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We investigate the predictions for lepton number violating processes within the minimal theory of
neutrino masses based on the spontaneous breaking of local lepton number. In this framework, the
symmetry is broken at the low scale, leading to the existence of a viable dark matter candidate. The new
fermions required for anomaly cancellation mediate lepton number violating processes at the one-loop
level. We present a detailed calculation of the most relevant processes, including 4 — ey, u — 3e, and
1 — e conversion in nuclei. The regions of parameter space excluded by current experimental bounds are
identified, and we emphasize the interplay between collider observables and charged lepton flavor violating
signatures as a key test of this theory of neutrino masses.
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I. INTRODUCTION

The discovery of neutrino oscillations has established
that lepton flavor is not conserved in nature, providing the
first confirmed example of physics beyond the Standard
Model (SM) of particle physics. While neutrino flavor
violation is now firmly established, charged lepton flavor
violation (LFV) remains unobserved. Within the SM with
massive Dirac neutrino masses, the rates for processes such
as yu — ey, u — 3e, or u — e conversion in nuclei are
highly suppressed, far below any foreseeable experimental
sensitivity. Clearly, any observation of LFV in the charged
lepton sector would be a clear signal of new physics. The
current experimental bounds on LFV processes are very
strong, one has for example that BR(u — ey) <
1.5 x 10713 [1], with the possibility to improve it in almost
an order of magnitude. The Mu2e experiment at Fermilab
will play a very important role due to the possibility to
achieve a very strong bound on g — e conversion,
BR(uAl — eAl) ~ 10717 [2]. For reviews on LFV proc-
esses, see, for example Refs. [3-6].

In theories for physics beyond the SM one can have large
predictions for LFV processes. In particular, in theories of
neutrino masses one can expect strong limits from LFV
experimental bounds. We know that neutrinos are massive
particles but their origin and nature is unknown. As is well
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known, the key symmetry one needs to understand to
distinguish between Majorana and Dirac neutrinos is the
total lepton number. The total lepton number is defined as
=7¢,+7¢,+ ¢, with Z; being the lepton number for a
given family. This symmetry is conserved only at the
classical level in the SM, broken at the quantum level by
SU(2) instantons [7].

Theories based on gauging the total lepton number offer
a simple and predictive framework for addressing the origin
of neutrino masses and dark matter [8—12]. In the minimal
realization [12], anomaly cancellation requires the intro-
duction of a small number (only four) of new fermionic
fields, one of which can serve as a viable dark matter
candidate. In this context, the spontaneous breaking of the
local lepton number symmetry generates masses for these
new states and predicts a new neutral gauge boson, which
mass is tightly connected to the scale of symmetry break-
ing. One of the most interesting features of these theories is
that one finds an upper bound on the symmetry breaking
scale using the experimental constraints on the dark matter
relic density [13]. Since this upper bound is in the multi-
TeV, Mz, <30 TeV, one can hope to test the origin of
neutrino masses at colliders.

In this article, we investigate in detail the theoretical
predictions for lepton flavor violating processes within the
minimal theory of local lepton number [12]. We focus on
radiative decays such as yu — ey and 7 — uy, three-body
decays like 4 — 3e, and u — e conversion in nuclei. We
show how current and future experimental searches
strongly constrain the parameter space of the theory and
establish correlations between LFV bounds, dark matter
phenomenology, and collider signatures. In this way, LFV
processes provide a complementary and powerful probe of
the minimal local lepton number theory of neutrino masses.
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This article is organized as follows: in Sec. II we discuss
the minimal theory of neutrino masses based on local
lepton number, while in Sec. III we show the predictions for
lepton flavor violating processes. We also discuss the
correlation between the collider and lepton number violat-
ing signatures. In Sec. IV we summarize our main findings.
In the Appendices we provide the full calculation of the
main lepton number violating processes and list the
corresponding experimental bounds.

II. LOCAL LEPTON NUMBER

Simple theories in which the total lepton number is a
local gauge symmetry have been proposed [8—12]. These
theories are based on the gauge group

SUB)e ® SU(2), @ U(l)y ® U(1),..

