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Tree-level lepton-flavor violating decays induced by Lorentz-violating effects within the Yukawa
sector of the standard model extension are studied. These new-physics effects are parametrized by the
(Y f);‘f tensor, with 4 and v denoting Lorentz indices and A, B being indices in the flavor space. Since

this tensor is antisymmetric under the interchange of Lorentz indices, in analogy with the electromag-
AB
1724
three-vectors denoted by e® and b#8. On the assumption that these three-vectors are purely real or

purely imaginary and mutually orthogonal, constraints on their magnitudes via experimental bounds

netic tensor F,,, (Y,)4” can be expressed in terms of six components associated with two complex

on lepton-flavor violating processes Br(lz — yl,) and Br(lg — l4lclc) are estimated. Thus, the
lg = yly decay provides the following upper bounds: |e/’| < 1.51 x 107!, |e"| < 1.34 x 107!,
lef| <3.65x 10718, |b)| < 1.95 x 10711, |b¢*| < 1.73 x 10711, |bj¥| < 4.71 x 1073, Conversely, by
assuming that the Lorentz-violating coefficients are purely real, for the [z — I4I-l- process it is found
that |e/| < 2.87 x 1072 and |b/"| < 4.05 x 107!2. These results offer more restrictive bounds than those

1

previously reported in the literature.

DOI: 10.1103/y115-274b

I. INTRODUCTION

The standard model (SM) of particle physics provides
the most accurate description of the strong and electro-
weak interactions [1-8], where its Lagrangian is built
upon the principles of quantum mechanics, special rela-
tivity and gauge invariance. Nevertheless, several inves-
tigations suggest that, at fundamental scales, such as the
Planck scale, Lorentz symmetry could be explicitly or
spontaneously broken [9-21]. The technological limita-
tions in reaching such energy scales motivate the search
for signals of Lorentz symmetry breaking in high-sensi-
tivity experiments at low energies, such as the SM scale
[22-27]. In this regard, low-energy effects of Lorentz
violation (LV) can be parametrized in a model-indepen-
dent framework known as the standard model extension
(SME) [28,29]. The SME is an effective field theory that
encompasses the SM along with general relativity and is
structured by means of the sum of all independent
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effective operators of the form

Tﬂyimo;w/l...’ (1)
where 7" denotes constant Lorentz tensors and Opui...
represents CPT-even or CPT-odd gauge invariant operators
built on SM fields [28,29]. The SME Lagrangian is
manifestly invariant under observer Lorentz transformations,
also known as passive transformations. Nevertheless, under
particle Lorentz transformations, the components of the
T+ tensor remain invariants, while the Oy, ones
transform covariantly, breaking Lorentz invariance. In its
minimal version, the SME contains only renormalizable
terms, i.e., those with mass dimension less than or equal to
4. However, at higher energies, nonrenormalizable terms
must be considered in order to preserve causality and
stability of the theory [30,31]. The Lorentz-violating tensors
T+ can be interpreted as static background relic fields; in
this sense, they do not represent new degrees of freedom,
but they act on the SM fields as couplings that could lead
to preferential spacetime directions. Accordingly, since
Lorentz invariance is broken under particle transformations,
their effects can be studied by varying the spatial orientation
of the experimental setup. In this way, various experiments
have been developed to search for LV sources, or for setting

Published by the American Physical Society
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TABLE I. Experimental bounds on lepton-flavor violation for the two- and three-body decay processes Iz — [,¥
and Iz — I4lclc or Iy — 1411, respectively.
Two-body Three-body
BR(z™ =y u ,u_) <19x1078
BR(r™ —» u7y) <42 x 1078 BR(r™ = e7ete”) <2.5%x 1078
BR(u~ — e ete”) < 1.0 x 10712
BR(7™ = e7y) <33x 1078 BR(7™ = e putu) <24 x 1078
BR(z™ —>;,4 “etem) < 1.6 x 1078
BR(y™ = e7y) <3.1x 1071 BR(7™ - pteme™) < 1.6 x 1078
BR(z™ = efpp) < 1.3x 1078

bounds on the components of the 7#*- tensor
[22-24,32,32-42]. A wide variety of studies have assessed
the impact of LV, for instance, on QED interactions up to the
one-loop level [31,43—45]. Moreover, studies on effects of
LV in electroweak interactions [46-53] or in the extended
QCD sector [54-58] have been addressed. Special attention
has been given to the impact of LV on physical observables
such as anomalous dipole moments [26,27,53,59-61],
neutrino charge radius [62], LV running couplings
[51,54,63], decay rates, and several scattering processes
[43,46-50,52,55-58,64-66]. Also, a detailed summary of
constraints on SME coefficients, which are periodically
updated, can be consulted in Ref. [67].

