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Ⱨ▄ ᴼ▄▄ in a muonic atom
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Features

•2 CLFV mechanisms

•atomic # ὤ: largeᵼdecay rate ɜ: large

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

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

Ὁ

Ὁ

‘

Ὡ

Ὡ

Ὡ

‘

Ὡ Ὡ

Ὡ

‎ᶻ

ɜθ ὤ ρ

New CLFV search

using muonic atoms

V contact ( ‘ὩὩὩvertex )

V photonic ( ‘Ὡ‎vertex )

•clear signal : Ὁ Ὁ ḗά ά ὄ ὄ

R. Abramishili et al.,

COMET Phase-I Technical Design Report,

KEK Report 2015-1 (2015)

proposal in COMET

(similar to ‘ ᴼὩὩὩ )



Branching ratio of CLFV decay

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

"2‘Ὡ ᴼὩὩ ḳ ǿ†ɜ‘Ὡ ᴼὩὩ

ǿ† : lifetime of a muonic atom

How many muonic atoms decay with CLFV, compared to created # ?

BR with CLFV coupling fixed on allowed maximum

ςȢςʈÓfor a muonic H (ὤ ρ)

ψπÎÓfor a muonic Pb (ὤ ψς)

cf.

ɜθ ὤ ρ
due to existence prob.

of bound Ὡ at the origin

üBR increases with atomic # ὤ.

Using muonic atoms with large ὤ
is favored to search for ‘Ὡ ᴼὩὩ .

e.g. "2 υȢπ ρπ for Pb ὤ ψς

if contact process is dominant



To improve calculation for decay rate

ɜ ᴼ ς„ὺ ‪ π ᶿ ὤ ρ

V previous formula of CLFV decay rate by Koike et al.

üemitted Ὡs are expected to be back-to-back with equal energies

More quantitative estimation is needed ! (important for large ὤ)

Note

•emittedὩ : plane wave

•spatial extension of bound lepton

•bound lepton : non-relativistic

Ŷ small orbital radius

Ŷ relativistic (especially, Ὡ )

Ŷ Coulomb distortion

used approximations (ὤ‌Ḻρ)

ḻwave length of emitted Ὡ

In atoms with large ὤ,

ü“ὤdependence” comes from only ‪ π ÁÌ×ÁÙÓɜθ ὤ ρ



ü energy & angular distribution of emitted Ὡ pair

lepton wave function relativistic Coulomb

Improvement and expectation

V this work

•Coulomb distortion of emittedὩ

•finite orbit-size of bound leptons

•relativistic effects for bound leptons

the improvement contains…

other than quantitative modifications

How are CLFV decay rates modified ?

ü model-dependence
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contact interaction

(short-range process)

photonic interaction

(long-range process)

Effective Lagrangian for Ⱨ▄ ᴼ▄▄

constrained by ‘O ὩὩὩ constrained by ‘O Ὡ‎



Our formulation for decay rate
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get radial functions by solving “Dirac eq. with ‰” numerically
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use partial wave expansion to express the distortion
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‰: nuclear 

Coulomb potential

‖: index of angular momentum



Radial wave function (bound Ⱨ )

ὶ[fm]

[-Å6 Ⱦ ]

ὤ ψς0Âcaseςπψ

ὶὫ ὶȟὶὪ ὶ

(radius of Pb )

ὄȡρπȢυMeV
ὶὫ ὶ : solid

ὶὪ ὶ : dotted

VIt is important to consider finite nuclear charge radius.



Radial wave function (bound ▄ )

ὶ[fm]

[-Å6Ⱦ ]

Type ὄ(MeV)

Relativistic ωȢψψρπ

Non-

relativistic
ψȢωσρπ

ὤ ψρ0Âcaseςπψ

(considering ‘ screening)

Relativity enhances the value near the origin.