In the minimal theory proposed in [12] the gauge anomalies
are canceled with only four fermionic representations plus
the right-handed neutrinos. In this context, the new fer-
mionic fields are

¥, ~(1,1,-1,3/4),
xr~(1,1,0,3/4),

Pe~(1,1,-1, —3/4),
and p; ~(1,3,0,-3/4).

We can generate masses for the new fields using the new
Yukawa interactions

—L D) lpTr(popL)S + /lql‘i‘L‘PRS + //{I)(ZC)(LS*
+ H.c., (1)

where S ~ (1,1, 0,3/2) is a new scalar field responsible for
spontaneous breaking of U(1),. The SM leptons have the
following Yukawa interactions:

—LDY,ficyH vy + vy, Heg + H.c. (2)

Notice that only one extra scalar field, S, with lepton
number 3/2 is needed to generate masses for the new
fermions, and the neutrinos are predicted to be Dirac
fermions. The scalar fields can be written as

ht
" (% (vo + ho)e'/ " ) ’ ¥
and
1 iog/v
S:ﬁ(”s"‘hs)e SIS (4)

After symmetry breaking, vy # 0 and vg # 0, the physical
neutral CP-even Higgses are defined as

h = hycosO, — hgsind,, (5)
l’lf = h() sin Gf + hS COS 9/. (6)

This theory predicts a new neutral gauge boson that couples
mainly to the SM leptons and the new fermions needed for
anomaly cancelation. The new gauge boson acquires mass
after the U(1), gauge symmetry is broken, and its mass is
given by

3

Mz, = 5 9¢0s:- (7)

The ¥, field decays at the renormalizable level if one has
the extra scalar field ¢ ~ (1,1,0,—1/4) and the following
interactions [12]:

—E D leli"LeR(ﬁ + /IR)_(LI/R(,b —+ H.c. (8)
These interactions are crucial to understanding the pre-
dictions for lepton-flavor violation in this theory.

After symmetry breaking, one predicts two extra electri-
cally charged physical fermions:

Yo=Y, +¥; and p”=p;+ ()",
and two neutral Majorana fields

x=x.+ ()¢ and p°=p? + (p?)C.

Their masses are given by

My =V24,v5. M, =Myp+ M, 9)
M, =2\, and My = M\% (10)

The new physical charged fermion p~ can decay into
neutral field p°, and a charged pion z~, due to the fact that a
very small splitting is generated at the one-loop level [14].
Recently, we have studied some of the phenomenological
aspects of this theory. Here, we provide a summary of these
results:

(1) Upper bound on the symmetry-breaking scale: This
theory predicts a cold dark matter candidate from
anomaly cancellation. In Ref. [13] we provided a
detailed analysis of the dark matter candidates, and
investigated the predictions for direct and indirect
detection experiments. One finds that the relic
density constraints give us an upper bound on the
symmetry-breaking scale in the multi-TeV region,

e, Mz, <30 TeV [13]. Therefore, one can be
optimistic about the possibility to test this theory
in the near future.
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(i1) Neutrino masses: The minimal theory proposed in
Ref. [12] predicts Dirac neutrinos, see also the study
in Ref. [13] for the case of Majorana neutrinos.

(iii) Collider signatures: This theory predicts very inter-
esting collider signatures. One can have the following
distinctive signatures at the Large Hadron Collider:
(a) the pp — pTp~ — p°p°zt 2~ channel gives rise

to two “kinked” charged tracks because the
p* are long-lived with a decay length of order
five centimeters. Here, the p° field is long-lived
and neutral, giving rise to missing energy sig-
natures.

(b) charged track and missing energy, one can have
associated production pp — p°p~ — p°p°z~,
and since the p~ field is long lived, one has a
charged track until this field decays into p° and a
pion. The p° field is neutral and long-lived.

(c) Pair production, pp = WY~ = £/ ¢7¢%¢,
gives rise to two charged leptons and missing
energy. The field ¢ is neutral and long-lived in
this context.

These collider signatures were studied in Ref. [15] in the
context of a different model. However, the studies in
Ref. [15] where we assume the production of the new
fermions via the SM gauge bosons can be used for the model
we investigate in this paper. In a future publication we will
discuss these signatures at a future muon-collider.