One of the most interesting features provided by the
SME is that it can generate charged flavor-violating tran-
sitions [28]. On this matter, the neutrino oscillations [68]
reveals the presence of lepton-flavor violation (LFV),
which is of fundamental relevance in particle physics. In
contrast, the SM has been unable to explain this phenome-
non since it was constructed under the assumption of
massless neutrinos, in consequence, LFV interactions are
forbidden at tree level. Nonetheless, experimental obser-
vations have established upper bounds on branching ratios
(BRs) of various lepton-flavor violating processes such as
Ig = Lay, lg = Lyleleorly — Lylele, with Iy g o = e, pu, 7
their numerical values are given in Table I [69,70]. Thus,
the topic of flavor violation promoted by results on charged
leptons is interesting in order to search for signals of new-
physics effects as it occurs in the SME.

Several extensions of the SM contain interactions that can
induce LFV processes [71-82]. For example, the minimally
extended SM [77], in which three right-handed neutrinos are
incorporated, predicts a value for BR(y — ey) of the order
of 107* [83], and also provides BRs for the three-body
decays given in Table I of the order of ~107> — 107°%. This
implies that these processes are extremely suppressed and
till now far from being detectable. The effective field theory
addresses LFV via dimension-five and dimension-six oper-
ators, promisingly, at new-physics energy scales (A) of
orders of magnitude of TeV up to 10* TeV [74,80].

On the other hand, the responsible part of the SME for
LFV couplings is the minimal extended Yukawa (MEY)
sector, where LV effects are parametrized by the complex
two-tensor (¥ ;)48 w» With p, v denoting spacetime compo-
nents and A, B labeling flavor indices; more details on these
coefficients will be presented in the next section. To date,
some bounds on the maxima of the values of such coef-
ficients were derived in Refs. [46,53]. In the former [46],
tree-level LV effects on the Higgs boson decay h — f~f™,
for m; = 100 GeV, were studied, yielding, for any of the
diagonal terms (A =B), 107 < |Y| < 107", being
Yo = (Yy)os (Y,)44. In the latter, one-loop contribu-
tions of the MEY sector to the lepton magnetic and electric-
dipole moments a; and d;, respectively, with [ = e, u, 7,
were determined. In that work, only contributions that are
independent of the four-momentum of the particles, i.e.,
those proportional to scalar-quadratic terms such as
(Y1)55 (Y,)P4P, were considered. For the off-diagonal
terms (A # B), the authors established bounds for the case
A = pu, B = 1, where the most stringent bound corresponds
o [(V))ip (V)] <1075, with (V,)of = 1/2[(Y,)45 +
(Y,)53*]; meanwhile for the diagonal case A = B = e, their
most restrictive bound is 5 [e®%(V)56(V,)5o| < 1072,

In light of previous considerations, LFV decays offer an
interesting scenario to study LV effects, since their stringent
experimental bounds could lead to strong constraints on LV
coefficients. In the present work, we calculate the impact of
LV effects through LFV tree-level decays Iz — [,y and
Iy = lylcle (with lap.c = e, p, T), which are induced by
the MEY sector. At tree level, the corresponding ampli-
tudes are linear in the LV coefficients. On the contrary,
processes such as Iy — [,1c1 are not considered, as they
are induced through second-order terms of LV coefficients
in the amplitudes, which results in negligible contributions.

Our manuscript is organized as follows: Sec. II presents
the MEY Lagrangian. Section III is devoted to the calcu-
lation of the two- and three-body decay rates and the
estimation for bounds on LV coefficients. Since the ampli-
tudes involve several products of various Dirac matrices,
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which could induce dipolar terms, we also calculate LV
second-order corrections to the three-point vertex I lpy
function (A # B) in order to investigate if there exist tree-
level contributions to transition magnetic or electric-dipole
moments. Finally, in Sec. IV, the conclusions are presented.

