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Lepton flavor violation within the simplest little Higgs model
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We carry out an exhaustive analysis of lepton flavor violating processes within the simplest little Higgs
model. Its discovery could be expected from either 4 — e conversion in nuclei, 4 — ey, or u — 3e decays.
Then, the tau sector could help discriminate this model not only viaz — £y (£ = u, e¢) and © — 3¢ decays,
but also by means of £ — 7 conversion in nuclei, which is promising in this respect. Although the model
slightly violates custodial symmetry, acommodating the recent CDF M, measurement is in tension with

electroweak precision data.
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I. INTRODUCTION

With the discovery of the Higgs boson [1,2] the Standard
Model (SM) of particle physics [3—5] was completed.
Powerful and praiseworthy as it is, a Higgs mass value
in the electroweak scale, v, calls for a deeper understanding
of the hierarchy concept.

Assuming the SM is a low-energy effective theory of a
more general high-energy theory, generalizing it at a high-
energy scale A > v raises the question; Is there new
physics between these two energy scales? The hierarchy
problem or the fine-tuning problem [6] is the reason
motivating the existence of new physics, that lies between
v and A. In the context of the SM, it means that the Higgs
boson mass receives quadratically divergent loop contri-
butions which are much larger than its measured value, and
require a correspondingly large bare-mass value so that the
fine-tuned cancellation between both yields the observed
my ~ 125 GeV. These leading quantum corrections are
only canceled when the parameters are fine-tuned.
Nevertheless, after the LEP experiment and the electroweak
precision data (EWPD) obtained [7] a little hierarchy
problem emerged [8], given that the LEP measurements
prevented new physics near ». Then there must be a little
hierarchy between » and the lightest new physics scale,
which should lie above the TeV.
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Many beyond the SM theories have been used to
alleviate the hierarchy problem like supersymmetry, tech-
nicolor, extra dimensions, and little Higgs. Our approach
belongs to the last one. Little Higgs models [9-14]
postpone the hierarchy problem in the SM by introducing
adequate new particles under an enlarged symmetry at an
energy scale of some TeVs. All these models are based on
the idea that the Higgs is a pseudo-Nambu-Goldstone
boson (pNGB), which arises from some approximate
spontaneously broken symmetry at the scale f 2 TeV.
This new symmetry is introduced to protect the Higgs mass
from large quantum corrections and the Higgs fields are
taken to be NGBs corresponding to a spontaneously
broken global symmetry of a new strongly interacting
sector. As a result of this novel nonperturbative dynamics,
additional new physics is expected at a scale ~4xf.

Through the years many little Higgs models have already
been constructed, in which the new particles depend on the
particular symmetry of the model. We can divide little Higgs
models into two categories [15]; product group models
where the SM gauge group arises from the diagonal
breaking of two or more gauge groups, i.e., (SU(2)x
U(1))N and simple group models where the SM gauge
group stems from the breaking of a single larger group, i.e.,
SU(N) x U(1). One the most important product group
model realizations of the little Higgs model is the T-parity
extension proposed by Cheng and Low [16]. Lepton flavor
violation (LFV) has been extensively studied within this
model [17-24]. In these models, there is no need to enlarge
the SM matter sector and the collective breaking can be
realized with just a one sigma model, although there is more
freedom related to the extra gauge couplings and a discrete
symmetry needs to be imposed to comply with EWPD. On
the other hand, a simple group model that is popular by its
minimality (N = 3 above) is the simplest little Higgs (SLH)
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that was proposed by Kaplan and Schmaltz [25,26], which
we will use. In this case an additional fermion field is
needed for the SM doublets to become triplets. In the lepton
sector this is a heavy quasi-Dirac neutrino, which drives
LFV. The situation is more involved in the quark counter-
part, where there are two possible embeddings as we will
explain. LFV has already been studied within the SLH in
slightly different approaches [27-31]." However, leptonic
tau decays and £ — 7 conversion in nuclei did not receive
much attention because they are less restrictive than the
analogous muon processes; according to experimental
limits, several orders of magnitude weaker for taus. We
will include them here for the first time, mainly to increase
the model-discriminating power adding these observables to
our toolkit. We will not discuss Z [30] or Higgs [29] LFV
decays as their branching fractions turn out to be < 107!
and < 10712, respectively,” (far away from current or near-
future bounds). Similarly, we will not address semileptonic
LFV 7 decays as purely lepton LFV 7 decays are always a
few orders of magnitude larger branching fractions [27,28].
LFV in the charged lepton sector is long sought after as it
will surely be due to new physics, given the Glashow—
lliopoulos—Maiani (GIM)-like [32] suppression of SM
contributions in presence of massive neutrinos [33-35].
There are very stringent bounds [36] from MEG [37],
SINDRUM [38], SINDRUM-II [39], BABAR [40], and
Belle [41]. There also is a plethora of experiments
contributing to this quest; MEG-II [42], PRISM/PRIME
[43], Mu2e [44], Mu3e [45], COMET [46], DeeMe [47],
Belle II [48], enhancing the case for studying the related
phenomenology. In the case of £ —7 nuclei conversion
there are still no experimental limits for this phenomenon
(recently been studied [49-51]). Reference [52] pointed
out that the NA64 experiment could be able to search for it,
as well as the proposed muon collider [53] or the electron-
ion collider [54,55], among others. Indeed, as u — e
|

(color representation, weak multiplet representation)

The SU(3), x U(1), gauge symmetry is broken down to
the SM electroweak gauge group by two scalar nonlinear
sigma fields ®; and @, which transform as complex
triplets. The model contains a global [SU(3) x U(1)]?
symmetry. The diagonal subgroup is gauged so the gauge
symmetry is [SU(3) x U(1)]. The symmetry is spontane-
ously broken, [SU(3) x U(1)]*> = [SU(2) x U(1)]?, by the

'Only Ref. [29] considered three heavy neutrinos with general
mixing, as we do here.

*These upper bounds correspond to the range of the SLH
model parameters that we study, see Sec. IV.

conversion in nuclei is synergic with the LFV u decays
in u — e transitions; we will find that in the 7 <> 7 (£ = e,
4) processes, conversion in nuclei will put significant
constraints together with the purely leptonic 7 LFV decays.

This work is divided into the following parts: In Sec. II
we quote all necessary Feynman rules using the 't Hooft-
Feynman gauge. After that, in Sec. III we develop the full
structure of the LFV processes. Then, in Sec. [V we show
our numerical results for all LFV lepton decays and
conversions in nuclei. Next, Sec. V discusses the implica-
tions of the recent CDF My, measurement in light of the
SLH model. Finally, in Sec. VI we present our conclusions.

II. PARTICLE CONTENT AND FEYNMAN
RULES IN THE SLH

We are going to develop the main characteristics of this
model first introduced in Refs. [25,26]. The Higgs fields are
Goldstone bosons which are associated with a new global
symmetry breaking at a high scale f ~ O(10 TeV). The
Higgs fields will acquire a mass and become pseudo-
Goldstone bosons via collective symmetry breaking at the
electroweak scale, v. This mass will be light compared to f,
since it is protected by the approximate global symmetry
and is free from quadratic divergences at one loop. Through
this section we develop the fields expansion of the theory.
We recall this was done in Ref. [15] using the unitary
gauge, though we follow the notation of Ref. [27] and use
the 't Hooft-Feynman gauge.

The SLH model is constructed by expanding the
SM SU(3), x SU(2), x U(1)y gauge group to SU(3).x
SU(3), x U(1),. In this case the SU(2) doublets of the SM
have to be enlarged to SU(3) triplets and additional SU(3),
gauge bosons appear. The subscript x indicates a new
x-hypercharge. Following the usual convention, the quan-
tum numbers of the fundamental fermions in the model will
be indicated using the notation

x-Hypercharge * ( 1 )

|

vacuum in which the scalar fields acquire vacuum non-
vanishing expectation values. These are chosen to be
aligned but not necessarily equal in magnitude,

0 0
(@)=1 0 (@)=1 0 . (2
fep (3.1) fsp (1.3)

The gauge symmetry above is also broken: [SU(3)x
U(1)] = [SU(2) x U(1)], where the latter is the SM gauge
symmetry. Originally, f ~ 1 TeV was considered but larger

056018-2



LEPTON FLAVOR VIOLATION WITHIN THE SIMPLEST ...

PHYS. REV. D 106, 056018 (2022)

values are assumed nowadays, according to LHC searches
[36]. Subscripts in the column vectors above indicate the
[SU(3) x U(1)], x [SU(3) x U(1)], transformation prop-
erties of each condensate. We note that under the full new
gauge group, the scalar fields have quantum num-
bers (1,3)_s.

The SM fermions are embedded into SU(3), triplets.
For the lepton-sector case the enlarging is straightforward,
but for the quark sector this is not obvious. There are two
choices of representations for the quarks. In the universal
embedding the representation is the same for each gen-
eration, but not all gauge anomalies are canceled within
the model.” The other representation is the anomaly free
embedding where all gauge anomalies are canceled. The
cost, however, is placing the first- and second-generation
quarks in a different representation than the third-
generation quarks. In both embeddings the lepton sector
remains equal, but right-handed neutrinos are omitted, so
neutrinos are treated as massless.*

A. Expansion of the scalar fields

The two scalar triplets are introduced as nonlinear sigma
fields and they can be parametrized in the following
manner, to realize the spontaneous global symmetry-break-
ing pattern,

0
@, = exp <E> exp <@> 0 |. (3)
f f
fCﬂ
®, = exp (lf > exp <_]l”_t/;) 0 [, (4)
fsﬂ

<z®> <12><2 2f2 hh 2x2 +24f4 (hh")3,
D, =exp
}h1hh11><2

it
- h71L><2 6f3

o <l®/> 12><2 2f2t2 hh 2x2 T 24f4t4 (hh )2><2
=eXp| —
g f L thZ + 6f3t3 h'hh’ 1x2

Ty

In this case there must be new physics, beyond the
SLH, obviously. In any case, the sensitivity of the Higgs mass
to the cutoff at two loops, within the SLH, requires this
additional new physics at scales not much larger than f
(typically A ~4xf).

“Reference [56] extended the SLH accounting for the mea-
sured neutrino masses.

where we have introduced the short notation s; = sin f3,
Cp = COS p, and fg = tan p. This parametrization has the
form of an SU(3) (broken) transformation. ® and ®’ are
3 x 3 matrix fields, parametrized as

n 02><2 h)
®:—1>< + - s
V2 (W 0

& (02><2 k)
O =—"13,;+ . , 5
\/i 3x3 K 0 ( )
where
ho 1
h = (h—)’ h0:7§(’[]+H—l}(), hi——Q’)i,

k:(ﬁ). (6)

Here h is an SU(2) doublet, becoming the SM Higgs
doublet, and 7 is a real SU(2) singlet, that will play no role
in the next development (see [15,57-60] for details). We
will assume that only the real part of A° may acquire a
nonzero vacuum expectation value (VEV). In the unitary
gauge the nonphysical eaten fields (@) must be rotated
away through a SU(3), x U(1), transformation, leaving
only the physical particle spectrum. Within the 't Hooft-
Feynman gauge nonphysical fields are preserved and the
fields expansion are the same that in Egs. (3) and (4). In this
gauge, loop calculations are easier than in the unitary gauge
but there exist more Feynman diagrams. In the following
we work with the ’t Hooft-Feynman gauge. The fields ®;
can be expanded in powers of v/f, in this work only
precision of O(v?/f?) is desired, for which it is necessary
to expand the scalars triplets up to the fourth order,

0

“h ) hh'h
2x1 T g3 2x1
6f ) 0o |.

1- h h+ 24f4 (h h) fcﬂ

—L,hle +6f+,3hh-}-h2><l > 0 -

7
2
2f2t2 hih+ 24f“ o (h'h) fsp

B. Gauge sector

The SU(3), x U(1), is promoted to a local symmetry by

the introduction of the gauge-covariant derivative,
. . gtw

D,=0,—igAT, +ig,Q.B:, g =———, (8)

Iz (Z uta xZxPu x m
where ¢ is the Standard Model weak coupling constant and
gy is a new U(1), coupling constant. Aj and Bj denote
SU(3), and U(1), gauge fields, respectively.
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The kinetic terms for the ¢ field can be written as
Lo = (D'®,)'(D,®) + (D'D,)"(D,D5).  (9)

The SU(3), gauge fields, in the fundamental represen-
tation, read:

1 0 O 1 0 O
AT, —Az 0 1 0|+ Ag 01 O
uta ) 2\/§
0O 0 O 0o 0 -2
0 Wi Y0
1
+—1 W, 0 X,|. 10
\/E 0’1,; 12 ( )
SARED G

The diagonal terms will join with the U(1), generator
to form the neutral gauge bosons A,, Z,, and Z;. In the
third term three pairs of conjugate particles can be
recognized. Since the upper left 2 x 2 submatrix contains
the unbroken SU(2), we can identify the SM gauge
bosons W*. From the gauge-invariant Lagrangian in (9)
we obtain the masses of the unmixed gauge bosons up to
order O(v*/f*) that can now be read directly from this
Lagrangian term [27]

20,2 2 4
g v° (S -
Linass 27, [1—6f<2+ ﬂw,jWﬂ

s S
22 2 4 4 4
gf v vt (S Cp _
A ) S — S N D 6P
* 2 { 2f2+12f4 <C§+s/2j g

. 303
[6\’/”_;3 (c’f Z)W Xt +Hc} (11)

We need to rotate the original fields to eliminate the
mixed terms as follows:

0 (30
WS wEe (TP x+,
S\ff2 cp

+ + iv’ C/3f 52 +
Xt xt a0 (D (12)
V21 \sp ¢p

The physical states W and X differ from the interaction
states only by a term of order v3/f3 [27]. This does not
matter for the following calculations, but is important in
determining the Goldstone bosons states. The masses of the
physical fields are

2 4 4
qu v Cp  Sp

My ==—1|1- —+ =1,
v 2[ 12f2<s§+c§

_af vt (g s 9f v?
M"E{l 4f2+24f4( +%ﬂ~%[1_4_f2}
(13)

The neutral gauge bosons sector is more complicated
because it is nondiagonal at order O(v?/f?),

Az
Linass D MAY¥YT 4 (A3, Ag, BOM | Ag |, (14)
B,
with
7A gA 99:A
4 43 6
M= | 2o &£ _78 gd_ g9 f
43 3 4 23 33|’
998 g9:A _ g9 f? At
6 23 33 9
2 4 4 4
v vt (S Sp
A=—-— Lyl (15)
2 12f7? (sfz), c%)

The matrix M needs to be diagonalized to get the
physical fields. Masses at order O(v?/f?) are [27]

o1 1 1
L mass DM%YO"Y,Q —&—EM%Z”ZM+5M2,Z’”ZL+§MiA"Aﬂ,
(16)
MA - 0,
af
My =——,
)

V2fg (1_(3—t%v) )
J3-4, 162,72 )"

2 2 4 4

gv v 22 Y (% s
My=——(1-——(1-1)- <—+—>>,

g 2cw< 16520 " 1212 \c) 53

(17)

MZ/ =

where the first-order mixing matrix for gauge bosons is

0 c -5
A, v " 7

3-12 .\'2

As | =| V3 o z |. (18)

B [3-12 /3 A
X [_W Sw 3[ cw

It is important to recall that the SLH model has no
custodial symmetry [61,62], i.e., there cannot be a
SU(2), x SU(2)g embedded into the SU(2), x U(1)y
to which the SU(3), x U(1), breaks spontaneously.