III. LEPTON FLAVOR VIOLATION

In this theory, the global flavor symmetries, U(1), ,
U(l)f“ and U(1),, are broken by the interactions in

Eq. (8). In this article, we will investigate the predictions
for the most important lepton number violating processes.
These processes occur at one-loop level where inside the
loop we have a new electrically charged fermionic field and
a neutral scalar field present in the theory. Notice that this
theory has only five relevant free parameters for the LFV
discussion
Aes Ays Aoy Mg, and M y.
and as we discussed above we have an upper bound on the
symmetry breaking scale coming from the dark matter relic
density constraints.
(i) u4 — ey: The Feynman diagram for the u — ey is
shown in Fig. 1. The decay width for this process
reads as

222
—ﬂm/51|AL|2’ (11)

L= er) ==

where the A; coefficient is given in Eq. (B17). We
provide the full calculation in Appendix B. In Fig. 2
we show the predictions for BR(u — ey) for differ-
ent values of the free parameters 4, 4,,, M, and M.

ﬁ(k)
L 4 s =" B ~§
* -~
4 .
L4 A\
4 A
., A}
’ A}
\ . \ \ a\
u(p1) —p 14 4 14 e(p2)
U(k+p)S W(k+p2)
(q)
FIG. 1. One-loop Feynman diagram for y — ey.
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FIG. 2. In the upper panel we show the branching ratio for
u — ey vs My for different values of 4, and 4,,. The red region is
excluded by the MEG II experiment bounds [1] and the dashed
red line shows the projected MEG II bound [16]. Here we assume
My = 2M . In the lower panel we show the allowed parameter
space in the My — M 4 plane for different values of 1, and 4,,. The
shaded regions are excluded by MEG 1I [1].

In the upper-panel one can see that if the couplings
are between 0.1 and 1, the experimental bounds
exclude all scenarios with masses below the TeV
scale. The dashed red line shows the projected MEG
IT experiment bound [16]. In the lower-panel one can
see that if 4, = 4, = 1 one excludes masses up to
approximately 30 TeV. In the previous section we
mentioned the fact that the relic density constraints
studied in Ref. [13] tell us that one has an upper
bound on the symmetry breaking scale around
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30 TeV. Therefore, one can see here a possible
strong correlation between the cosmological and
LFV bounds. These bounds are also very important
when we think about the testability of this theory at
colliders since the decays of the fermionic field ¥
are determined by the 4, couplings.

(i) 7 — e(u)y: In Fig. 3 we show the numerical pre-
dictions for the 7 radiative decays. In the upper panel
we show the results for BR(z — ey), while in the
lower-panel the predictions for BR(z — uy) are
shown. In this case the main experimental bounds
are from the BABAR collaboration [17], excluding

1x1077
5x10781
’;
k%)
T 1x1078L
£
g -9
m X . Belle IT Projection
1x107°L ‘ . :
100 500 1000 2000
My[GeV]
10°° :
—~ 1077
=
Y
1
=
= 10°®
)
9 Belle IT Projection
1079+
100 200 500 1000 2000
My [GeV]
FIG. 3. Asin Fig. 2 we show the shaded region excluded by the

BABAR experiment [17]. In the upper panel, we show the impact
of the experimental bounds on the BR(z — ey), while in the
lower panel, we show the results for BR(z — uy). The green
dashed line shows the projected Belle II sensitivity [23].

FIG. 4. Feynman diagram of the photon contribution for y to e
conversion.

the shaded regions in light green. These bounds are
weaker than the bounds discussed in Fig. 2 but one
can constrain a different combination of Yukawa
couplings. Notice that in the scenarios where
Aes Ar > A, these bounds can be very important.

(iii) 4 — e conversion: In the near future, the Mu2e
experiment at Fermilab will improve the y — e
bounds in four order of magnitude [2]. Therefore,
it is important to investigate the predictions for y —
e conversion in this theory and show the allowed
parameter space.