II. THE YUKAWA EXTENDED SECTOR

The Yukawa sector of the SME is given by the
Lagrangian [28]
1

L:mSME

1
L =2 (H)AP Ly @0 Ry == (Hy )i 0400 Uy

—%(HD);‘EQA&)U””DB—FH.C., 2)
where Q4 and L, are the quark and lepton doublets of
SU, (2), respectively, while Ry is a charged lepton singlet
of SU.(2), Ug (Dp) is an up-type (down-type) quark
singlet of SU, (2), and ® = ic>®, with ® being the SM
Higgs doublet. LV effects are induced by the (Hp),”
components, with /' = L, U, D; u, v represent spacetime
components, whereas A, B symbolize either lepton or quark
flavor indices. We use the metric ¢** = diag(1,—1,—1,-1)
and define o = £[y*,y*]. It should be noted that this
two-rank tensor is antisymmetric under the interchange of
Lorentz indices, ie., (Hp)4? = —(Hp)!E. After sponta-
neous symmetry breaking in the unitary gauge, in the mass-
eigenstates basis, Eq. (2) takes the form

ﬁr{(lSME Z fA{ (mfA +g m, h)ﬁAB
F=lud
1
30 P+ (V) Prlo L
(3)
Here, (Y ;)08 \/EVfT(Hf)ABVf being V7  the com-

ponents of a unitary matrix, which diagonalizes E?SME into
the fermion-mass basis; f, denotes the fermion field with
mass my,; g is the SU;(2) gauge coupling, my, the mass
of the W boson, h is the physical Higgs boson, and
v = 246.22 GeV is the vacuum expectation value. Notice
that the antisymmetry property in the Lorentz indices for
(Hp)n?l is preserved by (Y;);2. The P g correspond to the
projectors 5 (1 F 75). Since y5 will give rise to Levi-Civita
tensors, when these are fully contracted with the Lorentz
components of the form (¥ ;)%8, then they will generate the
dual tensor

H

(VPR = 5 Cunan ¥, 4)

1
E €uvap

On the other hand, in analogy with the relation between the
electric and magnetic three-vectors, E and B, respectively,

fa

fB fa _ .ETAB _h____ =—£TAB
2

/B

FIG. 1. Feynman rules derived from the MEY sector. Left: two-
point fpf4 vertex function. Right: hf,fp three vertex.

derived from the electromagnetic tensor F,,, two back-

ground three-vectors e?B and bAB can be introduced as [61]

(Yp)o! = (e%)is +e (b3, (5)

(Yf)AB

(Yol = mpP) (T = e (ef?)E. (6)
For off-diagonal terms (A # B), the LPSME Lagrangian
generates lepton and quark flavor-violating transitions
through the two-point f,fp vertex function and from the
hf f coupling, at tree level. The respective Feynman rules
are given in Fig. 1. The notation used in Fig. 1 is explicitly

given as

T = (V) + (A sl ()
with

V), =[O+ (B, (@)

(A7), =[OV = (V)] (9)

However, under the assumption that LV coefficients are
symmetric under the interchange of flavor indices, it is
found that

(Vi) = Re[(Y )7, (10)

(ARP),, = iTm[(Y;)R7]. (11)

Hereafter, we will work under this consideration. Besides,
from Eqgs. (5) and (6), it can be seen that

(Vi%)oi =Relef];.  (V}P);; =€V Re[byp®]C,  (12)