X
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TABLE I.  Feynman rules for the trilinear gauge boson couplings V,(p;) V,/ (p,) V, (p3). All these couplings

ViV,;Vv,;

have the generic form: ieg""7"[g,,(p> = p1), + 9,,(P3 = P2), + 9up(P1 — P3),] (j labels the particle-antiparticle
gauge boson pair in the vertex). All four-momenta are taken incoming.

VleVj gV;VjV/» VIVJVJ gV;VjV/
AXTX~ -1 AWTW~ -1
ZXx zoey [ = 5Ty + ewdz /3= 15 Zwwe "

Iy yv— W+ W— dz¢
ZXX ey [702(Cl = ) + cw/3 — 13y ZWW —

However the parameter p = Cg: ;V/V]% ~ | only gets corrections
at O(v?/f?) and the breaking of this symmetry is very
small (a model with custodial symmetry has been proposed
in Ref. [63]), see Sec. V. In the SLH there is a mixing
between the Z and Z’ particles due to the quadratic coupling
of the Higgs boson with them, so getting to the physical
Z and Z' requires the replacements

Z, = Z,+ 6,2, Z,—Z,—-6,Z,, (19)

where

52:(1—&,‘,)\/3—@02. (20)

8CWf2

Now we only need the charged Goldstone eigenstates
since neutral pNGBs do not contribute to LFV processes.
The mixing of pNGBs and gauge bosons are of the form
V#d,¢. The Kkinetic terms for the pNGBs and the

Goldstones-gauge mixing terms read [27]

2 /ot 4 2
LoD |1=2 (L4 0,0t 00+ (1= o0t dxm
® 6f? s/% cé # 2127
¢ (G 5
——E—L)(0,xT0*p~+0,x 0 pT), 21
3f2<sﬁ c[)( X PP 0P @)

- v (5 N
[,q):)zWH? 1_6_]02 g‘f’c—lz} 0”45

2 /3§ 2 /3§
_7)_2 BB guyt +X;£ U_z LT\ ugpt
3f S/} C/} \/z 3f S/} Cﬂ

- (1 —2”—;2> aﬂﬁ] +He. (22)

As in the case of W and X gauge bosons, it is necessary
to rotate their would be longitudinal degrees of freedom, to
express the interaction eigenstates in terms of the final
pNGB eigenstates up to order O(v?/f?),

2 2 /3§
X —(1 +”—>xi Fi (—ﬂ——ﬂ)qsi,

4f2 3f2 Sﬂ Cﬂ
2 /et s
£ o Fill 4= (L 4+ L) | g=, 23
o —>3Fl[ +12f2<s/%+c§ ¢ (23)

For the calculation of these states we use the relations
(12) to obtain the v?/f? corrections. Taking Egs. (18), (19),
and (23) into account, the relevant Feynman rules can now
be obtained.

1. Vector-boson Lagrangian

The kinetic Lagrangian of the gauge bosons gives rise to
the trilinear’ gauge bosons couplings necessary for our
calculation. It can be written as

1 - - 1 ~ i
Ly =-=T1|G,G"]--B¥B,,. G, =-[D, D,
\4 2 I'[ 774 } 4 Xpv W g[ " ]
(24)

the results® to order O(v2/f2) are given in Tables I and
II [27].

C. Fermion sector

As anticipated, the SM fermion SU(2) doublets must be
enlarged to SU(3) triplets. In addition, in order to give mass
to the new third components of the SU(3)-triplet fermions,
new SU(3)-singlet fermions must be introduced.

Then each lepton family consists of an SU(3) left-
handed triplet 3 and two right-handed singlets 1. A right-
handed neutrino is not included, leaving them massless as
in the SM,

Ly =, €L iNp),,

KRWH NRmv (25)

where m is the generation index. There are three new heavy
neutral states N,,, defined with a phase i, necessary to get
real masses and lepton mixing angles. In the case that we
want to give mass to the SM neutrinos, one would need

5Quartic gauge bosons couplings also arise, but are irrelevant
for our work.

6Through this work we have found a few typos in the Feynman
rules and form factors given previously.
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TABLE II.  Vertices [SV¥V¥] = ieK¢g" and [V¥S(p;)S(p,)] = ieG(p; — po)*.

N4 K VSS G

X XFy +iMy yxtxT +1

PFWTy £iMy vt T +1

xtX¥Z r Sy g s Mx(1413) ZxExT =5t 1-22,
:FZMX 2ewsw + l5Z 2SW\/§_—tQ‘; + 2swew + 62 25y /3_t%/

¢iW¥Z . .o My(1-5,) Zqﬁiqﬁ: 3 =83, 1-22,

ﬂ:lMWlW + l(SZ 75“’ /—37[%‘/ + 2swew F oz zswﬂ

.Xin:Zl - MX(H‘I%V) . c2,—s? Z/xixq: l—t’fv 2 —s2
+i 2syy/3-13, + 10, My Z‘SYWC!: + 2sw/3-1, + 4 2v;/wc;v/

PEWFZ . 1-73, . Z'pFpT 115, sy
FiMy Py vy F io,Myty F Y oy + 6, ST

extra singlets to define Dirac neutrinos or new terms that
break lepton number to introduce Majorana masses for the
SM neutrinos, as shown in Refs. [56,64]. The structure of
the quarks fields depends on the embedding we select:
(i) Universal embedding
All generations carry identical gauge quantum
numbers and the SU(3), x U(1), gauge group is
anomalous (the SM SU(2) x U(1), gauge group
remains anomaly free). Each quark family consists
of an SU(3) left-handed triplet 3 and three right-
handed singlets 1,
Qn=(uyd,iUy),,, tgy, dgm, Ugw. (26
The new massive quarks U, C and T have charge + %
(ii) Anomaly free embedding
In this configuration we take different charge
assignments for the different generations of quarks
triplets, the third generation of quarks is the same as
in the universal representation, but the first two
generations are in the antifundamental representa-
tion of SU(3) [65],

er = (dL - ”LiDL)’ dg, Ug, Dy,
Q; = (s, —cLiSy), SR> CR» Sgs

OF = (1,b,iTy), IR, b, Tk, (27)

such that with this new charge assignment all
anomalies cancel [66,67]. The new massive quarks
are now labeled D and S because of their charge of
— 1, and we have again a massive quark 7. In both
embeddings, the phase i is needed to produce real
masses and mixing angles. Table III collects the
gauge representations and hypercharges for the
fermion sector in both embeddings.

1. Lepton-Yukawa and lepton-gauge Lagrangian

The Yukawa sector of the SLH model collects the flavor
structure of the theory. Lepton masses follow from the
Yukawa Lagrangian, and are generated by two types of
terms: linear and bilinear in the @ fields. This Lagrangian
can be written as

) _ + amn _ .
Ly D il Ng,®iL,, + Tf Crm€in @ @ILE + He., (28)

where A is the ultraviolet cutoff of the theory. Here m and n
are generation indices, whereas i, j, k, are SU(3) indices.
Notice that Ay has been taken diagonal. However 4, does
not need to be aligned in flavor space. After spontaneous
electroweak symmetry breaking, this Lagrangian yields the
lepton masses and the heavy masses up to O(v?/f?) [27],

TABLE III. Quark quantum numbers in different embeddings.
Universal embedding
Fermion Ql 2 QS URm> URm dRm Lm NRm €Rm
Q. charge 1/3 1/3 2/3 -1/3 -1/3 0 -1
SU(3) rep. 3 3 1 1 3 1 1
Anomaly-free embedding

Fermion QI,Z Q3 URm>» TRm dRm’ DRm’ SRm Lm NRm €Rm
Q. charge 0 1/3 2/3 -1/3 -1/3 0 -1
SU(3) rep. 3 3 1 1 3 1 1
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62 _
‘CY ) _fsﬂ/llr(ll |:< B )NRmNLm 51/Nle/Lm:|
+§ﬂ\/— M rlrn + Hee., (29)
where

5 v e {1 2 0P <s2§+cﬁ)] (30)
YV P AR 12\ s

where §, represents the mixing angle between a heavy
neutrino and a SM neutrino of the same generation. Notice
that the rotation that diagonalizes Ay does not necessarily
diagonalize 1,, meaning that there is a mixing between the
charged leptons and heavy neutrinos mediated by the
charged gauge bosons. Charged leptons mass eigenstates
and flavor eigenstates are related by the rotation

Z/ﬂLm - (foL)m = Vr;ifLiv (31)

where V™ is a Cabibbo-Kobayashi-Maskawa (CKM)-like
matrix. Furthermore, according to (29) each heavy neutrino
is mixed just with the light neutrino of the same family. To
separate them, we rotate only the left-handed sector. To
order O(v*/f?), the physical states for the neutrinos are
given by

(o).~ [05F 20 e

After the spontaneous symmetry breaking, in the mass
eigenstates basis the matrix 47" is diagonal. The lepton

masses up to O(v?/f?) are [27]

—(sﬁ%yﬂ., (33)

where y, is the eigenvalue of the 1, matrix, and we rotate in
the same way the SM charged leptons and neutrinos,
because in this work we consider massless SM neutrinos.
We note that, in the physical basis, Higgs LFV interactions
arise at one loop [29], which makes Higgs-mediated
contributions negligible in the processes under study.
Finally, the heavy neutrino masses are

my = fsphiy. (34)

For a complete description of the leptons sector it is
necessary to calculate the vertices of a Goldstone boson
with a lepton pair. These vertices are obtained from the
lepton kinetic Lagrangian, which can be written as

TABLE IV. Vertices [SFF| = ie(g; P, + ggPg) for the lepton

sector.

SFF 9L e

XNty - A —g oy A (1= 82V
" \/Elsw%(l -8 /2)ver —m’””m 1-a/2vp
¢~CN,, 5y i ;;;V yims _s, f ”L yins
o ’ O
Xl S, zlsw% 0

s 0 \/Eis A 52/2)
P~ (1-8/2) 0

Ep = Wmlpl//m, Y = (Lm’ me’NRm)' (35)

The covariant derivative was given in Eq. (8) with the Q,
charges in Table III. The vertices of Goldstone bosons and
leptons are collected in the Table IV [27].

We highlight that the nonchirally suppressed couplings
of the heavy neutrinos showcase their nondecoupling
behavior, which was stressed before (see e.g., [17,18]).
To get those couplings it is necessary to use Egs. (23), (31),
and (32). Some couplings vanish because they would be
proportional to SM neutrino masses, that we neglect.

It is possible to find the SM couplings with v?/f?
corrections (in 8, and 6,), new couplings of the heavy
gauge bosons to leptons, couplings of the SM gauge bosons
to the new heavy neutral leptons and couplings of the new
gauge bosons with the new heavy neutral leptons. The
entries of Table V were obtained using Egs. (31) and (32).

2. Quarks in the anomaly free embedding

The Yukawa couplings are found by contracting the
fermion fields with the scalar sets into singlets in all
possible ways. For the anomaly free embedding, the basic
Yukawa Lagrangian reads [27]

. _ + . — ./,Vn = i i
Ly D 2y ®] Qs + il ®]05 + i =" dpuein @ PO
+ iA{"dy, OOy + i7" 5, 05 P,
lm}’l "
+i ;’\ g€ D} d>’ k. (36)

where n=1, 2; i, j, k=1, 2, 3 are SU(3) indices,
drm = {dg. 5g, br. D, Sk}, Ugm = {ug. cr.tr. T}, Ugs
and u%, are linear combinations of 7z and Ty, d%, and
d}, are linear combinations of dy and Dy for n = 1 and of
sg and Sy for n = 2,
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Mg+ 24 sﬁulze3 _ —Absgits + A4 cﬂufe3