Ὣ ὶ



Radial wave function (scattering ▄ )

ὶ[fm]

[-Å6 Ⱦ ]
ὶὫ

Ⱦ
ὶ

shifted by nuclear Coulomb potential

ὤ ψς

ὉȾ τψMeV

e.g.‖ ρpartial wave

distorted wave

plane wave

0Âcaseςπψ

enhanced value near the origin

local momentum increased effectively



Contact process
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É overlap of bound ‘ , bound Ὡ , and two scattering Ὡs

Vbound‘

Vscattering Ὡ Vscattering Ὡ

Vbound Ὡ

ὶ[fm]

transition rate increases!

bound Ὡ : non-relativistic

ᴼ relativistic

ὶὫ ὶὫ ὶὫ
Ⱦ
ὶὫ

Ⱦ
ὶ

scat.Ὡ : planeᴼdistorted
wave functions shift

to the center

0Â



Upper limits of BR (contact process)

ςȢρ ρπ σȢπ ρπ

this work (1s)

ὄὙ‘ ᴼὩὩὩ ρȢπ ρπ

(SINDRUM, 1988)

atomic #,╩

ὄὙ‘Ὡ ᴼὩὩ ὄ

║□╪●

Ὣ Ὡ‘ ὩὩ

this work

(1s+2s+…)

Koike et al. (1s)

YU, Y. Kuno, J. Sato, T. Sato & M. Yamanaka, Phys. Rev. D 93, 076006 (2016).

inverse of ὄ (ὤ ψς)



Photonic process

Vbound ‘ Vbound Ὡ

Vscattering Ὡ Vscattering Ὡ

V‎z

ὶ[fm] ὶ[fm]

scat.Ὡ : planeᴼdistorted

ὶὫ ὶὫ
Ⱦ
ὶὮήὶ ὶὫ ὶὫ

Ⱦ
ὶὮήὶ

bound Ὡ : non-relativistic

ᴼ relativistic

Ὡ

Ὡ‘

Ὡ

overlap integral decreasesdistortion of scattering Ὡ

scat.Ὡ : planeᴼdistorted

0Â



ὄὙ‘ ᴼὩ‎ υȢχ ρπ

(MEG, 2013)

╩

ὄὙ‘Ὡ ᴼὩὩ ὄ

║□╪●

ὫὩ„ ‘Ὂ

Upper limits of BR (photonic process)

this work (1s)

Koike et al. (1s)

ρȢψ ρπ φȢφ ρπ

inverse of ὄ (ὤ ψς)

this work

(1s+2s+…)
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After finding CLFV, can the CLFV mechanism be determined ?

fl Ὣ Ὡ‘ ὩὩ ὬȢὧȢ

fl Ὣ Ὡ‎‘ Ὡ‎Ὡ ὬȢὧȢ

fl ὫὩ„ ‘Ὂ ὬȢὧȢ

Model 2 : contact (opposite chirality)

Model 3 : photonic

Ὣ πȟὫ π

Model 1 : contact (same chirality)

Ὣ πȟὫ π

Ὣ πȟὫ π

üHere, only 3 very simple models will be considered.

Model-discriminating power



Discriminating method 1

ὤdependence of ɜȾɜ

ü The ὤdependences are different among interactions.

ü Compared to ὤ ρ , that of contact process is larger,

while that of photonic process is smaller.

~ atomic # dependence of decay rates ~

╩

╩

╩ contact (same chirality)

contact (opposite chirality)

photonic

ɜ: ours

ɜ : Koike et al.’s



~ energy and angular distributions ~

Discriminating method 2

ὤ ψς
Ἤ

ἬἏἬἫἷἻⱣ
ἙἭἤ

Ὁ : energy of an emitted electron

—: angle between two emitted electrons

ἫἷἻ

Ὁ

Ὁ

—

Ἇ ἙἭἤ

ἫἷἻ

Ἇ ἙἭἤ

ἙἭἤ

photonic

Ἤ

ἬἏἬἫἷἻⱣ

contactcontact

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



Â contact process decay rate Enhanced (7 times ɜ in ὤ ψς)

¸‘Ὡ ᴼὩὩ process in a muonic atom

V Our finding

V interesting candidate for CLFV search

•Distortion of emitted electrons

•Relativistic treatment of a bound electron
are important in calculating decay rates.