In Fig. 4 we show the photon contribution to
1 — e conversion in this model, while in Appendix C
we provide the full set of Feynman graphs. The most
important contribution is mediated by the photon. In
order to understand the contribution to ¢ — e con-
version mediated by the photon we write the general
effective LFV current as

Jléy = eﬂeﬂﬂé((qz}/l’ - qu)(ng)PL + Fg)PR)
+ imﬂﬂﬂq,1<ALPL + AgPg))p. (12)

Here ¢* is the photon momentum, 6** = i[y*, y*]/2,
and y” are the gamma matrices. In this theory the

coefficients Ay = O and F (Ly) = 0. The A; coefficient

10713
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MET Projection
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5x10712 |
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5x10713 |

BR(u — ¢)

1x10713 L ‘ ‘ ! ‘
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FIG. 5. In the upper-panel we show the prediction for the
branching ratio of 4 — e conversion in Al. The red and blue
dashed lines show the projected bounds by the COMET and
Mu2e experiments [2], respectively. The lower-panel shows the
predictions for 4 — e in gold. The blue shaded region is excluded
by the SINDRUM II experiment [20].
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is given in Eq. (B17), while Fg) is given in Eq. (C1).
The effective Lagrangian for 4 — e conversion at
the quark level can be written as [18]

—;C':f?e = mﬂCDéO'aﬂPLﬂFaﬂ

+) ClePLyu(araq) + He.  (13)
q

Here Cp = A;4,eA; /2 and Cl = /lz/lﬂquFy, with
Q1 being the electric charge of a given quark. Then,
the muon conversion rate can be written as [19]

5

m ~ ~
Time =41 |CoD + CHAVP + CRAVP. - (14)

while the branching ratio for y to e conversion reads as

T,c(A.2)
BR, (7)== """ 15
l‘—>e( ) Fléapt(A’ Z) ( )

See Appendix C for a detailed discussion and the
values of the input parameters D, Ch,C v, VP, and V".

In Fig. 5 we show the numerical predictions for
u — e conversion when we use the Al nucleus (upper-
panel), and for Au (lower-panel). In the case of pAl —
eAl we do not have any current bound, but the

BR(p — )

BR(p — e)

1x10710 : 0
SINDRUM VI
5x1071 |
W\
2x1071T ¥
\
-
Pb
1x10°11 L : ' ;
100 200 500 1000 2000
My[GeV]
1x1071
5x10712
2x10712}
Ti
1x10712 L ‘ I
100 1000 2000

My [GeV]

COMET and Mu2e collaborations will be able to
set strong bounds and exclude a large fraction of the
parameter space in case of no discovery. In the lower-
panel we show the shaded red region excluded by the
SINDRUM 1I collaboration [20]. Clearly, the bounds
coming from u — ey are stronger but these bounds are
very important as an alternative test. In Fig. 6 we show
the predictions for y — e conversion in lead and
titanium. In both cases one has experimental bounds
from the SINDRUM II collaboration excluding a large
fraction of the parameter space. In this case when the
couplings are close to one, the new fields can be below
the TeV scale.

(iv) e — ejeje;: The three-body decays of charged
leptons such as y — 3e are also very unique. In this
case one can have contributions mediated by the
photon, the gauge bosons, Z and Z,, and we can
have box-type graphs where inside the loop one has
the new fermions and scalar fields. See Appendix D
for all Feynman graphs. In Fig. 7 we show the
predictions for 4 — 3e taking into account the main
contributions mediated by the photon. In the upper

107" &

]O-IZ L
? ]0-]3_
o
T 10141
>
g 10-151

10-16

10-17 L. ’ . ; .

100 200 500 1000 2000
My [GeV]
10 -
w— 3e
5 Ar=>e=1 .
E ] A=01, ) =1
=
wJ
=~ 05 2] EN
s ‘\\’l
N
0.1 .
0.1 0.5 1 5 10
M, [TeV)

FIG. 7. Upper panel: branching ratio of 4 — 3e vs My. The red
region is excluded by the SINDRUM bounds [25] and the dashed
red line shows the projected Mu3e experiment bound [2]. Here

FIG. 6. The upper panel shows the predictions for u — e we assume My =2M,. In the lower-panel one shows the
conversion in lead. The blue shaded region is excluded by the allowed parameter space in the My — M plane for different
SINDRUM II experiment [24], while in the lower-panel we show values of 4, and 4,. The shaded regions are excluded by the
the predictions in titanium. In all scenarios we assume My = 2M 4. SINDRUM experiment [25].
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BR(r — 3¢)

FIG. 8.