TABLE V. Vertices [V¥ff] = iey*(g. P, + ggPg) for the lep-

Tr= ton sector [27].
(4)%cj+ (45)s ()¢ + (s oy
A eydy 44 s 2 _idigydl £l cpdd, Vertex e Rae
DR:1ﬁR1 2 Sp4R1 _ BRI PeR1 . L R
291)2¢2 4 ()d1)22 \/ 291262 4 (241 ALt 1 1
Ve + () W'+ s Al L (1-8) :
Sp— M%ﬂdllez ‘ngsﬂd%?z 7 :_lgzsﬂd}ez +’1fzcﬂdR2' WHN, £, _2(;2/% v 0
Sw
\/(zf2)2c§+(zg2)2s; \/(af2)2c§+<132)2s2 27.¢, 2o 0081 —
2eysw 2SWC%V\/3——_I_ZV; /3ty
(37)  zow, 1= _ _67(1-253) 0
ZN,‘N,‘ 9z + 5'% 0
We have obtained heavy states with corresponding large- B sw/3-15 2"wa
mass and light-orthogonal states which remain massless at ~ ZNu?; ~8, 205 VI 0
this point. In general, A¢ can be taken diagonal and, to avoid ~ X*7,¢; = T 0
large quark flavor changing effects, we also assume A9 tobe ~ x+ N, ¢ e, (1 3 é) pmi 0
diagonal [15]. Corrections of the order v?/f? to vertices are ) Vaw A2 ‘
only needed for particles involved in triangle diagrams and, YO”_"” i o Vasy 0
since quarks only appear in box diagrams, O(v/f) pre-  Y°N;N; v 0
cision is sufficient. Then, before the SEWSB (spontaneous YOU;N,, (1- 52)sz 0
electroweak symmetry breaking) we obtain the following - ‘f‘ )
YON,,v —52 A—ymi 0
masses for the heavy quarks, - e 12 - 5
g Lﬂ’f 28yl M:/37+ ZZSWC;VW C%‘/‘/B'_r%'/ — Ozl
Z'y; 2531 G-)%c, 5, 0
mr —f\/ ,1’ + ,It sﬂ, 7 ZAWVC%V\/ﬁ (1 T ) lrm
Z'N;N; 2-82(3- 0
mp =f\/(/1?1)2c,% s, _ R L 20
Z'N,v; /37, by 0
T 25w
ms = 11/ 02 + )53, (38)
After the SEWSB, the quark-mass terms work out to
leading order as follows [27]:
|
spegl(A )] - A _
L1738 5 mTTRTL+\;_ pepll)” — HTt—% 172 Trty
2\ P+ (1) 2 \/ug)%;, +(4)s)
B SaC ﬂdl /ldl _ ﬂdlﬂdl _
mpDaD, — sl = ( )]D ded,
\/_\/ (a1)2 + /Idl) \/_\/ (Ad1)? + idl)
. S S v SﬂCﬁ[(ﬁ.dz) (/1d2) ] _ /1a’2/1d2 B
SERSL T2 a2)2 &2 \/— a2) o K
\/ (A3 + (a)s) \/ (A2 + (A2)s2
vf vf s
+ U +—/1md b; +H.c. 39
\/EA u Rm“Ln \/EA b “RmYL ( )

In general, the couplings A7 and A;" generate a
misalignment between the up and down sectors in the
mass basis causing the CKM matrix to appear; these
couplings also provoke a misalignment between heavy
and SM quarks, but since in this work we are interested in
LFV, we will assume no flavor mixing in the quark sector

|

for simplicity, so we demand A = A7/" =0 for all the
couplings that mix different families or heavy and light
quarks. SEWSB also induces mixing between heavy left-
handed quarks and the SM quarks, mixing that we keep.
We rotate the left-handed fields to obtain the physical
quarks states [27],
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Ty - Ty + 61,

tp >ty — 6,1,

TABLE VL

Vertices [SFF]| = ie(g, P; + grPg) for the quark
sector in the anomaly free embedding entering in our calculation.

SFF g g
DL = DL + 5ddL’ _ - -
x~D,,u,, _Mp, 1 ”A'; fl
dp —dp —6,Dp, _5 M Vs ﬁl AW
x~d,,u,, 0 & W
X fsw
Sy = Sy + 6,5, ¢D,u i My, o imy, |
m%m d,, \/—S My _6dm MW \/55
S; > 85, —0 SL? (40) —a tm,, " 1 im, 1 "
L L% ¢~ dyuy, — A T
(a) First and second family, where u,, = u, ¢ and
where d,(D,,) =d,s(D,S).
2 SFF gL IR
5 =7 Sﬁcﬁ[(’l ) - X Th _ My my 1
=V Gy P - o Y
xtib 0 3 e
b= SﬂCﬂW‘“) # T e i
= — 25y Mw WV 2sy
V2f (A')ep + Gt ib _im_ 1 _imy 1
d2 d2 My V2sy My /25y,
5 — v speplA ) (’1 ) ] (41) (b) Third family
TV GPRG T 0P
L _ . *
are complex in general. Taking all this into account we get D{i 5, = 9 T i9AuT G
the SM quark masses, . o igy .
D3, =0, —igAiT, + ?Bw
2ig
my ==, D} = 0+ B},
igx
vf 5 =d,——"-Bj. (44)
m. =————»A", 3
T V2A
my, = vf ,12, With this information and redefining the Goldstone
\/51\ fields as given in (23), we can obtain the relevant quark-
v A2, Goldstone boson couplings for our processes, which are
e = V2 (21)? T given in Table VI [27].
\/ + ) We remind that all quark flavor changing vertices were
v Jdi 1 removed, so there is no CKM-like matrix. For the anomaly
mg = \/— n o free embedding the vector-quark interactions are given
\/ (") 2ch + (43)%s5 in Table VII [27].
Ad2/1d2
my = —— 12 (42)

V2 JaRre G2

Similar to the lepton sector we need the quark-gauge
Lagrangian to complete the review of the quark couplings.
In the anomaly free embedding we have

EF = lel)ﬁQm + ﬁRmiD”uRm + aRmiDddRm
+ TRiP"Tg + DgiPDg + SgiP?Sk. (43)

Remembering that the first two families are in the anti-
fundamental representation,

3. Quarks in the universal embedding

The situation is similar in the universal embedding
although the Yukawa Lagrangian is different,

£mem ») M“"uRn@ Qn + l/lunMRn ;Qn
mn

+ t%&Rmeﬁk@’id)éQ’,j + H.c. (45)

where m, n = 1, 2, 3 are generation indices and i, j, k = 1,
2, 3 are SU(3) indices, d,, runs over the down quarks
(d.s,b) and u)? are linear combinations of the orthogonal
light and heavy up-quark states,
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TABLE VII. Vertices [VFFF] = iey* (g, P; + grPg) for the
quark sector in the anomaly free embedding.
VFF gL IR
- 2 2
7dmdm 3 3
— A ] 1
W=D,,u,, -5 dn Vasm 0
_ 5 1
w-d,,u,, Vi 0
Zit, U, 4c3,-1 25y
6cy sy 3ew
i —1-2¢2 Sw
de_ d, ecW.;WW 3 ch
X_l_)mum - \/fl.\-w 0
X~d,,u,, _5dm T 0
Z'i,,u, \/3-1 -1,
65y 5 3sw/3-13
7'd,d, -2, fy
65y 3swa/3-13,
(a) First and second family, where u,, = u, ¢ and
dm(Dm) = d,S(D,S).
VFF gL 9r
z 2 2
v g gE
W*Th —5F 0
25y
+7 1
W+tb e 0
th 40%1/_] —_ ZYJ
6Cw Sw 3ew
h —1-2¢2 Sw_
Zbb 6trwiww ew
+ i
XTTb T 0
+7 SO |
X'tb —0; ZlSW 0
Z/ft _3_t%v _2t%v
6syy 3—tfv 33‘1/\/3—[%4,
Z'bb -3ty oy
6xwy/3—t€,/ 35W\/3—t'€v
(b) Third family.
Uno — /lllmcﬂull?n + Agnsﬂu%n
Rn —
V2 + (s
_Jung I/tl _’_ﬂunc u2
uRn — 2 ,[)) Rn ﬂ Rn (46)

NCOR RO

Analogously to the anomaly free case, A} can be made
diagonal by a field redefinition and A5 is also taken
diagonal to avoid large quark flavor effects. The mass

terms are [27]

oy > —p,fary
v sﬁcﬁ[(l””)z
V2 \/ (2
v ﬂunlun
V2 \/ (Amy2c3

+ \/—Tf;\l;jd_RldL] + H.c.

e + (44m)?

/1“" 2 _
vs)] URnMLn
Aun)

S/23 URn ULn

uRnuLn

Aun)

(47)

We have neglected terms proportional to 2/ f2. We will
again ignore all generation mixing terms. This means
setting A = A,6;;. The only mixing effect in which we
are interested corresponds to terms involving the light and
heavy up quarks of each generation. The following rotation
of the left-handed fields is required to obtain diagonal mass
terms,

ULn - ULn + 514,, ULps

Upy = ULVL - 614,, ULn’ (48)
where
5 _ v spepl(din)? = (45")7) (49)
VRS (e + ()
The quark masses to order v/f are
MU 7f\//1un 2 2+(lun) Sﬁ,
S
V2 ¢ (e + ()23
ma, = (50)

n \/_A

The quark-gauge Lagrangian is more symmetric for the
universal embedding,

‘C = QmipL Qm + ﬁRmiDuuRm =+ &RmipddRm

+ UppiD"Upgpps (51)

where
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TABLE VIII.  Vertices [SFF] = ie(g, P; + grPg) for the quark
sector in the universal embedding entering our calculations,
where u,,(U,,) = u,c,t(U,C,T) and d,, = d, s, b.

SFF (73 IR
+77 M my, 1
xTU,,d _Muy 1 Zdw 1
e My \/Esw My ﬁSW
4 - s Mg, 1
Xty 0 5””' My /25y
0. d i My, v Img, |
¢ Und, 5um V2sy My 5um My V2sy
¢+ﬁmdm My, 1 My, 1
My /25y My /25y

ig,

Dy = 0, — igAiT* + == By,
2ig
Dy =09, + 3xBjj,
ig "
Dé =9, —?XBM. (52)

The Feynman rules for quark-Goldstone couplings to
order O(v/f) are given in Table VIII [27],

For the universal embedding the vector-quark inter-
actions are given in Table IX [27].

III. LEPTON FLAVOR VIOLATING
PROCESSES IN THE SLH

LFV decays in the SLH model arise at one loop level and
are driven by the heavy neutrinos N; in presence of the
induced rotation of light lepton fields V?. There are two
generic topologies participating in this amplitude:

(i) Penguin diagrams; namely, ¢ — £, {y,Z,7Z'},

followed by {y,Z,2Z'} — ¢,¢,,

TABLE IX. Vertices [VFFF|=iey*(g.P; + ggPg) for the
quark sector in the universal embedding, where u,,(U,,) =
u,c,t(U,C,T) and d,, = d, s, b.

VFF gL IR
7 2 2
YUpUpy ) )
J 1 1
ydmdm 3 3
+77 * 1
w Umdm “Cu, Dsw 0
Wti,d 4 0
m%m V25w
Zﬁm Upy 4‘%&/_] — ?“J
[ Cw
Zd. d —1-2¢3, Sw
m“m 6cwsw 3ew
XU - 0
Umdm V25w
g 4
X umdm - : 2; 0
m\/2sy
Z iy, 34, 22,
6sy/3-1%, 3sy/3-13,
13 2 2
Z'd,d, _ 3ty - fy _
6syw+/3—1y, 3swa/3-1y,

14

la

FIG. 1. Effective LFV vertex where V, =y,Z, 7.

(i1) Box diagrams.
Penguin diagrams of the form £ — £} H should be added,
however the couplings H — ¢,£, are suppressed by the
light mass of the fermions and, therefore, we do not take
those diagrams into account.

A. General structure for the LFV processes

The contributions of the SM to the LFV processes
£ — ¢,y and ¢ — £, f,F, are negligible for they are
proportional to the observed neutrino masses [33-35,68],
nevertheless the new little Higgs contributions can be
a priori large. The effective LFV V ,£7, vertex with V, =
v.Z, 7' is sketched in Fig. 1.

The most general structure for on shell fermions can be
written as

iT*(p. py) = ie[y"(F) Py + FyPg) — (iFy, + Fyys)o*Q,
+ (iF§ + Fpys) 0], (53)

where Q = p — p; is the vector boson momentum. Three-
body lepton decays £ — £, receive contributions from
penguin and box diagrams as we show in Fig. 2.

/ b 14 a

Z(, (a

FIG. 2. Generic penguin and box diagrams for £ — £,£,2,.
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There are seven possible decays:

We divide them into three categories according to the
leptonic flavors in the final state. Category (i) comprises all
the decays where &, = ¢, = ¢, [i.e., the decays (a), (f),
and (g)]; this kind of decay receives the name of same-
flavor decays. Category (ii) contains all the decays where
either £, # ¢, and ¢, = ¢, or ¢}, = ¢}, and £, # ¢, [i.e.,
the decays (c) and (e)], this category is known as same-sign
decays. And lastly, all the decays with final leptons having
Cr#C,, C, ¢, belong to the category (iii) [i.e., the
decays (b) and (d)], the so-called wrong-sign decays.
Finally, we studied the #/N —£,N conversion processes
(¢ = pu, e, £, = 1, ) whose form factors look very similar
to the same flavors category decays.

1. ¢ - y?, decays
The amplitude £ — £,y is proportional to the vertex in
Fig. 1; however, as shown in Refs. [17,69] the form factors
FY =0 when V is an on shell photon. The scalar and
pseudoscalar form factors Fy , do not contribute for real V

and are negligible for virtual V in the processes under
study. Neglecting m, << m, the total width for Z — 7,y is

given by

(¢ = ty) = (IF [+ FLP). (54)

The branching ratio is obtained dividing by the SM
decay width which, at leading order, is

FIG. 3.

Feynman diagrams for £ — y7,.

G%msf o
— j w
F(fj_)fiyjl/i):m’ GF:W,
w
a
Sw

In the case of = decays the SM branching ratio must be
multiplyied by ~0.17 to take into account both lepton
Michel and hadron decay channels. For these calculations
we have approximated all the integrations until O(v?/f?)
and then neglected the ratios,’

2 2 2
k) (56)
N, 14 X

We can classify the contributions to £ — £,y into two
types of topologies (see Fig. 3); loop diagrams with heavy
X gauge bosons and with W bosons (with corresponding
Goldstone bosons x and ¢, equivalent to their longitudinal
polarizations). Since only dipole form factors contribute to
this process, we have

Fiy = Fylx + Fylw,
Fip = Filx + Fily. (57)

Defining the mass ratios,

M3 M3
xi_—'NO() 0=—-n

W Rl TR NCD

we find the following contribution to the dipole form
factors for the X-mediated diagrams [27],

. aW mg i*\/7i
Fily = —iFilx =1 M2 (1-82) va VICFy(x,).
(59)
where
2 [~ A = 2 -y
Fx(x):MX 2C1—3C11—x C0+3C1+§C]1
5 3x—15x%-6x° 3x2
=—— 1 . 60
6 i—xp  Tan—xegl (60)

These contributions are equal to those of the SM with
massive neutrinos, replacing X - W, N; — v;, and V""" —
Vpmns- For tiny neutrino masses, x; = m,%l_ /My <1,

"In principle the neutral Goldstone boson y°(*) could contrib-
ute to the £ — yZ, decay, but it would be a two-loop process,
which goes beyond the desired order in this work.
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to keep leading order terms at O(v?/f?). The first term of
the form factor in (65) is already of order O(v%/£?), so when
multiplied by 6? the result becomes order O(v*/f*), which
we neglect. Then, this contribution to the form factor is

Fi(x) » 2 =7+ 0, (61)

and we recover a well-known result [34,35,70] bounded by
neutrino oscillation experiments,

_ 3«
32

eik i Alezl 2 _54 2 A _ 3 _
ZVPMNSVPMNS M2 < 10 : FW(X) :XMX C0+C1 _ECH
i=23 w

B — er)su

(62) _ x(8x2 +5x-7) x*(3x-2)

12(1 = x) +2(1—x) logld.  (66)

Expressions for the loop functions are collected in the
Appendix and take the value with Q> = 0 for an on shell

photon. For the W-based diagrams, we obtain in agreement with Ref. [27].