(AB)g; = ilm[e}?];,  (A}E),; = ie" Im[bYEk. (13)
In the next section, for simplicity, we will only explore two
scenarios: (a) purely real coefficients, when (A}%),, =0,

and (b) purely imaginary coefficients, for (V4%),, = 0.
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III. THE CALCULATION 4@ 4@
A. Two-body fg — f4y decay 1) )
The first-order LV contributions of the MEY sector to +
the fpfay vertex function are described by the Feynman )
diagrams in Fig. 2. The associated amplitude is given by v
O fof _ v, g +m FIG. 2. First-order LV corrections to the ff 7y vertex.
l"ﬂ (M fsfar _ lle5 i’ (pl’ mA) |:T?B <p,2 - m%) yﬂ

where Oy is the electric charge of the fermion in consid-
+7, <ﬂ2 t mf; ) T?B] u(p,mg), (14) eration. After some Dirac algebraic manipulations, this
‘ amplitude can be rewritten as follows:

pm—my
|

- 200 _,
T Whar — Sl ma) {y[(ma 4 mg) (VIB) = (g = my) (ADE) 5]
(mB - mA)
— PA(VAB),y + (A2B) 1] + 10,2 0P[(VIB) g + (ALE) ors] Yt (p. ), (15)

where P = p 4+ p’ and ¢ = p — p’. Since the amplitude satisfies the Ward identity q”l“f,)(l)f A — 0, it is gauge invariant.
From Eq. (15), it can be observed that there are no contributions to vector or axial currents proportional to y, or y,ys,
respectively, nor contributions to the transition-magnetic or transition-electric dipole moments.
The invariant amplitude for the fz(p) — f4(p')7(¢) decay can be determined from Eq. (15) through

M(fp = far) =T en(q), (16)

Because we are not considering flavor conservation (A = B), it will not induce modifications to the energy-momentum
dispersion relations of the fermionic fields. Consequently, there are no additional restrictions in the phase-space integration
for the decay rates, and the average over initial spins by summing final spins remains unchanged; the photon polarization
states also remain unmodified [43,46,47,49,50,52,55-58,64—66]. Accordingly, the mean square amplitude can be written as

2 2
my + my
2

M(fp = far)P? = (V)2 +

64rnaQ%v? (m2 - m2)2
S/ 5 { { B A (v?B)M(V?B)/lq

(m3 = m3) 4

= (m = m3)(V%),p (V3P = (V = A)

o [“”B = ma P VF) (ARG = (i + a2 (AR, (V)
= (= m) (V1) (A7) = (AFP), (VIP)F)

+%€p7aﬁPaQﬂ((m]2}; _ mi)(A?B)gp(V?B)lf + (‘A?B)pq(V?B)rP + (V?B)pq(A?B)TP):| } (17)

Here, a=%£=-L. In addition, we define (K{%)2= (K4E), (KB, (K4B), =r(K4E),,. and (K}P), =
3T o€apip(KIE)YP, with r = P, q; (K}%)p, = Pq”(K}P),,, where K = A, V. Notice that the tensor (K}¥),, and the
scalar (IC;‘»B )p, have mass dimension 1 and 2, respectively. The contractions between LV tensors and four-momentum

components, P and ¢, can be expressed in terms of dot and cross products between the three-vectors P, q with the
LV vectors e?B and b?B ; these expressions are detailed in Appendix A. Thereby, the decay rate of the f — f4y process can
be written as

A (fy = far) = 5 () (L9 60 (p = )L A = ) (18)
- = —— — - p' - — .

B AY sz 2Ep/ (271_)3 2Eq (2”)3 4 p p q B AY

The integration over the volume element d>p’ is carried out at the rest frame of the decaying particle, where p’ = —q. Thus,
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AB

q = |q|(sin 0, cos ¢, sin 0, sin ¢, cos 0,)

é.—'{lf x bAIf

FIG. 3. Reference frame conformed by the unitary vectors
along the real or imaginary parts of the e?®, b¥, and e}? x b}?
vectors. The 6, and ¢, correspond to the polar and azimuthal
angles of the three-momentum of the final photon, respectively.

