30

r [fm]

what the distortion makes
. overlap of w.f.
1. enhanced value near the ongm( P ’

2. phase shift to boost momentum effectively 4@ complicated a little...  Q/1 4




Phase shift effect of distortion

(makes a momentum of e~ larger effectively)

contact process photonic process
bound u~ emitted e™ bound u~ emitted e™

ﬁ, @ [

4

N

bound e~ emitted e~ bound e~ emitted e~
» 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... 10/14




Model-discriminating power

After finding CLFV transition,

“which CLFV interaction exists” would be important.

Here, only 2 simple models will be considerd.

g model 1 : contact type o A
Ly = g,(eLug)(eLeg) X

N\ )

I( model 2 : photonic type ﬁ |

: _ y* .

| L; = gre,o" ugky,, Z I

| )

\.
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Discriminating method 1
~ atomic # dependence of decay rates ~

Z dependence of T except (Z — 1)3

12
r(z) 10 | ;
(Z-1)°r(Z =2) contact
8 -/
-/
6 -/
e
4 '
2 e . ph(.)toni.c-!
0 :

20 30 40 50 60 70 80 90 Z

» The Z dependences are different between interactions.

> Compared to (Z — 1)3, that of contact process is larger,
while that of photonic process is smaller. 12/14




Discriminating method 2
~ energy and angular distributions ~

E; : energy of an emitted electron E, 4

0 : angle between two emitted electrons E,
1 d°r . 1 d°r
I' dE;dcos@ [MeV™7] 'y dE;dcos0
-0.5 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ — -0.5 — = = = —~ _I-
cosO contact process o5 cos@ | photonic Process -

—0.61 —0.6}

10.4

-0.7}

-0.7f

-0.8

-0.9- 1 Ho1

L lo.0 -1.0

E1 [MeV]




4. SUMMARY




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 in Z = 82)
B photonic process:decay rate suppressed (1/4 times in Z = 82)

€ How to identify interaction types, found by this analyses

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

14/14



EX. BACKUP




Radial functions (bound e™)

208ph case  Z = 81

1s (considering u~ screening)
r

0.8

0.6 Rela 9.88 x 1072

Non-rela 8.93 x 1072
0.4
A
\
0.2 \

0 500 1000 1500 2000 2500 3000 1 [fm]

Relativity enhances the value near the origin.




Upper limits of Br(u™e™ - e"e™)

Branching Ratio to l'e” — e’e”

Atomic Number

v’ ueee interaction v’ uey interaction
Br(ut - ete e?) < 1.0 x 10712 Br(ut - ety) < 5.7 x 10713
» Br(uwe  —» e e”) <45x1071° » Br(uwe  —» e e”)<57x1071°

for Pb (Z = 82) for Pb (Z = 82)




Discriminating method 1
~ atomic # dependence of decay rates ~

Z dependence of T except (Z — 1)3

12
r(Z) _ %
Z-173r(Z=2) [ contact (same chirality) | /
81 ' Contact (OIOpOSIte ch|ra||ty) l ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -/ /-
6 . | f /7
lhoonic;
‘ \ - %
4 -LPretiminary s
’/
2 ==
0

20 30 40 50 60 70 80 90 Z

» The Z dependences are different among interactions.

» Compared to (Z — 1)3, that of short range process is larger
while that of long range process is smaller.




Discriminating method 2
~ energy and angular distributions ~

angular distributions (cosé = 1)

102 |

dr
I'dcosO

|_hoton|c

10”° ' '
0.8 0.85 0.9 0.95 1 €cosO

» g: has larger tail than g, due to Pauli principle.