1077
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My[GeV]

Upper panel: branching ratio of 7 — 3e vs My. The

green region is excluded by the Belle experiment [26], and the

dashed

green line shows the projected Belle II experiment bound

[23]. In the lower panel, we show the branching ratio of 7 — 3y as
a function of ¥ mass.The green region is excluded by the Belle 1T
experiment [27], and the dashed green line shows the projected
Belle II experiment bound [23]. Here we assume My = 2M .

v)

panel one can see the excluded region by the current
experimental bounds and when for example when
Ade =4, =0.1 one can exclude the region when
My < 300 GeV. The projected bounds from the
Mu3e collaboration can test or rule out the region of
the parameter space with masses below the TeV
scale. In the lower panel we show the excluded
region in My — M, plane for different scenarios.
Notice that when the couplings are equal to one, one
excludes masses below 4 TeV. In Fig. 8 we show the
results for r — 3e (upper-panel) and 7 — 3u (lower-
panel). The experimental bounds for these processes
are not so strong, but they can play a role if the
projected bounds are achieved in the near future.
g —2: In this theory the contribution to the muon
g — 2 factor is chirality suppressed. However, we can
use the experimental bounds to set an independent
bound on the relevant LFV coupling. Figure 9 shows
the predictions for muon magnetic moment. This
contribution can be written as

a, =2(A+ C+E)A2mZ, (16)

5x10710L

Aay,

2x10710¢

1x107'0L

1x107°

Fermilab

500 1000

My[GeV]

100 200

FIG. 9. Contribution to the muon magnetic moment vs My.
Here we assume My = 2M 4.

(vi)

095043-6

where the explicit formulas for A, C, and E are
defined in the Appendix B. Comparing the current
experimental average from run 1-6 of E989 and
E821 experiments at Fermilab, one gets [21,22]

(17)

Notice that in this case when the relevant Yukawa
coupling is order one, one can rule out the parameter
space with masses below 200 GeV. This bound is not
very strong but one can constraint 4, independently
of the other Yukawa couplings.

In order to compare the impact of the different
processes, we show in Fig. 10 the ratio between the
branching ratio for 4 — e conversion in Aluminium
and 4 — ey. We show two examples where the mass
of the new scalar field is 100 GeV (blue line) or
150 GeV (orange line). As one can appreciate, the
branching ratio for u — ey is 10* larger than
BR(u Al — e Al) in most of the parameter space.
As a summary, we can list the ratio between the
different process where the same combinations of
LFV coupling enter

—a,;” =38 x 107!

BR(uAl - eAl)~ 1074 x BR(u = ey), (18)
BR(u — 3e) ~ 1073 x BR(u = ey), (19)
BR(7 — 3u) ~ 1073 x BR(r = uy), (20)
BR(7r — 3¢) ~ 1072 x BR(r = ey). (21)

Clearly, these results tell us that in order to test this
theory for neutrino masses one needs to find the
radiative decays of the muon and tau leptons, and
cross-check the ratios listed above.

Collider vs LFV constraints: The theory investigated
in this article is quite simple and one can hope to test
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1073
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+ M, = 100 GeV
5 y
= -4 )
g 10 »/T—W(”\
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T 103}
=
2
]0—6 | L I
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FIG. 10. Ratio between branching ratios of 4 — ey and u — e
conversion as a function of ¥ mass for different values of ¢ mass.

the predictions at current and future colliders. In
Sec. II we discussed the main signatures at colliders,
we mentioned the signatures with charged tracks and
the channels with mutileptons and missing energy. In
Ref. [15] we studied the collider signatures and
pointed out the lower bounds on the fermion masses
using the channels with multileptons and missing
energy. We have shown that one can ruled out several
scenarios where the branching ratio BR(¥ — e¢) or
BR(Y — u¢p) are large and the fermion masses
are below the TeV scale. In the scenarios when
BR(¥ — 7¢) is large one can use the searches with
ditaus and missing energy to exclude the region of the
parameter space when the My is below 400 GeV. For
a detailed discussion see Ref. [15].