The whole dipole form factors are thus,

Flyly = =il |y, = 2.0 5ZZV"U’*V’””F (x;/@).
16z M Ay My i .
Fiy=—iF, =YL “rvie
v? )
with  aa Fala) + BFulfo). (6)
_ _ _ _ 3 _
Fy(x) = M3, (=2C, +3Cy)) +Mlzvi (CO +C _ECH)’ 2. ¢ > C, 0,0, decays
(64) The contributions to the transition amplitude of the LFV

three-body decays can be summarized as [27]
that we rewrite as

M2 = = M=M enuin+M enuin+M’enuin+Moxes'
Fy(x) = WMz( —2C, +3Cy,) rpeng Zpeng Z'peng boxe:
M5 (68)
M3 T
+—2’M§(<C0+C1—§C”>, (65) )
My We define the amplitudes and form factors as
|

2
e o -
M penguin = @”(P1)[Q27”(AfPL + AfPR) 4+ myic Q, (A5 Py + ASPg)|u(p)i(p,)y,v(ps) = (p1 < pa).

2
MZpenguin = Ae42 a(pl)[yﬂ(FLPL + FRPR)]M(p)IZ(pZ)[Yﬂ(ZZPL + Z??PR)MJ([%) - (pl <~ pZ)v
VA

Mz penguin = %ﬁ(Pl)[Y”(F/LPL + FrPp)u(p)i(py) [y (Z7 P + ZE Pg)|v(p3) — (p1 < p2),
Mbpoxes = €BE[ii(p1)y* Pru(p)|[ia(p2)y, Prv(ps)] + € BR[i(p1)y* Pru(p)][id(p2)y, Prv(p3)]

+e*B5{[ia(p)y* Pru(p))[a(p2)r, Pro(p3)] — (p1 <> p2)}
+ 2B {[a(p1)y" Pru(p)][id(p2)r,Prv(ps)] = (1 < p2)}
+ B5{[a(py)PLu(p)][a(p2) PLo(ps)] = (p1 <> p2)}
+ e*BY{[a(p1)Pru(p)[i(p2) Pro(ps)] = (p1 < p2)}
+ &Bi{[a(p1)o" PLu(p)|[i(pr)ouPLo(ps)] = (p1 < p2)}
+ ?B{{[a(p)o" Pru(p))[i(p2)o,, Prv(ps)] = (p1 <> p2)}. (69)
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where

AL = ~(Fly+ iF}) m.

AY = —(Fly = iF})/mp,

AL FL/Qh A= Py
FL:—F%, FR:_F£9
Fy=-Ff,  Fy=-F%. (70)

We can use Eq. (69) to obtain the partial decay width for the same-flavor decays [27],

2.5
N Cut i) = 50 {\Aﬂz +JARP — 2(ALASR 4 ALATR + Hoc.)
16 m 22 | o 1 4 o
+ (JASP + AR (T log | =5 | === ) + 2 (1B + [BR) + < (1BS® + |B5)?)
3 %|m, | "3) "6 3

1 1
+ 57 (B + [BEP) + 6(|BYI* + |B?) — 5 (BYBY" + B{B{" + H.c)

1, . . . . 2 s . R .
+3 (ALBE* + ARBR* + ALBY* + ARBR* + Hoe.) — = (ARBY* + ALBY + ALBY + ARBY* + Hec)

3
1
+ 3 {20F 1P + Frel) + |FLal + |Fre

+ (BYFy, 4 BRFjp + BEFip + BSFy, +Hee)) + 2(AVF:, + ARFy, +Hec.)

where
P F z¢ FrZ§
LL = M% ) RR = M% )
F1Z§ FrZ{
F;r= , Fp; = . 72
LR M% RL M% ( )

Some box form factors have been redefined to include
the contributions from the Z’' penguins,

B — B = B} +2F
Bf — BY = Bf + 2F}y,.
BY — BY = BY + F,

BY — Bf = BR + F}, . (73)
with
F/ Z/a F/ Z/a
F/LL_ LzL’ FQ?R: RzR’
MZr MZ/
F/ Z/a F/ Zla
F/LR: L2R7 F/RL: RzL' (74)
MZ’ MZ’

In our case many of the form factors vanish. The relevant
penguin diagrams are listed in Fig. 4.

|
Photon penguins.—The dipole form factors are the same as
in the # — ¢,y case and for those terms we can set Q> = 0,
since Q is small in these processes. The form factors F L.R
are linear in Q? and we neglect terms of order m2/M?,
which means that F ~ 0. The contribution of diagrams
with X bosons is

[04 . .
Fily =51 =8) S VArVGy (), (75)

l

where
N; ¢ N £
Z Veu Z S,
vi .
A 0
Vi 4 S b
2, 7% %2 Z"\/\/\f:: E
Vo TN S N,

Von ¢ ¢ Su__ e ¢
;
.
A,‘Z‘ZYW%%ZZ'W\% v.Z,Z'Mf< '».Z,ZIWV\<
;
:
I A A g ¥l

FIG. 4. Relevant triangle and self-energy diagrams for ¢ —
i f, 0, decays, where V,, = X, W, and S,, = x, .
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| B _ 1 - - _
Gx(.X) = _§+Bl +6C00 +X<§Bl + Coo —M%C())
2 (A 1 -
-0 2C1+§C11

2 2
:AX+%G“( )+0<Q ) (76)

X

where (A" is defined analogously below)

2 M3
AX = STt log(4x) — log <M2X>

MZ
=A.—log (2X> (77)
U

diverges in four dimensions.

The terms that are not proportional to Q? are canceled by
GIM mechanism, therefore the contribution to the form
factor is [27]

_ 2 o

Gel) =60+ O ). ()
(1) _ _i x(12+x—7x2)

O () =~ 2=y

x*(12 = 10x + x?)
12(1 = x)

log|[x]. (79)
Then, the contributions of the X-diagrams is
=2 g g Zv" yirGW (x). (80)
471' M3 ‘ X Wi

The W-based diagrams contribute with [27]

Fily = Z—Z@%Z:Vﬂi*vaw(%/w)’ (81)
where
Gy(x) = L B, —6Cy + M—é’ <COO + 11? + M%VC‘O>
2 M3, 2
= AV ¢ 5—; G\ (x)+0 (5—;> , (82)
Gy () _%_x<_32+(3:)131x2> 12(1x 4_x)41°g[x]’ (83)

1.€.,

4 aWQ

=7 7 522Vf "VIEG) (xi/w).  (84)

Z penguins.—In this case there are three pieces; two of
them involve only heavy neutrinos in the loop (FZ%|y,
FZ%|y), and the third contains one heavy and one light
neutrino (F%|,,), with either gauge boson,

Ff = Ff|x + Fflw + F{lu- (85)

Again we neglect m2/M? terms. The Z dipole form
factors Ff,, r (which are chirality flipping) can be
neglected as compared to F7. The X-based diagrams result
in [27]

AR Caix\ it
File = gy amsm 2V"Y
Wow i

1)
X[sz

V3-1,

Iy(x;) + 6;Hy(x;) |, (86)

where
x—x2 X
Ix(x) 26(1—x) 2(18—x)21°g[x]’
Hy(x) = z + ﬁlog[x]. (87)

The W-boson diagrams give the following contri-
bution [27],

ay 62
flw = 4‘:r/cwsWZVf MVM[ cyHy (xi/w)
24 (1 =188
i (3 D 10
3, (1=2s3)°158;
(U ]
2 8ch v

where (the Ry, contribution turns out to be negligible)

X x2
Hw(x) = é + 4(15— ot 4(15— 27 oeld:
() = = S~ s leel
X x2
Ry (x) = 00— + e log|[x]. (89)
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Diagrams where the Z couples one heavy to one light
neutrino contribute with [27]

52

Fily = aw Z VO VI Cop(Miy, 05 x;/ )

4z syew

- C00<an O;Xi)}’

_ a_W 512/ Z.Vfdi*vif[HZ(x./a)) - Hz(x‘)}a (90)

A syey l |

where
xlog[x]

Z! penguins.—Here we have two contributions,

Ff = FLlx+ FLlw, (92)
where there is no piece analogous to FZ|,, since the Z' has

an additional v?/f? suppression from its propagator that
makes those terms subleading. The form factors read [27]

/ 1 -
Fflx = =) VOV I(x). (93)

47[SW’/3 W

v
Ff |y = (;Zs \/(S_—IZZVK aix it [Iw(x Jo)
; (‘—SSW’me/w)] , (94)
w

where Iy, Iy, and Ry, are defined in Egs. (87) and (89). We
note that the pieces with a (1 — 2s3,) prefactor are numeri-
cally suppressed and can be neglected.

Box diagrams.—Only W and X particles can be involved in
the loop (see Fig. 5). Crossed diagrams (not shown in the
figure) contribute a factor of 2 due to Fierz identities [71].
In the limit of zero external momenta (all internal masses
are much larger than the muon or tau mass) all of them have
the same form (being proportional to a scalar integral over
the internal momentum).

Neglecting m,/M, we have contributions only to the BY
form factor, divided in three terms,

BY = B[y 4+ B"|y, + B"|yx. (95)

FIG. 5.

Relevant box diagrams for £ — £,£,7, decays.

where (only the numerically relevant terms below were
quoted in Ref. [27] as it happens in other box contributions),

aW 54
By = Sz sl M2 Z}{,,K 4 )do(x [0.x;/o)
2x,-xj
+ ) do(x;/ o, x;/w)|, (96)
—282) ~
Bilx = sﬂ s%V M%?X”K >d°(x"’x’)
- ZXindo(.xi, .xj):| ’ (97)

BﬂWX 8 SWM2 Z)(zjxx |: dO w, xnxj)
- 2d0(0), Xis x]):| ’ (98)

and
Xij = Vf[,i*vif|vjfa|2 (99)
encodes all flavor mixing.

3. ¢ - ¢, t, decays

Now, we analyze the same-sign category, i.e., the decays
of the form #(p) — Zi(p1)Z.(p2)¢.(p3). We note that in
this case the amplitude has no crossed penguin diagrams
contributions due to swapping ¢; and Z, because it will be
a two-loop process. Therefore, the amplitude for the same-
sign decays has no p; <> p, termin Eq. (69). However, for
the box amplitudes there are additional diagrams for
swapping ¢, and ¢,. Furthermore, now there is no
symmetry factor of 1/2 in the phase space integration
because all three final leptons are distinguishable. The final
decay width can be written as [20]

056018-16



LEPTON FLAVOR VIOLATION WITHIN THE SIMPLEST ...

PHYS. REV. D 106, 056018 (2022)

2

5
D = 64faf) = St
T

[2(|AIL|2 + |AR|?) — 4(AL AR + ALATR 4+ Hoc.)

m
+40A5P + A5P) (4108 || =7) PP + P + |Foal? + PP

a

A ~ N o 1
+ |Bi* + [Bri|* + |Bpaf* + [Bro|* + 1 (IBLs|* + |Brs|*) + 12(|Bpal* + | Bral?)

+ (ALF;, 4+ ARFrp + ALFr g + ARFy, +Heel) = 2(ARF;, + ALFjg + ARF; p + ALy, +Hoc)
+ (AFBY + ARBR* + ALBL* + ARBE + H.c.) — 2(ARBY* + ALBR + ALBY + ARBY + H.c.)

+ (FLiBY" + FraBY* + FipB5* + FrpBY + H-C-)] :

with the same simplifying definitions as in Egs. (72) and
(74). However the redefinitions of the box form factors are
almost the same that in the Eq. (73) but, in this case we use

B — BY =Bl + F),,
BR — BR = B + Figy,
By — B = BL + F.

BY — BY = BE + F,. (101)

As in the example above many of the form factors are
zero so the decay width will be simplified. These decays
receive contributions from the penguin diagrams in Fig. 4.
We take the following approximations,

2 2 2 2
my My my, my,

w10

which means that the form factor in Egs. (75)—(94) are the
same in this category, also the dipole form factors are the
same. On the other hand, the contributions from four-point
form factors can be written in the generic form [20],

COL ol
f4: )v/ij,\ F4(MN,~’MNj"")’
ij

(103)

where we have defined the flavor-mixing coefficients,

4, — kai*viflvjfa

)(ij 2 + Vfai*Vlfokj*ija’

(104)

and the second term exchanges £, and Z,. Thus, the box
form factors contributing in this category are represented in
Fig. 5,

ay (1 —268?%)

BL, =L
= Toz 52 M%

COL L XiXj\ ~
}(ijk o [(1 + 4j>d0(xi,xj)

(105)

ij

- inxjdo(xi, x,)] s

(100)

ay & 1 XX\ ~
Bi|y = - )(”"f"f“[<1+ j>do(xi/601xj/a’)

2 12 ij 2
167 sy, M3, 7 4w

2x;X;
+ wzjdo(xi/a),xj/a))}, (106)
Ay 51% COL ol 1~
B%|WX = ES%VM‘Z}V a )(ij k xi'xj |:§ do(a),xi, Xj)
ij
= 2dy(w, xi,xj)} . (107)

Another difference between these box form factors and
those given in Egs. (96)—(98) is that here we do not have
crossed diagrams, so no factor of 2 comes from the Fierz
identities.