V energy and angular distributions of emitted electrons

É How to discriminate interactions, found by this analyses

V atomic # dependence of the decay rate

Â photonic process decay rate suppressed (1/4 times ɜ in ὤ ψς)

Summary

Distortion makes difference between 2 processes.



BACKUP



(Rough) Estimation of decay rate

ɜ ᴼ ς„ὺ ‪ π

„: cross section of ‘Ὡ ᴼὩὩ

wave function ofρὛbound electron (non-relativistic)

‪ ᴆὼ
ά ὤ ρ‌

“
ÅØÐά ὤ ρ‌ᴆὼ

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

ɜθ ὤ ρ

ὺ : relative velocity of ‘ &Ὡ

ɜ „ὺ Ä᷿ὠ””

(the sameὤdependence in the both contact & photonic cases)

(sum of two ρὛὩs)

Backup

Suppose nuclear Coulomb potential is weak,

“flux”

(free particles’)
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ȟ

Ὣὓ Ὁȟ‖ȟ‖ȟὐ

Äɜ

ÄὉÄÃÏÓ—
ȟ ȟ ȟ ȟȟ

ὓὉȟ‖ȟ‖ȟὐὓᶻὉȟ‖ȟ‖ȟὐ

ύ‖ȟ‖ȟ‖ȟ‖ȟὐȟὰὖÃÏÓ—

differential decay rate :

Ὁ

Ὁ

—

Ὁ : energy of an emitted electron

—: angle between two emitted electrons

ὖ : Legendre polynomial

Decay rate

Backup



Effect of distortion

bound Ὡ

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

photonic process

bound ‘

bound Ὡ emitted Ὡ

emitted Ὡbound ‘ emitted Ὡ

emitted Ὡ

contact process

Backup



Effect of distortion

photonic process

bound ‘

bound Ὡ emitted Ὡ

emitted Ὡ

ü momentum transfers to bound leptons

bound ‘ emitted Ὡ

bound Ὡ emitted Ὡ

contact process

make overlap integrals smaller

ü no momentum mismatches

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

enhanced !! suppressed…

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

Backup



There is possibility to test the relative phase of couplings.

Comparison to Ⱨ ᴼ▄▄▄
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‘Ὡ ᴼὩὩ in a muonic atom ‘ ᴼὩὩὩ

difference 1 : signal

difference 2 : interference among interactions

2 Ὡs 1 Ὡ & 2Ὡs

(approximately) two-body decay three-body decay

Interference appears differently.

Backup



angular distribution (ÃÏÓ—ρ)

Ἤ

ἬἫἷἻⱣ

ἫἷἻⱣ

ü Ὡ pair has same chirality

ὤ ψς

—: angle between two emitted electrons
Ὁ

Ὁ

—

contact (same chirality)

contact (opposite chirality)

Ὡ pair cannot emit same momentum

Discriminating method 2

(due to Pauli principle)

Backup



Contribution from all bound ▄s

1S 2S 2P 3S 3P 3D 4S Total

ρ πȢρυ
χȢσ
ρπ

τȢσ
ρπ

ςȢφ
ρπ

ςȢτ
ρπ

ρȢψ
ρπ

ρȢςρ

1S 2S 2P 3S 3P 3D 4S Total

ρ πȢρχ
φȢς
ρπ

υȢρ
ρπ

σȢρ
ρπ

ςȢσ
ρπ

ςȢρ
ρπ

ρȢςυ

contact Ὣ

photonic Ὣ

normalize the contribution of ρὛὩ to ρ

É it is sufficient to consider about Ὓelectrons for both cases

Backup