In order to show the impact of the collider bounds,
we show in Fig. 11 the correlation between the
collider and lepton flavor violating bounds. In this
case the BR(¥ — 7¢) is large. The red shaded region
is excluded from the collider bounds found in

1
0.500% Copr
e,
fes)
‘S 0.100} ’gﬁ
1 0.050f —
= (==~ M,
E _____ O[IPI y
M 0.010 e “tio
0.005 B, 2
BR0S
e—y) ~..~~..
0.001 : L
100 200 300 400 500 600
My [GeV]
FIG. 11. Correlation between the collider and lepton flavor

violating bounds. The red shaded region is excluded from the
collider study in Ref. [15], while the blue region is excluded by
u — ey constraints. For illustration, we assume 4, = 4, and scan
all 4; from 0.001 to 0.1 assuming My = 50 GeV.

Ref. [15], while the blue region is excluded by
u — ey searches. For illustration, we have assumed
Ao = 4y, and scan all 4; from 0.001 to 0.1 assuming
M, =50 GeV. One can appreciate that in these
scenarios the collider bounds are much stronger,
ruling out most of the parameter space when the W
mass is below 400 GeV, while the 4 — ey bounds are
not so important. Of course, as we have discussed
above, when the Yukawa couplings, 4, and 4,, are
large the u — ey bounds are more important.

IV. SUMMARY

It is well established that the observation of lepton
number violating processes in the charged lepton sector
of the Standard Model would constitute unambiguous
evidence for the existence of physics beyond the
Standard Model. Owing to the remarkable progress of
several experimental collaborations, such as Mu2e, the
detection of such processes may become feasible in the
near future. In this work, we examine the predictions for
lepton flavor violating processes within the minimal theory
of neutrino masses, which is formulated on the basis of the
spontaneous breaking of local lepton number at the low
energy scale. This theory predicts the existence of four
additional fermionic states required by gauge anomaly
cancellation, one of which emerges as a viable dark matter
candidate. These new fermions acquire their masses from
the same symmetry breaking mechanism, whose scale is
bounded from above by the requirement of reproducing the
observed dark matter relic abundance. Given that this
theory can describe phenomena below the multi-TeV scale,
it becomes imperative to investigate its implications for
low-energy observables with high precision.

Within this theory, LFV processes arise at the one-loop
level through diagrams involving the new charged fermions
and a neutral scalar field. Thanks to the simplicity of this
theory, its phenomenological consequences can be com-
prehensively tested through a combined analysis of LFV
searches and collider experiments. We presented a detailed
study of the relevant LFV processes and, by employing
current experimental bounds, delineate the corresponding
allowed regions in parameter space. Furthermore, by
incorporating projected sensitivities, we identify the ranges
of Yukawa couplings and new particle masses that can be
probed in forthcoming experimental efforts. This minimal
theory of neutrino masses thus provides a coherent and
testable framework that simultaneously accounts for the
origin of neutrino masses, lepton number violation, and
dark matter, offering a concrete avenue toward uncovering
the structure of new physics at accessible energy scales.

DATA AVAILABILITY

The data that support the findings of this article are
openly available [28].
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APPENDIX A: EXPERIMENTAL BOUNDS

TABLE I. LFV bounds.

LFV process Current upper limit Future projection
u—ey 1.5 x 1078 [1] 6.0 x 10714 [16]
T ey 3.3 x 1078 [17] 3.0 x 107 [23]
T = Uy 4.2 x 1078 [29] 1.0 x 1072 [23]
u—3e 1.0 x 10712 [25] ~10716 [2]

T — 3e 2.7 x 1078 [26] 4.6 x 10710 [23]
7 — 3u 1.9 x 1078 [27] 3.5 x 10710 [23]
1Al - e Al ~10-17 2]
uTi—eTi 4.3 x 10712 [30]

uAu - eAu 7.0 x 10713 [20]

uPb — ePb 4.6 x 1071 [24]

We list the relevant experimental bounds for our discussion in Table 1.

