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Lepton Flavor Violation (LFV)

Standard model: Exact conservation of lepton flavor/y

—Evidence for BSM (e.g., Neutrino Oscillations)’
Charged Lepton Flavor Violation (CLFV) —,

Haven't discovered yet, Evidence of New Physics (NP)
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Proposal new CLFV channel

Work: Propose new CLFV channel : (u*u~) —» utet

—Calculation both of uuue four-fermi operator and dipole operator

Motivation

New particles through intermediate states, don’t appear directly
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Extract underlymg physms by comparing with other channels

—Exploring many CLFV channels complementally is important




What is True Muonium?? Muonium  True Muonium

True Muonium (u*tu™) : u*u~ bound state @ @

(Muonium (ute™) : ute™ bound state)

—Decay process of True Muonium | 0053mm 0.00051nm
- Experimentally undiscovered—Production processes are proposed
/Candidates for production processes \
1 Collider-Based Approaches 2 Fixed-Target Experiments
+ LHCb (pp » nX,n = (utu)y) - HPS (eZ - (utu™) X)
Cid Vidal et al., 2019 Banburski & Schuster, 2012

* DIMUS (u*pu™ - (u*p™)) 3 Low-Energy u*u~ Recombination

I-:rox_et al., 302_2 - LEMA (utu= > (utu)y)
- Belle Il (e*e™ - (u*u7)) ltahashi et al., 2015

\ Gargiulo et al., 2025 /




Why True Muonium?
—Compared to u*u~ Collisions <:@ :>

. Ew Pu - Ee, De
. Clear Slgnal Of (l’l'-l-l’l'_) — Mie‘l‘ Well-defmedenergy

(Back-to-back, E, = 5m, /4, |p,| = 3m, /4, E, = 3m, /4, |p.| = 3m,/4)
—|dentification by the angular, timing, and momentum of u, e

- Early-stage accessible
Can be observed before construction of muon acceleration systems

- Magnetic fields provide unique insights into new physics (future work)
As seen in muonium—-antimuonium conversion rate depends on external field.

(K. Horikawa and K. Sasaki, 1996)
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Types of Operator
- Scalar, Vector, Dipole-type operator
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Scalar, Vector-type Operator (Four-Fermi)

Heavy mediator can be treated as contact interactions.
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Dipole-type Operator

Dipole-type operator + gauge interaction
-+ Strong complementarity with u - ey searches
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- Numerical result



Branching Ratio for Each Coupling Constant

Result (single operator) -
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Resu‘t (mu‘tlp‘e Operator) Cgﬂgzuerczi:Bg(CI:udleod—zbo)’/1|\5|):Gl’|.|“

Only two shown couplings are nonzero

(e.g. scalar-vector interference)
BR = 10729

S— This contour cannot o
. determine gSparameters. Draw similar g¢ — gy contour
1@i >/ .
; - One contour #one solution-#degeneracy
— 10722
' - Combine with other CLFV observables
107° 1023 . .
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Lo —ut > e7y, ut > ete"et ... are not
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—Break degeneracies and pin down the operator.
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Summary

- Proposed a new CLFV reaction: (utu™) - ute™.
- 5.2 X 101°True Muonium may enable CLFV tests
- Evaluate contribution of interference between multiple operators

Future Work

- |Investigate singlet and triplet-specific reactions.
- Consider mediators not constrained by u = ey (e.g., sterile v)
- Explore off-shell photon dipole interactions constrained by u — 3e

—Precise calculations more clearly shed light on the physics behind CLFV
12



Working Hypothesis

(1) four Fermi effective operator
- scalar LR universal (scalar)

(gs = sir = gsrr * 0)
- vector LR universal (vector-uni)

<9V = 9viL = 9vRR = 9vLR = GVRL F 0)
- vector L only (vector-L)

(gvir # 0, gvrr = Gvir = Gvrr = 0)

(2)dipole operator LR universal (dipole)

(A=A4;, = A #0)
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Branching Ratio

ﬂBranching ratio(m,~0)

BR(pp — pe) =

D(pp — pe)

L'(pp)
1TeV]\* s _
- ( | A ]) 6.54 x 107 (|gsr.l* + |gsrrl?) +1.05 % 107 (|gv Lo |* + [9v rr|?)

+8.93 x 107 (|gvrrl® + lgvrel®) +4.20 x 107 Re (9v L9V L r + 9V RRIVRL)
+2.81 %1077 (|AL|2 - |AR|2) + (SVD interference terms)]|. /

The MEGII collaboration .2024

Constraints from MEG + MEG |l Experiments
BR(u - ey) <3.1x10713

@ (A~1[TeV])

g5 < 2.72 x 1078 (uni)
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Upper Limit of Coupling Constant

Constraints from MEG + MEG |
BR(u - ey) < 3.1 x 10713

The MEGII collaboration .2024
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Vector-universal vs Vector-left

Vector-universal

Assuming glrector—und) _ g vector—L) Vector-left
7
U(pp — pe)
GR(ML — pe) =
L'(pp)
1TeV]\* - _
= ( | A ]) 6.54 x 107 (|gsr1)? + lgsrr|?) + 1.05 x 1073 (gy o} + l9vrR|*

+8.93 x 107" (lgvrr|* + lgvrL]®) +4.20 x 107 Re (9v 1.1.9v 1 » + 9vRRIV RL)

\ +2.81x 1077 (|AL|2 -+ |AR|2) + (SVD interference terms)]. /

BR(vector — uni)~BR(vector — L) X 8

—Enhanced around a digit by interference terms

- On the other hand, scalar and dipole are different factor of two simply
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-stimated Number of Muons Produced

3x101° u~/s, 2 x10% u*/s are expected produced
at the muon production point of the muon collider

— 10%? u / year can produced C. Accettura et al, 2025

Ntym = BR_l ~ D.2 X 1019

If an efficient method for generating True Muonium,
CLFV decay proposed in this study could be discovered!
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