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Abstract. We propose a new processiof e~ — e~ e~ in a muonic atom for a quest of charged lepton flavor violation. This
is based on the work[1]
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Charged lepton flavor violation (cLFV) is known to space tharu™ — etete™ decay. Also, in comparison
be one of the important rare processes to search for newith the u™ — ey search, the measurement of this pro-
physics beyond the Standard Model (SM). Various theo-cess would be relatively easier since no photon detection
retical models predict sizable rates of cLFV processesis involved. Thirdly, one can consider a similar reaction
which are just below the present experimental uppeiprocess with a muonium, such pge~ — ete . How-
limits. The on-going and future experiments for cLFV ever, the rate of thigtte~ — e*e~ process can not be
searches would reach sensitivities in the range of predicdarge because of small overlap between theand e
tions by many theoretical models. At this moment, thewave functions.
cLFV searches with muons present the best limits ow- We describe the processpf e” — e~ e~ in a muonic
ing to a large number of muons available for measure-atom of Eq. (1) by an effective Lagrangian at the energy
ments [2]. Typical cLFV processes with muons include scale of the muon mass,. Following Ref. [2], we define
ut —ety, um — etete andu~ - e conversion in i
a muonic atom g~ N — e N). However, after the dis- e = UV
covery of cLFV process in future, many other different e oo = V2 (MuARFROH" .y
cLI;V |otroc§ssesf fthUIO,I[ be s:?ﬁiedL'g)vghfd qu{hts upodn +my AT o* erFyy
understanding of the nature of the ¢ interactions an S SN
develop insights into new physics responsible for cLFV. + gl(ﬁa‘)(eRa‘) + gz(”"eR&e"eR) @)

In this talk, we would like to propose a new cLFV ~ +03(HRY"€r)(ERVuer) +da(Hy"'eL) (&L VueL)
reaction process of a boupd in a muonic atom, which +05(IRY"er) (BrYueL) + gs(HL Y eL ) (BRYuER)
is

pe e, 1) +(H.c)].

We estimate the branching ratio for the process of
g=a. (1), which takes place in a muonic atom with an
atomic numbefZ. The initial state has the muon and the
electron in their 1S ground state of the atomic orbits.
Jor simplicity, we ignore the three-momenta of the ini-
tial bound muon and electron. The final state has the two
four-Fermi contact interaction, as in the processes O]electrons, Wh'.Ch’ in the lowest order, can be treated as
Ut —etee andpu N — e N, whereasu® — ety monochromatlc plane waves that propagate with oppo-

site momentum vectors. Each of the two electrons in the

has only the former. This would potentially allows us to final K t b 5 when the bound
investigate the full structure of new physics beyond thellnal state takes energy of a auf,/2, w en the oun
ffects at the 1S state and the Coulomb interaction from

SM. Secondly, this process has a two-body final state, ir‘?h | b | q
which the two signal electrons are emitted almost bacKN€ nucleus can be neglected. .
to back and each of them has an energy of about a half We begin with the first case where the four-Fermi in-
the muon massn, /2. This would provide a cleaner ex- teraction is dominant angk andA, are negligibly small,

o @aking no contribution of the photonic interactions. The

perimental signature as well as a larger final-state phas 2 L X
remaining four-Fermi interaction allows the processes

where u~ and € in the initial state of Eq.(1) are the
muon and the atomic 1S electron(s) bound in a Coulom
field of the nucleus in a muonic atom respectively.

This y~e~ — e~ e~ process in a muonic atom has
various significant advantages. First of all, this proces
could have not only photonic dipole interaction but also



such asuy~e~ — e e andut — etete. The cross Figure 1 shows these upper limits as a function of an

section of the process of Eq. (1) is calculated to be atomic numberZ by the dotted curves. These upper
G222 limits are obtained by taking the present experimental

vy — - (CFM)” (3)  limit of Bra = 1.0 x 10712 from the SINDRUM ex-
mﬁ l6m periment [6]. The light-shaded region in Fig. 1 is ex-

h _ , , , cluded by the current SINDRUM limit. The reciprocal
wi ereG = 6122+ 16(;34+4(/356+ 8G1f+8623_ 8G5€3 of the shown limit gives an estimation of the number
with Gij = [gi|“ +|gj|* andGj; = Re(gig;) . The transi- o myons that is required to detect events of the pro-
tion rate is then given by cess of EqQ. (1). Let us take an example of the gold
_ o C PN atom ¢ = 79): our estimation requires a collection of
Mpe —ee)=20a|ys(0,Z2- 1) (4.21x 1071%)~1 = 2.38 x 10*® muon events to improve
_ m“i(Z— 1)303((3'2:”%)2(&)3& @) the current limit 0fBrmax = 1.0 10712, Assuming the
8m my detection efficiency 00(10%), the required number of
muons amounts to a few times 0Compared to this

Here we took into account the facts that the 1S Statphumber isO(1018—109) of muons, which is the goal of

can accommodate two electrons, and that the nUCIG%e highly intense muon beams planned in the near future

charge is shielded by the negative muon. We used th|en search for the cLFV [7, 8, 9]. We thereby find that the

non-relativistic wave functions so thgtg (0:Z2—1) = cyrrent limit could be reachable within the capability of
[(Z—1)ame]®/2/,/T. The rate of Eq. (4) is enhanced for these muon sources.
a larger atomic numbeZ, by a factor of(Z — 1)3, giv- Let us now turn to the second case where the photonic

ing a notable advantage for heavy nuclei. This enhancenteraction is present and it dominates over the four-
ment comes from the factor qwi'”;) (0;Z—1)|?, and the  Fermiinteractions. The cross section, rate, and branching
large positive charge of a heavy nucleus strongly attractgatio of the process of Eq. (1) are calculated to be

the 1S wave functions of the leptons toward the nucleus 40 (G )2
position, rendering the overlap of the two wave func- OViel = H (IAL|2+ IARIZ), (8)
tions large, and enhances the transition of the process of mg