4. ¢ > ¢,0,¢, decays

In the category of wrong-sign decays we have the double-
flavor violating three-body process: Z(p) — Z,(p1)
£.(p2)Z,(p3), in this case the amplitude does not receive
contributions from the three-point form factors,® the box
contributions on the other hand are the same that in same-
flavors category. The total decay width is [20]
alm’

F(l’ﬁ - I/ﬂal’ﬁazb) = 1927

|BY[” + |Bf > +2(1B3 > + | BS[?)

1 1
+ 2 UBs? + |BS[) + 3 (1B + [B{T?)

—3(BYB;- + B§B®R +H.c.)|,  (108)

as in the previous cases, many of the form factors are zero.
These kind of processes can receive contributions from box
diagrams that conserve lepton number as in Fig. 5 and

$Contributions of Z, Z', and y penguin diagrams start at
2 loops.
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diagrams with explicit lepton number violation (LNV), but
in our setting we cannot construct box diagrams with LNV
vertices because we lack Majorana particles for these
contributions. The relevant box form factors are almost
the same that in Egs. (96)-(98) but the flavor mixing
coefficient now differs,

)(ffafafb — Vfai*Vifoaj*Vifb' (109)
Then, the box form factors are
flw = 871' 2 M Z)(”ff"K 4a) >d0(X/a) x;/®)
2x,»xj

+ P do(xi/ 0, x;/@)|, (110)

BL CE Lot do(x;, x;

|X SWM2 z |:< 4 ) O(Xz x])
—ZXindo(xi,Xj)], (111)

2

e _
My peng _@”fa
62
MZpeng Wﬁf“(pl)[yM(FLPL + FRPR)]uf(p)
V4
62
MZ/peng = MTﬁfﬂ(pl)[},ﬂ(F/LPL + F%PR)]uf(p)
Z/

Mbox - ezB%qufa (pl)yﬂPLuf(p)ﬁq(pZ)yﬂPLvq(pS)-

We have already taken into account that the only nonzero
form factor is B due to the fact that the SLH couplings are
primarily left-handed. This gives for the corresponding
conversion width in a nucleus with Z protons and N
neutrons [27]

Z4
P(UN — eN) = a® =L F(g) Pmf|2Z(Af — A5)
—(2Z+ N)BL, — (Z+2N)BL )2, (114)

where Z. is the nucleus effective charge for the lepton
¢ and F(q) the associated form factor. The vertex form
factors are as for £ — ¢,£,¢, and were given in (70). We
have also defined

(ZL +Z3)FL | (Z]+Z})F,
M2 M2,

Bf, = By, + (115)

iy (p2)y,(Z'] P+ Z'%Pg)

aW 52

1

E AN

- WM%V X zxx [Zdo(a),xi,xj)
ij

B%|WX

(112)

I j

— 2do (. %1, x )}

In the wrong-sign decays there is a mixing of the three
families in the flavor coefficients, unlike in the same-
flavors and same-sign decays where only two families of
leptons are mixing.

5. u—e conversion in nuclei

As we have already said y — e nuclei conversion is
similar to y — eeé and differs only in that the lower part of
the diagrams is coupled to quarks. It does not have crossed
penguin and box diagrams because we have a coherent sum
of quarks composing the probed nucleus. Also, we do not
have identical particles in the final state. We will write the
amplitudes as follows [27]:

(P)IQ* " (AT P + ARPR) + im0 Q (A5 Py + ASPR)us(p)iiy(p2) Qyr,uve(P3)-

iy (p2)y(Z1 Py + Z3PR)v,(p3),

Uq(pS)7

(113)

|

to include the contributions from the Z’' penguins. In the
case of muons the conversion rate is obtained by dividing
by the muon capture rate

Lu—e)

R:F

(116)

capt

The nuclei we will consider are 33Ti and ]g,Au, whose
relevant parameters are listed in Table X.

Only the box form factors need to be recalculated and
these are, of course, embedding dependent. We stress that
we neglect any quark-mixing effect for simplicity.

TABLE X. Relevant input parameters for the nuclei under study
(see Refs. [72,73)).

Nucleus 4 N Zet F(q) Leape [GeV]
2Ti 2 26 176 054 17x10°'8
7 Au 79 118 335 016 86x1078
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In this approximation, only diagrams with a D quark appear in the anomaly free embedding while only diagrams with a U
quark are included for the universal embedding. Diagrams proportional to @ and with light quarks appear in both
embeddings but will be found to be a subleading contribution.

In the anomaly free embedding we obtain [27]

L
lu,

w16 st My

i
Ay 53

L -
V167 sy, M3,

Lu,,

4
.xi.xDm .
+ ) (‘%m + 5di)d0(xi/w’ XDm/w)],

BL o aw (1 _55)
lum|XW ~ 16z 2,

ay (1-2582 _— xXp X;\ ~ -
lx = —W( ) vam Vit [_ (4 + D#) do(x;., xD,,,) + 2xixD,,,d0(xia xDm) - 4|5d,,, 2do(x;, xdm>:| ’

iy /i XD, Xi'\ ~ ~
Zsz’a yit {_|5dnz 2 <4 + 7) do(x;/@,xp, /o) —4dy(x;/0,x, [0)

do(w’ Xi»Xp,, ))

1 I
M_%VZVfal*Vlf |:_5l/(5dm + 52’n)x1)mxi (do(a), X[,XDM) - 4

08,04, + 33, 8 ol 30 ,) = a0 % 34,)) = 550, o053, )] | ()
Bf,, = 0. (118)
In the universal embedding we find [27]
B, =0, (119)
Lok = ay (1- 82) ZVfai*Vif [(1 +xumxi>30(xi,xu ) = 2xixy do(xixy ) + |8, [Pdo(xi. x, )}’
" 16 syM% 4 4 " " . . ;
BlLdm w = %S%‘j\ié{, Zi:vfni*vif [|5um ? (1 + x:—g)j’) do(x;/ o, xy o)+ do(x;/, X, o)
+ xtz);fm (83, + 632 )do(x;/ o, xUm/a))] ,
B%d’" bow = %%ML%VZVK”HVM {—5u(5um + 85, )Xy, Xi (do(co, Xi, Xy, ) = M)
+ @8,(8, + 83, (do(@, %1, %,,,) = do(e, x;, xy,) + xixy, do (@, x;, XU,,I))} ’ (120)

with

xp, = Mp, /My, xy, = My, /M3,

m

Xg = mgm/M}(, X, = m%,/Mg( (121)

6. ¢ —t conversion in nuclei

The study of #Z — conversion differs from the well-
known u — e case. The latter is a low-energy process, while
the former could be probed via a deep inelastic scattering
(DIS) of the initial lepton beam. In a DIS the leptons
break the nucleons inside the atomic nuclei and interact
with the partons (quarks and gluons) leading to any
hadronic final state; thus we are only interested in the

£+ N(A,Z) - 7+ X case where X could be any hadrons
on which we do not focus. One important piece in this
analysis corresponds to the parton distribution functions
(PDFs) encoding the low-energy nonperturbative QCD
effects. Thus, perturbative effects (6) and the long-distance
contributions (H) are splitted, via QCD factorization
theorems, in the following way,
6, =06QH. (122)
Such oversimplified form of the convolution cannot hold
because o,_, depends on all partons inside the nucleons, so
this calculation is correct up to some scale, which is usually
taken as Q> = —g? where ¢ is the momentum transfer of
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the process. In addition, PDFs are characterized by the
Lorentz invariant quantity & which represents the fraction
of the momentum carried by the interacting parton.
Considering both quantities, one should write

orc =6(£.0%) ® H(E. 0%). (123)

In this work we are dealing with heavy nuclei (Fe and
Pb) and as pointed out in Ref. [74], binding effects alter the
long-distance behavior at different & scales. To account for
this, we use the fit of the nuclear parton distribution
functions provided by the NCTQI15 project [75] which
is incorporated in the ManeParse Mathematica package
[76]. Also, to consider the running of the quark masses with
the scale Q? we incorporate the RunDec Mathematica
package [77]. The perturbative cross sections are (no
contribution from gluons arises at lowest order in the
SLH and there are no quark FCNCs in our setting) [50]

d*5(¢q,(EP) — 7q:) _ 1 .
dédQ? ~167A(s(8), m2, m?) (Mg (€. Q%)%
26(£G, — 1G,(EP)) 1 .
ddQ’ = Toma(s(8), ni2, mp) Maale O

(124)

where p; = &P is the fraction of the nucleus total momen-
tum P carried by the parton, thus we consider m? = &M>.
It is necessary to add the same processes but with
antiquarks because the cross section and the nonperturba-
tive behavior is not the same in both cases. The total cross
section can be expressed as the sum of the cross section
over the nucleons of the nuclei [52],

o+ (AZ)>1+X)=Zo(+p—->1+X)
+(A-2Z)o(¢+n—1+X),

(125)

where the nucleon cross section is [50,52]

FIG. 6. Relevant box diagrams for /N — ¢,N conversion where
Vn( n) =4, W()C, ¢)’ um(dm) =u, C(d’ S) and Um(Dm) -
U,C(D,S).

o +N->1+X)

1[0 d*6(£q;(EP) — 1q;)
= dédQ? H. (&0
Z/é‘ /Qz_(g) sdQ { dédQ? q;(f )

d*6(¢q; — ©q,(EP))
dédQ?

H, (& Q2>], (126)

where H, (¢, 0%) and H, (£, Q%) are the quark and anti-
quark PDFs, respectively, and nuclear targets under consid-
eration are Fe with A = 56, Z = 26, and Pb with A = 207,
Z = 82. The integration limits can be found in Ref. [50].
Penguin form factors (quarks and antiquarks) are the
same than for the u — e conversion and quark box form
factors are computed from the Feynman diagrams in
Fig. 6 (for antiquarks we need to invert the lower fermion
line). Quark box form factors are the same than in
Egs. (117)—(121), and the antiquark box form factors can
be obtained from those equations as well. When we invert
the lower fermion line we exchange the diagrams for the
different embeddings; quark diagrams in the anomaly free
(universal) embedding are then related to antiquark diagrams
in the universal (anomaly free) embedding; therefore, we
need to change {u,,, U, } <> {d,,D,,} in those equations
(and the overall mixing coefficient, so that it corresponds to
¢ — 7 transitions), to get the antiquark box form factors.
Again, diagrams with light quarks and those which are
proportional to @ give subleading corrections. The squared
amplitude can be computed from Eq. (113), leading to the
result [we use the Mandelstam variables s = (p, + p;)?,

t=(ps—p.)* =-0%u=(pi—p.)*,
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. 46‘4Q2
|qu(§’ Q2)|2 = (Qz)zq

(o EM2 =) EM 1 0 = )]+

(O*)?AL1 P2m EM(mZ + m? + Q%) + (m? + EM? 4 Q% — s5)(m? + EM?* — u)

|Aga |Pm3

S m o m + QPP (M mi + Q7 = 26Mm,)

+4m%(EM? + m? — u)(EM* + m% + Q* — u)
+ (mZ + m? + Q2)[(m2 + m2)(6EMm,, — EM* — m% — Q%) — (s = m% + m% —u)(s — m2 4+ m2 — u)
+4mz((s —my — EM?)(s = m7 — EM? = Q%) — 4EMm ymy|

m? 0?

+

(AL1ARy + ARoAG ) [(6EMm, — EM? — m% — Q%) (m2 + Q* — m?)

+(u—EM?* —m2 — Q%) (s —m2 = 3E8M? = 2m2 +2u) + (s — EM? —m? — Q%) (u — EM? — m?))

—4e*|BY P(EM? + m2 — 5)(EM? +m2 + Q% — u) + |BL, 2(EM? + m? — u)(EM? +m? + 0* - 5)
+ EMm,(m% + m? + Q%) (BY,BY5 + BI,BI})]

+4¢*Q,

A BY + BLA [(EM? +m? + Q% = 5)(E2M? + m? — u) + EMm,(m2 + m2 + 0°)]

(
+4e*Q,(Ap1BY| + BY A; (M + m2 + Q% — u) (EM? + m% — s) + EMm (m% + m2 + Q?)]

B e*Q m?

Q2

(AgoBY5 + Bl AR, [(m2 + O —

m?)(E2M?* + mg +0* - 6§Mmq) —4Q%(s +m?)

+ (u—m? = EM?)(EM? +2m3 + Q% + 5+ 2u) + 3(s + u = EM?)(EM? + m? + 0% —u)

+u(E@M? +m2+Q*—u)+mi(s+u—m

"’4qu;2”

Q2

+

—m2 = EM?) + mi(m2+ Q> +u—m? — )]

(Apa BT + BY Asy) [—(m2 + Q% + m2) (EM? + m2 + Q* — 6EMm,)

+ (EM? +m2 —u)(EM? —|—2m§ —m2+ Q%+ s —2u) +3(EM?* + m% —5)(8M? + m? + Q% —u)

+2m2(EM?* + m3 + Q* — 6EMm,)],

where

BZl = BZ1 + F%L + F’ZL’ 322 - FZR + FI%R- (128)

To find the squared amplitude for antiquarks we only
replace s <> u in Eq. (127). We note that the dominant
contributions come from the |Bf | ,|* terms.

IV. NUMERICAL RESULTS

In this section we show and discuss the numerical results
of our 16 LFV processes exposed above. The first step is
setting the range for the free parameters of SLH model; f,
tg, My, 6, Vi and 04, as we show in the following.
Dependence of the 4 — e observables on these parameters
is studied in detail in Ref. [17] for the case of two heavy
neutrinos. Approximate cancellations between the y + Z
penguins and box contributions were already noted in this
reference (for yu — e transitions). These effects strongly
depend on the specific region in the parameter space of the

(127)

SLH model and, because of that, we will not dwell into
them here.

The scale of compositeness, f, can be estimated through
the direct search of Z’ bosons at LHC [78], where the lower
limit is set as [79] f = 7.5 TeV at 95% confidence level.
Following the analysis given in Ref. [80] we fix the upper
limit f <85 TeV. Above these energies, SLH loses
consistency.

The ratio of the two VEVs t; = f,/f, is another
important free parameter of this model. A perturbative
unitarity analysis [80] binds 1 <17; <9. For small f
[10 < f(TeV) <20], 5 can vary freely in this interval,
while for 20 < f(TeV) < 80, the approximate relation
15 = % f(TeV) — 22 holds.