APPENDIX B: i — ey

The relevant Lagrangian to discuss the lepton number violating processes is given by
LD /lei‘i’Le}ﬁ) + H.c.

The one-loop diagram for u(p;) — e(p,)y(q) is shown in Fig. 1, where p, = p; — ¢q. The amplitude for this process
reads as

M = 80) P G e e ) G i e 0

dk  PL(K+ po+ M)y (F+ P1 + My)Pr
) | o Tt = WG = W — 0 B

= el A, il

One can simplify the numerator as follows: where A, B,C,D,E, F are some parameters that do not
depend on the momentum. Performing the integration,
N, =P(f+ P+ My)y"(K+ p1 + My)Pp we get

=P (" K+ Kr' By + Bar' K + Por’ By + My").
. . ' ii,(P2) PLNYu,(p1) = it (p2)PL(AB1y B1 + Bpay' o
Notice that any term proportional to i, (p;)y*u,(p;) will

v v
cancel out with the contribution from the diagram when +Chir' b+ Char' b
the photon is attached to either y or e external line. The +Epiy'p+ (E+F)pay' pu
loop functions can be written as + Fpor’ s + bor* B

/ d*k k% kP + COM\Z}'}/H 4 Dga/}yayuy/})u”(pl)’
22)*[(k + p1)* = M3][(k + p»)> — M][k> — M3]

B B B
= Apip! + Bpsph + C(piph + piph) + Dg,  (B2)

where the divergent D term gets canceled out with the
contribution from the other diagrams mentioned above.

Ak ke One can simplify further by the applying the Gordon’s
| o= MRkt poP — MRIIC = bz denity and we ke
= Epf{ + Fps. (B3)  dio(pa) Py’ Bru(pr1) = imyite(p2)6**qaPru,(p1)
d*k 1 + myi,(p2)Pru,(pr)g”
/ (27)* [(k + p1)?* = MG][(k + p2)* = MG][k* — M] + mym.ite(p2)y* Pru,(p1).
= Cy. (B4) (B5)
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Uo(p2)PLp1Y bouy(p1) = imyit,(p2)6**qo Pru,(py) + myit,(p2)Pru,(pi)g” + memyit,(pa)y* Pru,(py)
+im,it,(p2)6**q Pru, (py) — m,it,(p2)Prut,(p1)q" — 2it,(p2)gPru,(p1)q", (B6)
ie(p2)PLbor bru,(p1) = mum,it,(p2)y" Pru,(py), (B7)
U, (p2)PLP2y" bou,(p1) = my(myit,(p2)y* Pru,(py) + it (p2)6**qoPru,(py1) — i, (p2) Prit,(p1)g”). (B8)
In the limit m, — 0 Egs. (B7) and (B8) are zero. One can write the amplitude as
iM, = ied A Apm,it,(p2)o**quPru,(pr)e,(q) + (CoMy + D(2 = d))edoAyiie(p2) Prr*u,(pr)e,(q).  (BY)

where A; = A + C + E and spacetime dimension d = 4 — 2¢. For the sake of completeness of the discussion, here we
show the contributions from the other diagrams also. When the photon is attached to the outgoing electron, the amplitude
can be written as

d'k 5 m,)Pp 1+ My)Pg
iMy = el A, (ps) / (27)* [(7]; _(:5;3_2 — Lé}([ij—ﬁM% [p%‘ifz s u,(p1)e(q). (B10)
Now, we write
d*k k@
/(2,,)4 [(k+ p1)? = M3][K* — M3] = Bupi. (B11)
d*k 1
/ 2n)* [(k+ p1 ) = MBI —M3] Bo. (B12)

Following the same steps mentioned above, in the limit m, — 0, one can write the amplitude as
iMZ = eﬂe/lﬂ(Bl + BO)ﬁe(pZ)PLyyu/A(p])eu(q)' (B13)
Finally, when the photon is attached to the muon, the amplitude can be written as

PrL(f+ po + My)Pr(pr + m,)r"
[(k + p2)* = MG][K* = MG)[p3 — m;

ng = 616/1;,17{6(]72)/ ] uﬂ<p1)€l/(q)' (B14)