Eqg. (1). We normalize the rate of Eq. (4) by the lifetime Mu e —ee)=20v © (07— 1)[2
of a muonic atomf,,, to define the branching ratio of this (k ) el s (0:2-1)]

process as = %78_[(2—1)304(G|:|T1l21)2(|AR|2+ IAL%),
Br(ue —ee )=flM(ue —ee) and
37 5 e e e
— 24m(Z — 1)3a3(r%) ;—“G, ®) Br(pe" —ee) : o)
W/t T
— 15362(Z — 1)%a*(JA[2+ |ALR) e Tk
The value off, ranges fromf,, = 2.19x 10 ®s for 1H My Ty

to T, = (7—8) x 108s for 28U as listed in Ref. [3]. respectively. We then have , combining with the upper

This is shorter than the lifetime of free muorng, =  limitBr(u* — e*e*e”) < Bmax

2197 10 °s [4], which is equal to 198°/(GEm) at  Br(u-e —ee)

the lowest order. The obtained branching ratio of Eq. (5) z mos2 1171

is to be compared with that ofi* — e"ete~. This < 12n(z_1)303ﬁi[|og(i> _7} Bora.

branching ratio is given by [5] My Ty Me 4 an
Br(u" —e'e'e’) = }(G12+16G34+8Gss)~ (6)  This upper limit is overlaid in Fig. 1 by a dash-dotted

o 8 ] curve, according to the aforementioned SINDRUM limit
The contribution from the interference among the four-g¢g . — 1.0x 1012

Fermi interactions are not present in Eq.(6), whereas The presence of the photonic interactions gives rise

it is found to be present in Eq. (5) as the terms ofig another cLFV process* — ety as well, and search

Gjj's. The search for the process of Eq. (1) will thereby¢oy this process also put a limit to Bi—e~ — e~e).

serve complementarily with that fgr* — eee™. By  Then the limit on Bfu~e~ — e e") is estimated from

assumings/(Gy2+16G3z4+8Gse) ~ O(1) and denoting  Br(u™ — e'y) < Bypaxas

Br(u™ — etete™) < Bnaxas Br(ue —ee)
Br(ut —ety)

Br(u e —ee) Br(u e —ee)< max w2
3f 7) me T,

1921z — 13a3( e ) g _4qz-13q4 e g
< 192( )"a (m“) T ( )a Myt o



E

3

3

<

S

S

Branching Ratio top'e — €€

3

Atomic Number

FIGURE 1.

Limits on the branching ratio to the process of Eq. (1) imposed by the limitsrogm™B— e"y) and on Bfu* —

eTete™). Models without photonic interactions are excluded in the light-shadedmmegimilarly, models with photonic interac-
tions are excluded in the dark-shaded region by the current expeshtierits.

A solid curve in Fig. 1 presents the upper limits given orders ofO(10-17-10718) are estimated separately for

in Eq.(12) withBmax = 1.2 x 10711, which is the current

the photonic and the four Fermi interactions from the

upper limit from the MEGA experiment[10]. A dashed other cLFV experimental results. Once this process is ob-

curve in Figure 1 also shows the limits with tBgax =

served, CP violation might be studied by comparing this

1.7 x 10713, which is the goal value of the MEG exper- process witlut — etete.

iment [11]. Even the current limit on the branching ra-
tio to u* — ety overwhelms the limits on Bu—e~ —

e~ e ) when the photonic interaction is dominant. Ac-
cordingly, the present excluded region is above the cur-
rent MEGA limit. Let us estimate, as we did earlier, the 1.
required number of muons to detect events of the process
of Eqg. (1), taking an example of the gold ato#-£ 79): 3
an accumulation 0f1.044 x 10-")~! = 9,58 x 106 '
muon events is necessary to surpass the sensitivity of
MEGA, and(1.480x 10711 = 6.76 x 108 to exceed

that of the MEG goal. The required number of muons5.
are estimated to be 1®and a few of 1&°, respectively,
assuming the(10%) of the detection efficiency again.
These are not capable now but would be possible in fu-
ture with the planned highly intense muon sources.

The expected magnitudes of the branching ratio of they,
process of Eq. (1), which is driven by both the four-
Fermi interaction and the photonic interaction, are found
to be not significantly large even with the enhancemen8-
of (Z— 1)3. Thus, this would not be the first process to
cultivate the discovery frontier of the cLFV searches.
However, thanks to the enhancement(@f— 1)3, this
process can be accessible in future by next-generatiog,
high-intensity muon beams to produce muons of an order
of O(10'8-10'°) per year.

In summary, the new cLFV procegs € — e € in

a muonic atom is proposed. This process has the rate?:

enhancement ofZ — 1)2 over they*e — ete™ ow-
ing to the Coulomb interaction from the nucleus in a
muonic atom. This process has a final state of two elec-

trons, which would be experimentally very clear sig- 12.

nature. The upper limits of the branching ratio of the
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