Heavy neutrinos are responsible for the LFV lepton
decays, however these “little” neutrino masses are
unknown. We will, nevertheless, follow Ref. [29] and take
the ratios involving them as 0.1 <x; <0.25, 1.1x; <
X, < 10x;, 1.1x, < x3 < 10x, (we remind that x; depends
quadratically on the N; mass), where we include the cases
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of a small splitting x, = 1.1x; and a large one x, = 10x;
(analogously for x3).

The mixing of the “little” and light neutrino of the same
family is encapsulated in 6, and, according to data, §, <
0.05 [27,81,82], that we will take.

We do not have any information of the mixing matrix
V?i between charged leptons and “little” neutrinos, which
can be parameterized in the standard form [36].
According to Ref. [29], we have scanned over —1 < s;; <
1 ensuring the low-energy restrictions and, in addition,
we assumed for simplicity CP conservation (phase in V*/
set to zero).

Finally, the mixing between the heavy quarks and the
corresponding SM quarks is parameterized by the &,
parameters. We follow the arguments of Ref. [15] and
assume that the mixing effects are suppressed in the down-
quark (up-quark) sector for the anomaly free (universal)
embedding in the 7; > 1 regime, so it implies: 6, = F6,,

BR(u - eeé)

BR(T - ey)

BR(T - ueé)

BR(T - Uu€)

10” 10” 107 10" 0™ 10 107 10”
BR(T - eeé)

(b)

FIG. 7. Scatter plots for ¢ — ¢’y and some ¢ — 3¢
decays. (a) BR(u — ey) vs. BR(u — eeé), BR(z — ey) and
(b) BR(z — eeé) vs. BR(t — pué), BR(t — uee).

FIG. 8.
conversion. (a) BR(t — eeé) vs. BR(t — eefi), BR(t — epji)
and (b) BR(u — eeé) vs. R(u — e:Ti), R(u — e:Au).

where the upper sign is for the anomaly free (¢ = D, S) and
the lower sign is for the universal embedding (¢ = U, C).
We also follow the proposal of Ref. [27] and take the
reference values for the ratios of heavy quark masses
astszsz:xSEI.

As we have already mentioned, there are still no
experimental limits for £ — z conversion, but if we consider
the expected sensitivity of NA64 experiment we can
express the conversion probability as the ratio [52]

R_a(f+N—>T+X)

= ~ 10712 10712,
6(f+N—>¢+X)

(129)

where the denominator is the dominant contribution to the
inclusive # + N processes due to the bremsstrahlung of
leptons off nuclei [52]

"5_ -13
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T
LART
&
. =21
10
107
3 107
]
T 107
=
& 28
g 10
107
107 107 107° 107° 10" 102 107° 10°
BR(T - eeé)
(a)
10—13 e Anomaly Free
R o
[ [ 4
T . oy
s 10 21 1 § 5
] . .

10" e Anomaly Free

R(u—-e:Au)
>

BR(l4— eeé)

(b)

Scatter plots for # — 3¢’ decays and ¢ — ¢’ nuclei
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e Universal

R(u—e:Ti)

Universal

R(u—-e:Au)

10 10 10 10 10 10 10
(a)

e Universal

R(u—e:Ti)

10" .

-13 .

R(u—e:Ti)

R(u—e:Au)

(b)

FIG. 9. Scatter plots for ¢ — 3e and u — e nuclei conver-
sion. (@) BR(u— eee) vs. R(u— e:Ti), R(u— e:Au)
and (b) R(u — e:Ti)vs. R(u — e:Au).

ole+ Fe— e+ X)=0.129 x 10° GeV~2,

o(u+Fe— u+X)=0.692 GeV~2,

ole+ Pb— e+ X)=1.165x 10° GeV~2,
)

o(u+ Pb - pu+X)=6.607 GeV~2. (130)

As representative energy for the initial electron or muon
beam we take E, = 100 GeV and E, = 150 GeV. We do
the analysis within a Monte Carlo simulation with all
channels sharing the free parameters enumerated above. In
the Table XI we summarize our mean values, the present
experimental bounds [36], and the future expected sensi-
tivities (whose values were taken from Ref. [83] and
references therein).

In the case of muon decays, our results are below the
experimental limit by one (u — ey) and three (u — 3e)
orders of magnitude, the mean values of nuclei conversion
in both embeddings are below the upper bounds by one or
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107"
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i
T
3107
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10—26 .
. g
107 107 107 107 107" 10
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10-14
2 10"
=
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=
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-26 0
10 E50:
o
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10’14
S
T
i
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3
107 S e
5
.
107 107 107 107 107" 10
BR(T - ppf)

(b)

FIG. 10. Scatter plots for BR(r — pufi) vs. R(u — 7:Fe) and
R(u — 7:Pb) (a) Anomaly free embedding and (b) Universal
embedding.

two orders of magnitude. For the case of Au nuclei
conversion in the universal embedding our mean value is
only a factor ~7 below the experimental limit.

We turn now to LFV transitions involving the tau flavor.
For the cases of © — ¢y (£ = e, u), same flavor and same
sign decays, our results are below the experimental limits by
four orders of magnitude (not for wrong sign decays, which
are six orders of magnitude further suppressed). For the case
of £ — 7 conversion, we find that the mean values with
electrons are too small for the expected sensitivity of the
NAG64 experiment. However, the analogous processes with
muons are only slightly below their forecasted sensitivity,
and in principle could be tested with future experiments.

From these results we verify that muon physics is the best
candidate to test LFV; our mean values are of the same order
(u — ey) or higher (u — 3e, uTi — eT1i) than the future
sensitivity and will set the strongest limits. For tau decays,
our mean values are still below the future sensitivity and
only next generations of B factories could be able to search
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TABLE XI. Mean values of branching ratios and conversion rates (where AF stands for anomaly free embedding
and U stands for universal embedding) against current upper limits at 90% confidence level and future sensitivities.
LFV decays Experimental limits Our mean values Future sensitivity
u— ey 42 x 10713 2.1 x 1071 6x 1071
u— eeé 1.0 x 1012 57 %1071 10-16

T ey 33x1078 5.6 x 10712 3x107°

T uy 4.4 %1078 23 x 10712 1070

T — eeé 2.7x 1078 3.2 x 10712 (2-5)x 10710
T = pujl 2.1x 1078 1.6 x 10712 (2-5)x 10710
T eufi 2.7 x 1078 2.1x 10712 (2-5)x 10710
T — pee 1.8 x 1078 1.0 x 10712 (2-5)x 10710
T — ppé 1.7 x 1078 3.8x 10718 (2-5)x 10710
T — eeji 1.5x 1078 5.6x 10718 (2-5)x 10710
uTi — eTi 43 x 10712 6.8 x 107'* (AF), 8.6 x 10~'* (U) 10718

uAu — eAu 7.0 x 10713 8.2 x 107 (AF), 1.1 x 10713 (U)

eFe — tFe e 9.2 x 1072° (AF), 9.3 x 1072° (U)

ePb — tPb 1.6 x 1079 (AF), 1.6 x 1077 (U)

uFe — tFe 6.2 x 1071° (AF), 6.2 x 10~'° (U)

uPb — zPb 9.6 x 107'° (AF), 9.8 x 107!® (U)

for them, according to the SLH model. Still, 4 -7
conversion in nuclei appears promising as a discovery tool
to first measure LFV involving the tau flavor. Consequently,
it can play a significant role in characterizing the underlying
new physics causing charged LFV, as can be checked from
the correlations amid processes that we discuss next.

We show in Figs. 7-9 a selected set of scatter
plots comparing the different processes. Figure 7(a) plots
BR(u — ey) vs. BR(u — eee), which are moderately
correlated. A similar, though softened, trend is observed
in the accompanying figure BR(y — ey) vs. BR(z — ey)
(despite they differ in the flavor coefficients). Figures 7(b)
and 8(a) should be understood together. In these plots, we
show the correlation between same flavor decay against the
same sign and wrong sign decays, respectively. We see that
BR(z — eeé) keeps a big correlation with BR(z — epji)
and the opposite happens with BR(z — uee). This is
also caused by the corresponding flavor coefficients, as
expected. The comparison between same flavor and wrong
sign decays is quite different, because wrong sign are decays
with only box contributions, so no correlation is expected in
those plots [however, the lower panel of Fig. 8(a) exhibits a
small one, albeit this will be very challenging to probe,
given the big suppression of the wrong-sign decays in our
setting]. We do not show other analogous plots including,
for instance, the 7 — 3p decay.

In Figs. 8(b) and 9(a) we show the scatter plot for the
BR(u — 3e) against R(u — ¢) nuclei conversion. The
result for 77 and Au nuclei are almost the same, and in
general the outcome for both embeddings is very similar.
However, results for nuclei conversion in 77 show a bigger
correlation than the results for Au, being the dependence
stronger in the anomaly free embedding. Figure 9(b) shows

the comparison of nuclei conversion in both embeddings
(which is the reason why we draw the x-axis in both plots).
Our results are alike in both, with stronger correlation in the

universal embedding.

The scatter plots in Fig. 10 show the comparison of
BR(r — 3u) with 4 — 7 nuclei conversion, the general
behavior in both embeddings is the same, but small
differences lie in the nonperturbative behavior of quarks
and antiquarks inside the heavy nuclei under consideration.
However, as we can see in Table XI these differences are
negligible in the expected probabilities. Again, the strongest
correlations are found in the universal embedding. Finally,
the scatter plot in Fig. 11 compares the y — 7 conversion
in both embeddings. We see a perfect correlation in the
anomaly free embedding that is a bit degraded for the
universal case. We do not show analogous correlations

10 s Anomaly

T
& 0 18
C
110
<1
(4 10’24
- ‘..
107 oo
107 107 107" 107" 107" 107"
N Universal
10
T
o,
o0
=8
g 107
-26
10 =

R(u—T:Pb)

FIG. 11. R(u — 7:Pb) vs. R(u — 7:Fe).
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(even if with three orders of magnitude smaller probabil-
ities) for e — 7 nuclei conversion.

V. THE CDF My, MEASUREMENT
WITHIN THE SLH MODEL

We finally discuss the implications, within the SLH, of
the new measurement of the W boson mass given by the
CDF Collaboration with a result My = (80.4335 +
0.0094) GeV [84], that shows a discrepancy of 7¢ with
the SM prediction My, = (80.357 +0.006) GeV and is
also in tension with respect to the world average
My, = (80.379 +0.012) GeV [36]. Including the CDF
measurement, the new world average would be My =
(80.4242 +0.0087) GeV. As already mentioned before,
SLH does not have SU(2) custodial symmetry, and the tree-
level SM relation p = 1 is no longer valid,

(131)

In the SM the p parameter is p = 1 at tree level, and the
EWPD, upon the inclusion of radiative corrections, yields
p = 1.00038 + 0.00020 [36], such deviation from the SM
value can be encoded as

2

ZSLﬁ(l—l%V)ZEaT, (132)

op

where T together with S and U are the oblique parameters
[85,86] which can parametrize potential new physics
affecting electroweak two-point Green functions. We are
going to use the formalism given in references [87,88] to
show how heavy Z' bosons can modify the oblique
parameters and, since SLH is not a universal theory,9 these
corrections cannot be fully represented with four universal
parameters; S’, T, Y, W. Nevertheless, the corresponding
effects can be well approximated with this formalism. SM
corresponds to 7= § = W = ¥ = 0 and these new param-
eters are related to the usual oblique ones as S = 4s%V3'/a
and T = T/a, the U parameter corresponds to dimension-
eight operators, and because f > v, we can neglect it.

A generic model with a Z’' boson is determined by few
quantities: gauge coupling g,, mass M, the couplings to
the Higgs boson Z},, and to the left- and right-fermion
multiplets Z}, Z,,, Z’Q, Z,, Z!, (but we can omit quark data
because they are less precise that the leptons ones). From
Ref. [87] we get that a generic model with Z' boson
contributes to the universal parameters as [87]

’A universal theory is such that Z’ couples to the fermions
universally (which does not occur in SLH) or proportionally to
the SM vectors.

(bw — by /ty) (bw —byty —

A M2 2 /Z/ 2
T~ W{(cytw—l— ng H) —bﬁ,}

M2,

M2
Wz—gvb%,,
MZ’
My
T M,
2g,
= zZY, -7Z.Y,),
Yg( el L L e)

e

Y m o g2

by

o 9772,

b, = .
Y9y,

(133)

In Sec. Il we can find all the necessary coefficients,

g 1 V3 g
, — s Z/ :Z/ :———Sz,, —=t N
9z l—i L H 2\/§ 5z g w
3
2 I%V ! \/— 2
S7 =73 Z, = V3s,. (134)
With Eq. (134), Eq. (133) reduce to
. . AM? 4y
Tm08r—— T —=aw=—. (135)
M3, (3 - 1y) ly

From the above equations, we see that corrections to the
T parameter due to the Z’ boson are negligible, however we
could estimate them using the fact that 7 = aT = 8p. We
present our results taking into account the PDG (Particle
Data Group) average and the update including the new
measurement of the W boson mass.

Figures 12 and 13 show the corrections that SLH provided
to the W boson mass for different values of f " When we use
as input the PDG average, the corrections to My
agree within the uncertainties. In the supplementary axes
of Fig. 12(a) we show the distribution for the values of My,
and f. For My, most of the values are around the PDG
average, and for f most of them are within [8.5, 40] TeV.
Then, in Fig. 13(a) we zoom in to show that SLH reproduces
the world average for the W mass in the range
f €[16,22] TeV. Also for larger f, values of My, are inside
the uncertainties. For Figs. 12(b) and 13(b) we use as input
the new world average including the CDF 1II result.
For the range f € [8,27] TeV, the PDG world average
and the new one can be reproduced in the SLH model but
the marginal distribution shows that getting the PDG average
is unlikely. In the range f € [23,84] TeV, the W mass is
always below the central value, but still within its
uncertainties.

"tan § is also varied, although not shown. All pairs (f, tan j)
considered satisfy experimental limits on the LFV processes studied
before. Collider limits and unitarity bounds are also respected.
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FIG. 12. Corrections to the W boson mass provided by the SLH
compared to its measurement. (a) Scatter plot using My =
80.379 GeV and (b) scatter plot using My, = 80.4242 GeV.