This contribution is always proportional to the electron mass and in the limit m, — 0, the contribution vanishes. Therefore,
the total amplitude can be written as

= ieﬂeﬂﬂALmﬂﬁe(p2)0-quzPLuu(pl)€u(Q) + (COMé + D(2 - d) + Bl + BO)e/le/Iﬂﬁe(pZ)PLyvuu(pl)eu(Q)' (BIS)
Now, one can show that the coefficient (CoM3, + D(2 — d) + B, + By) = 0 and the amplitude becomes
iM= ielellﬂALmuﬁe(pQ)ayaLIaPLuﬂ<p1)€v(Q)' (B16)

When My, My > m,, one finds

AL:

i <2M§, + 3MYM3, — 6M3 MY, + MS, — 6M M3, In (M7, /M%,,)) B17)
> :

167 12(M3, - M3,)?

We use Package-X [31,32] to perform all loop calculations.

APPENDIX C: uy — e CONVERSION

In Fig. 12 we show the different contributions to 4 — e conversion in this model. The dominate contribution is mediated
by the photon. Neglecting the lepton masses, the loop factor in Eq. (12), reads as

095043-9
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FIG. 12.

i (1M} —TMG MG, +2M, _Mg In(M}/M3,)
36(Mj—My)? 6(My—My)* |’
(C1)

while Ay, =0, and F (Ly) = 0. The A, coefficient is given in
Eq. (B17). At the low energy scale, one can match between
the quark and parton level by introducing form factors, and
the matching relation is [33]

ar'q = Fy, Pyr*¥y, (C2)
where
F')=1, F/=2 and F)=0. (C3)

The effective Lagrangian at the nucleon level can be
written as

Lo = Z [m,Cpec™ PLuF o5+ (CYePLy u)Pyra Py
N=p.n

+H.c.], (C4)

and the new vector couplings are defined as

iM = Ao Ao i;(p1) @Y AR PR + im0 q,ALPL]ui(p) — i (p2)r,u;(ps) = (pl < p2).

\
? q

Feynman diagrams for y to e conversion.

TABLE II. Values of the overlap integrals for different nuclei.
Nucleus D [33] V7 [33] V" [33] D%, (10557") [34]
Al 0.0362  0.0161 0.0173 0.69
Ti 0.0864  0.0396 0.0468 2.59
Au 0.1890  0.0974 0.1460 13.07
Pb 0.1610  0.0834 0.1280 13.45

Ch = Z CyFy — and

q=u,d,s

Chy= Y CUFy. (CS)

q=u.d,s

For convenience, we list the values of the parameters used
for different nuclei in Table II.

e

APPENDIX D: ¢ — ]

+,F
€ e

In Fig. 13, we show all possible class of Feynman graphs
for e; — eje; e, decays at the one-loop level. The Feynman
diagrams in the first row of Fig. 13 that involve Z and Z,
are suppressed due to their large mass. When the gauge
boson is attached to the scalar ¢, this contribution is
suppressed by the small kinetic mixing between Z and
Z,. Besides this, ¢ — ey puts a strong bound on the
coupling parameter 4, and 4,. The amplitude for the box
diagrams is proportional to /12!, and therefore is much
suppressed compared to the photon contribution to this
decay process. The amplitude for the e; — 3e¢; is given by

62

(D1)

S

Here we take into account the most important contribution mediated by the photon. The decay width for this process can be

written as [35]

095043-10
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) e (p1) ) e (p1) )
'l‘*-.y“ X e;-:(pl)
() ) € ()
v
Vs Z7 Zl
ef (p3)
Z, Zy + P1 <> D2 (.7 = k)
ef (ps)
o) e ) ) e )
~o a0 ‘v v  opep (=)
! o . ¢
¢ (p2) = ? —— i (p3) €h (py) =Pt = = =} = = = e T (p5)
FIG. 13. Feynman diagrams for ej" — e ee;.
212 192
ci’ej * * 16 mfi 14
I'(e; = 3¢;) = 2 my ||AR|? = 2(AR AL + ARA;) + |AL)? (; In <2mej> —;)], (D2)

with AR = F §§> /(Ao e€)-
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