Finally, Fig. 14 shows the corrections to the oblique
parameters S and 7 in the SLH, and for the different values
of the My,. In Fig. 14(a) we use the PDG value, and show
that the oblique parameters agree with the EWPD within
uncertainties. This means that although SLH modifies the p
and T parameters, it is only slightly, without conflicting
with the SM. For the § parameter all values agree with the
SM as well. Now in Fig. 14(b) we show the corrections to
the oblique parameters with the average including the CDF

f(rev)

(@)

f(Tev)

(b)

FIG. 13. Zoom in on Fig. 12. (a) Scatter plot using My =
80.379 GeV and (b) scatter plot using My, = 80.4242 GeV.

II measurement, and show that 7 is outside the EWPD
confidence interval (corrections to the S parameter are
negligible, as shown in Table XII).

VI. CONCLUSIONS

One of the virtues of the SLH model is its minimality,
extending the SM gauge group to SU(3),. x SU(3), x U(1),
attempting to understand the hierarchy problem related to
the Higgs boson mass value in presence of generic new
physics coupling to it. As a simple group model, it has a
small number of unknown parameters and new heavy
particles. These allow the appearance of lepton flavor
violation processes driven by three heavy neutrinos, with
signals that could in principle be probed in current and
forthcoming experiments. In this work we have examined
the most relevant LFV processes; £ — £, — €€}, and
‘N — ¢,N, which arise at one loop within the SLH. We
have computed the relevant observables as an expansion in
v/f, keeping the results at O(v?/f?). To carry out our
numerical calculations, we have floated the free parameters
within the allowed region, ensuring that all experimental
upper limits were satisfied.

As is well known, processes with muons would most
likely be the discovery channels for LFV. Within the SLH,
this can be expected either from conversions in nuclei,
u — ey or u — 3e. However, those with taus (not consid-
ered exhaustively in previous SLH analyses) will then be
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FIG. 14. Correction to the oblique parameters S and 7 in the
SLH. (a) Scatter plot using My = 80.379 GeV and (b) scatter
plot using My, = 80.4242 GeV.

needed for characterizing the underlying new physics. We
have found that, in analogy with the role of u — e
conversion in nuclei amid y — e transitions-, £ — 7 con-
version in nuclei are synergic with the t — ¢y and 7 - 3¢
decays in probing LFV transitions involving taus. We hope

TABLE XII. Values of oblique parameters according to EWPD
and using instead My, as in the PDG [36], or from the CDF
measurement [84]. Two values are given for T and S. The upper
one is obtained fitting also U (for which 0.02 4 0.11 is obtained)
and the second one setting U = 0 [36].

SM EWPD My = 80.357 GeV My, = 80.4242 GeV
p 1 1.00038 + 0.00020 1.0004758 1.0016013

7 0 5x 1074 1.6 x 1073
S0 7% 1075 7 x107°

T 0 0.0340.12 0.05+0.06 0.07 0.22

S 0 —0.01+0.10 0.00 +0.07 0.008 0.008

that our work and other recent related studies motivate the
experimental collaborations (Belle-1I, NA64, EIC, muon
collider, etc.) to pursue the corresponding dedicated
searches. Finally, we verified that although the SLH
modifies the p parameter and can in principle accommodate
the recent CDF My, measurement, this is in tension with
electroweak precision data.

ACKNOWLEDGMENTS

We thank J. I. Illana, G. Hernédndez Tomé, E. Arganda, E.
Gutiérrez, I. Pacheco and F. Fortuna, for useful discussions
on this topic. E.R. acknowledges financial support from
CONACYyT graduate Grant Program No. 728500. P.R. is
indebted to Catedras Marcos Moshinsky (Fundacién
Marcos Moshinsky) and CONACyT (“Paradigmas vy
Controversias de la Ciencia 20227, Project No. 319395).

APPENDIX: LOOP FUNCTIONS

A general one-loop tensor integral in D dimensions with
N legs and P integration momenta in the numerator is
represented as [89]

; D
o =0t [ éﬂ)qfa Db pe A
where
Dy = ¢* — m3 + ie, D; = (q + k;)* —m? + ie,
i=1,....N—-1. (A2)
The vectors K; are the sum of external momenta p;,
N-1
ky=p1,  ky=pi+pa..., kN—IZZI:pi' (A3)
=

These tensor integrals are invariant under permutations
of propagators D; and symmetric in the Lorentz indices.
Generally, we define T' = A, T? = B, etc. The scalar
integrals are Ay, By, etc. Lorentz covariance allows decom-
posing equation (Al) into a linear combination of tensors
constructed with the metric and the external momenta,
however this basis is not unique, we could use any set of
linearly independent momenta and g, [90]. For this work
we use the decompositions,

Bﬂ - kl”B],
Cﬂ - klycl +k2#C2,

2
C;w = gyvCOO + Z kiﬂkjl/cij’
=1

3
Dﬂ - Z kiﬂDi’
i=1

3
D,, = guDoo + Z ki ki, D;j.
=1

(A4)
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These functions have been calculated for the argument configuration required by the processes under study, obtaining the
results presented in the following. All of them agree with those collected in Appendix B of Ref. [17].

1. Two-point functions

The general form for two-point loop integral is

e v ip [ 4 {L¢)
1672 {BO’B }( g) H /(2”)0 (qz_m(z))[(q+p)2_m%]'

(AS)

Their tensor coefficients depend on the invariant quantities (args)= (p?, m3, m?). Functions B = B(0, M7, M3) and
B = B(0, M3, M?) read

i M?log <%;) — M3 log (%%)
BOIBOIAE+1— 3 (A6)
M3} - M3

A AMIME-3MY - M] 4 2MYlog <Z’—> +2M3(M3 — 2M3) log (]f—)
B, = —-—°¢
1= A(M? - M3)?
55 (A7)

with A, = é —y + log(4rx) encoding the ultraviolet divergences in D = 4 dimensions.

2. Three-point functions

In this case

dP 1,q" q"q"

Tonz (Co €, O Hargs) = =" / 2n)P (¢ = md)(q + p1)? = m3[(q + p2)> — md]’

with p? =p? =0 and Q? = (p—p;)% so that only the following general types are necessary for us; C =
C(0, 02,0, M3, M3, M3) (we define the mass ratio x = M3/M?),

= ML% [1 —(); —l— S%(x) AQ/[_Z% (—2 —3x +162x(21—_);3); 6x log(x))] +0O(0%),

C =C, :ML%4X—34—(])62_;)2310g(X) +0(0),

Crr = €y = 2C1, — A;%n —18x +198ﬁ :i))cj + 6log(x) +0(0Y),

Coo = —%Bl - 5—; (11 mEL +792)(Czl ii);j * 6log(x)) +0(0Y). (A9)

056018-28



PHYS. REV. D 106, 056018 (2022)

LEPTON FLAVOR VIOLATION WITHIN THE SIMPLEST ...

Now, defining C = C(0, Q%,0, M3, M3, M?),
—1 4 6x — 3x% = 2x3 + 6x% log(x

_ 1 [-1+x—xlog(x) Q2
Co=177 T Tap 7
M7 (I—-x) M 12(1 — x)
_ - 1 1—4x+3x* — 2x?log(x)
Ci=0C=— 0(0?),
~ . ~ 1 =24 9x — 18x% + 11x° — 6x7 log(x)
Cii=Cyp=2CHh=— 0(0?).
i} 2 2= 18(1 = x)° +0(Q%)
_ 1. Q% /-2+49x—18x> + 11x° — 6x° log(x)
Cp=—-=-B —— O(0Y). Al10
00 ;B M%( 7201 = %) +0(0%) (A10)
Alternatively, defining C = (0, 02,0, M3, M3, 0), which is symmetric under the exchange M, <> M,,
. 1 M? xlog(x)
Coo == (3+2A,—2log| —+ =+ 0(0%). All
00 8< + 24, Og<,u2>>+4(1—x)+ (0%) (A11)
3. Four-point functions
These are all ultraviolet convergent,
1. a*. aha”
{ 7q 7q q } , (A12)

dPq
27)? (¢* = m§)[(q + p1)* = mi][(q + p2)* = m3][(q + p3)* = mj]

(DD D args) =t [
). Zero external momenta will be set, so we only need

1672
with (args) = (p3, p3. p3. p3. (P1 + P2)?. (P2 + p3)*smd. m3, m3, m3
. D
lzDO_/‘4_D/qu 2 2N 2 212 2N 2 2
167 (27)" (q —mg)(q° —mi)(q” — m3)(q” — m3)
. 4-D dP 2
l DOO:M / qD 2_ 2\ (2 2q 2 2\ (a2 — ) (A13)
4 ) @2n)P (¢ = my)(q* = m7)(g* — m3)(q* — m3)

In terms of the mass ratios x = m}/mj, y = m3/m§, z = m3/m} the previous integrals read

_ x log[x] _ y log[y] N zlog[z]
=00 0G=9 (T=DE-»0-2 (-9c-)0-2)"

T v = 2D — x* log|x] B y* log|y] z* log[z]

dol(x..2) = 4msDo0 = T G T UG —n0=29) =9k -26-9 MY

do(x,y,z) = mgDy

The case in which z — 1 (argument omitted below) is also necessary, reading
=

- xlog|x] _ ylogly]
do(x,y) = [(1—)6)2(96—)’) (1=y)P(x—y) (1=x)(1-y)
B [ APloglx]  y?logly] !
dolx.y) = {(1 —x)(x=y) (I-yP-y) (1-x01 —Y)} A

056018-29



ENRIQUE RAMIREZ and PABLO ROIG

PHYS. REV. D 106, 056018 (2022)

[1] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716, 1
(2012).

[2] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B
716, 30 (2012).

[3] S.L. Glashow, Nucl. Phys. 22, 579 (1961).

[4] S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967).

[5] A. Salam, Conf. Proc. C 680519, 367 (1968).

[6] H. Georgi, H. R. Quinn, and S. Weinberg, Phys. Rev. Lett.
33, 451 (1974).

[7]1 R. Barate et al. (LEP Working Group for Higgs boson
searches, ALEPH, DELPHI, L3, OPAL Collaborations),
Phys. Lett. B 565, 61 (2003).

[8] R. Barbieri and A. Strumia, in Proceedings of the 4th
Rencontres du Vietnam: Physics at Extreme Energies
(Particle Physics and Astrophysics) (LEP paradox, 2000),
arXiv:hep-ph/0007265.

[9] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, Phys. Rev.
Lett. 86, 4757 (2001).

[10] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, Phys. Lett.
B 513, 232 (2001).

[11] N. Arkani-Hamed, A.G. Cohen, T. Gregoire, and J.G.
Wacker, J. High Energy Phys. 08 (2002) 020.

[12] N. Arkani-Hamed, A. G. Cohen, E. Katz, and A. E. Nelson,
J. High Energy Phys. 07 (2002) 034.

[13] M. Schmaltz and D. Tucker-Smith, Annu. Rev. Nucl. Part.
Sci. 55, 229 (2005).

[14] M. Perelstein, Prog. Part. Nucl. Phys. 58, 247 (2007).

[15] T. Han, H. E. Logan, and L.-T. Wang, J. High Energy Phys.
01 (2006) 099.

[16] H.-C. Cheng and I. Low, J. High Energy Phys. 08 (2004)
061.

[17] F. del Aguila, J. I. lllana, and M. D. Jenkins, J. High Energy
Phys. 01 (2009) 080.

[18] F. del Aguila, J. I. Illana, and M. D. Jenkins, J. High Energy
Phys. 09 (2010) 040.

[19] F. del Aguila, L. Ametller, J.I. Illana, J. Santiago, P.
Talavera, and R. Vega-Morales, J. High Energy Phys. 08
(2017) 028; 02 (2019) 047(E).

[20] F. del Aguila, L. Ametller, J.I. Illana, J. Santiago, P.
Talavera, and R. Vega-Morales, J. High Energy Phys. 07
(2019) 154.

[21] F. Del Aguila, J.1. Illana, J. M. Perez-Poyatos, and J.
Santiago, J. High Energy Phys. 12 (2019) 154.

[22] J.I. lllana and J. M. Pérez-Poyatos, Eur. Phys. J. Plus 137,
42 (2022).

[23] I. Pacheco and P. Roig, J. High Energy Phys. 02 (2022)
054.

[24] B. Yang, J. Han, and N. Liu, Phys. Rev. D 95, 035010
(2017).

[25] M. Schmaltz, J. High Energy Phys. 08 (2004) 056.

[26] D.E. Kaplan and M. Schmaltz, J. High Energy Phys. 10
(2003) 039.

[27] F. del Aguila, J. I. [llana, and M. D. Jenkins, J. High Energy
Phys. 03 (2011) 080.

[28] A. Lami, J. Portoles, and P. Roig, Phys. Rev. D 93, 076008
(2016).

[29] A. Lami and P. Roig, Phys. Rev. D 94, 056001 (2016).

[30] X. Han, Mod. Phys. Lett. A 27, 1250158 (2012).

[31] L. Wang and X.-F. Han, Phys. Rev. D 85, 013011 (2012).

[32] S. L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D 2,
1285 (1970).

[33] S.T. Petcov, Sov. J. Nucl. Phys. 25, 340 (1977); 25, 1336(E)
(1977); 25, 698(E) (1977).

[34] S.M. Bilenky, S. T. Petcov, and B. Pontecorvo, Phys. Lett.
67B, 309 (1977).

[35] T.-P. Cheng and L.-F. Li, Phys. Rev. D 16, 1425 (1977).

[36] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[37] J. Adam et al. (MEG Collaboration), Phys. Rev. Lett. 110,
201801 (2013).

[38] U. Bellgardt et al. (SINDRUM Collaboration), Nucl. Phys.
B299, 1 (1988).

[39] W. H. Bertl et al. (SINDRUM II Collaboration), Eur. Phys.
J. C 47, 337 (2006).

[40] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
104, 021802 (2010).

[41] A. Abdesselam et al. (Belle Collaboration), J. High Energy
Phys. 10 (2021) 019.

[42] A.M. Baldini et al. (MEG 1II Collaboration), Eur. Phys. J. C
78, 380 (2018).

[43] P. André et al. (PRISM Collaboration), J. Cosmol. Astropart.
Phys. 02 (2014) 006.

[44] L. Bartoszek et al. (Mu2e Collaboration), Report Nos. FER-
MILAB-TM-2594, FERMILAB-DESIGN-2014-01, 2014.

[45] G. Hesketh, S. Hughes, A.-K. Perrevoort, and N. Rompotis
(Mu3e Collaboration), The Mu3e Experiment, in 2022
Snowmass Summer Study, Seattle (2022), arXiv:2204
.00001.

[46] M. Lee, S. Middleton, and Y. Seiya (COMET, Mu2e
Collaborations), Experimental Searches for Muon to Elec-
tron Conversion in a Nucleus: COMET, DeeMe, and Mu2e.
A Contributed paper for Snowmass 21, in 2022 Snowmass
Summer Study, Seattle (2022), arXiv:2203.07089.

[47] N. Teshima, Proc. Sci. NuFact2019 (2020) 082 [arXiv:1911
.07143].

[48] W. Altmannshofer et al. (Belle-I Collaboration), Prog.
Theor. Exp. Phys. 2019, 123C01 (2019); 2020, 029201
(E) (2020).

[49] A. Abada, V. De Romeri, J. Orloff, and A. M. Teixeira, Eur.
Phys. J. C 77, 304 (2017).

[50] T. Husek, K. Monsalvez-Pozo, and J. Portoles, J. High
Energy Phys. 01 (2021) 059.

[51] T. Husek, K. Monsélvez-Pozo, and J. Portolés, Proc. Sci.,
ICHEP2020 (2021) 381 [arXiv:2012.15760].

[52] S. Gninenko, S. Kovalenko, S. Kuleshov, V. E. Lyubovitskij,
and A. S. Zhevlakov, Phys. Rev. D 98, 015007 (2018).

[53] J.-P. Delahaye et al., Enabling Intensity and Energy Frontier
Science with a Muon Accelerator Facility in the U.S.: A
White Paper Submitted to the 2013 U.S. Community
Summer Study of the Division of Particles and Fields of
the American Physical Society, in Community Summer
Study 2013: Snowmass on the Mississippi, Minnesota
(2013), arXiv:1308.0494.

[54] A. Deshpande (EIC Collaboration), Nucl. Phys. A904-905,
302¢ (2013).

[55] V. Cirigliano, K. Fuyuto, C. Lee, E. Mereghetti, and B. Yan,
J. High Energy Phys. 03 (2021) 256.

[56] F. del Aguila, M. Masip, and J. L. Padilla, Phys. Lett. B 627,
131 (2005).

056018-30


https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/0029-5582(61)90469-2
https://doi.org/10.1103/PhysRevLett.19.1264
https://doi.org/10.1142/9789812795915_0034
https://doi.org/10.1103/PhysRevLett.33.451
https://doi.org/10.1103/PhysRevLett.33.451
https://doi.org/10.1016/S0370-2693(03)00614-2
https://arXiv.org/abs/hep-ph/0007265
https://doi.org/10.1103/PhysRevLett.86.4757
https://doi.org/10.1103/PhysRevLett.86.4757
https://doi.org/10.1016/S0370-2693(01)00741-9
https://doi.org/10.1016/S0370-2693(01)00741-9
https://doi.org/10.1088/1126-6708/2002/08/020
https://doi.org/10.1088/1126-6708/2002/07/034
https://doi.org/10.1146/annurev.nucl.55.090704.151502
https://doi.org/10.1146/annurev.nucl.55.090704.151502
https://doi.org/10.1016/j.ppnp.2006.04.001
https://doi.org/10.1088/1126-6708/2006/01/099
https://doi.org/10.1088/1126-6708/2006/01/099
https://doi.org/10.1088/1126-6708/2004/08/061
https://doi.org/10.1088/1126-6708/2004/08/061
https://doi.org/10.1088/1126-6708/2009/01/080
https://doi.org/10.1088/1126-6708/2009/01/080
https://doi.org/10.1007/JHEP09(2010)040
https://doi.org/10.1007/JHEP09(2010)040
https://doi.org/10.1007/JHEP08(2017)028
https://doi.org/10.1007/JHEP08(2017)028
https://doi.org/10.1007/JHEP02(2019)047
https://doi.org/10.1007/JHEP07(2019)154
https://doi.org/10.1007/JHEP07(2019)154
https://doi.org/10.1007/JHEP12(2019)154
https://doi.org/10.1140/epjp/s13360-021-02222-0
https://doi.org/10.1140/epjp/s13360-021-02222-0
https://doi.org/10.1007/JHEP02(2022)054
https://doi.org/10.1007/JHEP02(2022)054
https://doi.org/10.1103/PhysRevD.95.035010
https://doi.org/10.1103/PhysRevD.95.035010
https://doi.org/10.1088/1126-6708/2004/08/056
https://doi.org/10.1088/1126-6708/2003/10/039
https://doi.org/10.1088/1126-6708/2003/10/039
https://doi.org/10.1007/JHEP03(2011)080
https://doi.org/10.1007/JHEP03(2011)080
https://doi.org/10.1103/PhysRevD.93.076008
https://doi.org/10.1103/PhysRevD.93.076008
https://doi.org/10.1103/PhysRevD.94.056001
https://doi.org/10.1142/S0217732312501581
https://doi.org/10.1103/PhysRevD.85.013011
https://doi.org/10.1103/PhysRevD.2.1285
https://doi.org/10.1103/PhysRevD.2.1285
https://doi.org/10.1016/0370-2693(77)90379-3
https://doi.org/10.1016/0370-2693(77)90379-3
https://doi.org/10.1103/PhysRevD.16.1425
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevLett.110.201801
https://doi.org/10.1103/PhysRevLett.110.201801
https://doi.org/10.1016/0550-3213(88)90462-2
https://doi.org/10.1016/0550-3213(88)90462-2
https://doi.org/10.1140/epjc/s2006-02582-x
https://doi.org/10.1140/epjc/s2006-02582-x
https://doi.org/10.1103/PhysRevLett.104.021802
https://doi.org/10.1103/PhysRevLett.104.021802
https://doi.org/10.1007/JHEP10(2021)019
https://doi.org/10.1007/JHEP10(2021)019
https://doi.org/10.1140/epjc/s10052-018-5845-6
https://doi.org/10.1140/epjc/s10052-018-5845-6
https://doi.org/10.1088/1475-7516/2014/02/006
https://doi.org/10.1088/1475-7516/2014/02/006
https://arXiv.org/abs/2204.00001
https://arXiv.org/abs/2204.00001
https://arXiv.org/abs/2203.07089
https://doi.org/10.22323/1.369.0082
https://arXiv.org/abs/1911.07143
https://arXiv.org/abs/1911.07143
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptaa008
https://doi.org/10.1093/ptep/ptaa008
https://doi.org/10.1140/epjc/s10052-017-4864-z
https://doi.org/10.1140/epjc/s10052-017-4864-z
https://doi.org/10.1007/JHEP01(2021)059
https://doi.org/10.1007/JHEP01(2021)059
https://doi.org/10.22323/1.390.0381
https://doi.org/10.22323/1.390.0381
https://arXiv.org/abs/2012.15760
https://doi.org/10.1103/PhysRevD.98.015007
https://arXiv.org/abs/1308.0494
https://doi.org/10.1016/j.nuclphysa.2013.01.076
https://doi.org/10.1016/j.nuclphysa.2013.01.076
https://doi.org/10.1007/JHEP03(2021)256
https://doi.org/10.1016/j.physletb.2005.08.115
https://doi.org/10.1016/j.physletb.2005.08.115

LEPTON FLAVOR VIOLATION WITHIN THE SIMPLEST ...

PHYS. REV. D 106, 056018 (2022)

[57] K. Cheung and J. Song, Phys. Rev. D 76, 035007 (2007).

[58] K. Cheung, J. Song, P. Tseng, and Q.-S. Yan, Phys. Rev. D
78, 055015 (2008).

[59] S.-P. He, Y.-n. Mao, C. Zhang, and S.-h. Zhu, Phys. Rev. D
97, 075005 (2018).

[60] S.-P. He, Y.-n. Mao, C. Zhang, and S.-h. Zhu, ZHy-vertex:
EFT Analysis and the Behavior in the SLH Model, in
Proceedings of the 53rd Rencontres de Moriond on
Electroweak Interactions and Unified Theories, La Thuile
(2018), pp. 155-160, arXiv:1804.11333.

[61] S. Chang and J.G. Wacker, Phys. Rev. D 69, 035002
(2004).

[62] S. Chang, J. High Energy Phys. 12 (2003) 057.

[63] M. Schmaltz, D. Stolarski, and J. Thaler, J. High Energy
Phys. 09 (2010) 018.

[64] J. Lee, arXiv:hep-ph/0504136.

[65] O.C.W. Kong, Phys. Rev. D 70, 075021 (2004).

[66] O.C.W. Kong, arXiv:hep-ph/0307250.

[67] O.C.W. Kong, J. Korean Phys. Soc. 45, S404 (2004).

[68] G. Herndndez-Tomé, G. Lopez Castro, and P. Roig, Eur.
Phys. J. C 79, 84 (2019); 80, 438(E) (2020).

[69] W. Hollik, J.I. Tllana, S. Rigolin, C. Schappacher, and D.
Stockinger, Nucl. Phys. B551, 3 (1999); B557, 407(E) (1999).

[70] W.J. Marciano and A.Il. Sanda, Phys. Lett. 67B, 303
(1977).

[71] C.C. Nishi, Am. J. Phys. 73, 1160 (2005).

[72] R. Kitano, M. Koike, and Y. Okada, Phys. Rev. D 66,
096002 (2002); 76, 059902(E) (2007).

[73] T. Suzuki, D. F. Measday, and J. P. Roalsvig, Phys. Rev. C
35, 2212 (1987).

[74] J.J. Aubert et al. (European Muon Collaboration), Phys.
Lett. 123B, 275 (1983).

[75] A. Kusina et al., Proc. Sci. DIS2015 (2015) 041
[arXiv:1509.01801].

[76] D.B. Clark, E. Godat, and F.I. Olness, Comput. Phys.
Commun. 216, 126 (2017).

[77] K. G. Chetyrkin, J. H. Kuhn, and M. Steinhauser, Comput.
Phys. Commun. 133, 43 (2000).

[78] M. Aaboud et al. (ATLAS Collaboration), J. High Energy
Phys. 10 (2017) 182.

[79] Y.-n. Mao, Phys. Rev. D 97, 075031 (2018).

[80] K. Cheung, S.-P. He, Y.-n. Mao, C. Zhang, and Y. Zhou,
Phys. Rev. D 97, 115001 (2018).

[81] F. F. Deppisch, P. S. Bhupal Dev, and A. Pilaftsis, New J.
Phys. 17, 075019 (2015).

[82] J. de Blas, EPJ Web Conf. 60, 19008 (2013).

[83] G. Herndndez-Tomé, J.I. Illana, M. Masip, G. Ldpez
Castro, and P. Roig, Phys. Rev. D 101, 075020 (2020).

[84] T. Aaltonen et al. (CDF Collaboration), Science 376, 170
(2022).

[85] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964
(1990).

[86] M.E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381
(1992).

[87] G. Marandella, C. Schappacher, and A. Strumia, Phys. Rev.
D 72, 035014 (2005).

[88] A. Strumia, J. High Energy Phys. 08 (2022) 248.

[89] A. Denner, Fortschr. Phys. 41, 307 (1993).

[90] G. Passarino and M. J. G. Veltman, Nucl. Phys. B160, 151
(1979).

056018-31


https://doi.org/10.1103/PhysRevD.76.035007
https://doi.org/10.1103/PhysRevD.78.055015
https://doi.org/10.1103/PhysRevD.78.055015
https://doi.org/10.1103/PhysRevD.97.075005
https://doi.org/10.1103/PhysRevD.97.075005
https://arXiv.org/abs/1804.11333
https://doi.org/10.1103/PhysRevD.69.035002
https://doi.org/10.1103/PhysRevD.69.035002
https://doi.org/10.1088/1126-6708/2003/12/057
https://doi.org/10.1007/JHEP09(2010)018
https://doi.org/10.1007/JHEP09(2010)018
https://arXiv.org/abs/hep-ph/0504136
https://doi.org/10.1103/PhysRevD.70.075021
https://arXiv.org/abs/hep-ph/0307250
https://doi.org/10.1140/epjc/s10052-019-6563-4
https://doi.org/10.1140/epjc/s10052-019-6563-4
https://doi.org/10.1140/epjc/s10052-020-7935-5
https://doi.org/10.1016/S0550-3213(99)00201-1
https://doi.org/10.1016/S0550-3213(99)00396-X
https://doi.org/10.1016/0370-2693(77)90377-X
https://doi.org/10.1016/0370-2693(77)90377-X
https://doi.org/10.1119/1.2074087
https://doi.org/10.1103/PhysRevD.66.096002
https://doi.org/10.1103/PhysRevD.66.096002
https://doi.org/10.1103/PhysRevD.76.059902
https://doi.org/10.1103/PhysRevC.35.2212
https://doi.org/10.1103/PhysRevC.35.2212
https://doi.org/10.1016/0370-2693(83)90437-9
https://doi.org/10.1016/0370-2693(83)90437-9
https://doi.org/10.22323/1.247.0041
https://arXiv.org/abs/1509.01801
https://doi.org/10.1016/j.cpc.2017.03.004
https://doi.org/10.1016/j.cpc.2017.03.004
https://doi.org/10.1016/S0010-4655(00)00155-7
https://doi.org/10.1016/S0010-4655(00)00155-7
https://doi.org/10.1007/JHEP10(2017)182
https://doi.org/10.1007/JHEP10(2017)182
https://doi.org/10.1103/PhysRevD.97.075031
https://doi.org/10.1103/PhysRevD.97.115001
https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1051/epjconf/20136019008
https://doi.org/10.1103/PhysRevD.101.075020
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1103/PhysRevD.72.035014
https://doi.org/10.1103/PhysRevD.72.035014
https://doi.org/10.1007/JHEP08(2022)248
https://doi.org/10.1002/prop.19930410402
https://doi.org/10.1016/0550-3213(79)90234-7
https://doi.org/10.1016/0550-3213(79)90234-7