1 d*q -
> / = 5(”’!3 _Ep’ —Eq>
2 mpg Ep/Eq

T(fg = far) :3

M(fg = far)

X

, (19)

p'~-q

being E, = +/m3 + |q*. Additionally, the |M(f; —
fa7)|? quantity can be expressed in terms of masses 714,
mpg, and dot (cross) products between the three-vector
and the real or imaginary parts of e;” and b%”. Notice that
these vector products depend on the components of q,
which are integration variables. In this regard, the phase-
space integration may become cumbersome due to the
choice of the reference frame in which the volume element
is integrated. For simplicity, we work the scenario where
e?? and b}¥ are orthogonal in the rest frame of the
decaying particle fz. Moreover, since the phase-space
volume is Lorentz invariant, we adopt the reference frame
defined by the triad conformed by the unitary vectors along
the e?B, b?B ,and e?B X b?B vectors; this reference frame is
illustrated in Fig. 3. On this basis, it follows that the decay
rate iS now

1 2 _ 02 T
(fy = far) = "B /0 g,

647> m,

XA” do,sin0,|M(f5 — fa)P- (20)

Since the integration extends over the full angular distri-
bution, the decay width I'(fz — f4y) will depend exclu-
sively on the particle masses and the magnitudes of both
real or imaginary parts of e4” and b?#. The corresponding

branching ratio is established as follows:

U(fg = far)

BRYSME(fB = fay) = T, ) (21)

TABLE II.  Numerical values of the ¢}  coefficients.

T > Uy c’,‘{l =1.10 x 10 c’,‘{z =1.83 x 10
T > ey g = 1.10 x 10 R, = 1.84 x 10
u- —ey c;’: = 1.40 x 102 c;’; =233 x10%

where I'y is the total decay width of the fp fermion. After
several manipulations of tensor algebra, it is found that, for
the cases of purely real coefficients (A}# = 0), or purely

imaginary coefficients (V}* = 0), the respective BRs can

be expressed as

BRISVE(fy — fa7) = cAPRe(bi®)? + i [Re(ed®)].
(22)

BRISVE(fy — f47) — i Im(b) + 4| Im(ef).

(23)
where the coefficients /%, ¢4 are real and their explicit
expressions are given by

2 2 4
AB _ A8 — OV (5,4 M4 24
Cr, = €1, 3T pmy < mi mb) (24)
2 2 4
o ()
3pmg my  mp
and
[Re(c}?)|* = Re(c}?) - Re(c}?), (26)
[Tm(c}?)[* = Im(c}?) - Im(c}?), (27)

with c‘;‘-B = e?B, bj}B , and the dot denoting the Euclidean
scalar product. The numerical values for the c‘,“fz coef-
ficients are given in Table II. The muon and 7 decay widths
are derived from their lifetimes; the corresponding masses
and lifetimes were taken from Ref. [69].

In order to estimate LV effects, it is proposed that any
new-physics effect must be smaller than current experi-

mental bounds on LFV processes as seen through their
BRs. Thus,

BRESNE(f5 = far) SBRF®(f5 — fay),  (28)

where BREXP(fp — fay) is expressly stated in the first
column of Table I, accordingly for each decay mode.
Thereafter, Eq. (28) restricts the maxima of the values allowed
for [b%?| and [e}*|. The pattern imposed by the method
proposed for bounding the LV effects can be visualized in
a two-dimensional plot, either in the [Re(b}?)| versus
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FIG. 4. Allowed regions for |b?*8|, |e/#| stem from current experimental bounds for: (a) 7 — py, (b) T — ey, and (c) u — ey; the
regions are identical for purely real and purely imaginary LV coefficients.

[Re(e/#)| plane or in the [Im(b%?)] versus |Im(e4?)] plane.
However, since in Egs. (22) and (23) the coefficients cj‘efz =
cf‘f; play the same role, both cases entail the same constraints
for both purely real or purely imaginary LV coefficients via
Eq. (28). For convenience, we express the bounds in terms of
the magnitudes [b}?| = [Re(b}?)| (|b}*| = [Im(b}?)]) and
4| = [Re(e}?)| (le}?| = [Im(e}?)|) in accordance with
Egs. (26) and (27), which correspond to LV coefficients in
either the purely real or purely imaginary case, respectively.
In this manner, the LV coefficients can be represented in a
single plot [b}*| versus |e4?|, as it is shown in Fig. 4. It
should be noted that the resulting regions are delimited by
ellipses in the [b}?| versus |e}”| plane.

In this context, the maxima of the permitted values for
|b8|, |e!®| in the c.m. (center of mass) frame of the

decaying particle are presented in Table III. In the literature,
it is reported a constraint for the LV coefficients
|[Re(e")|> — |Re(b)")|*| [53], being explicitly ||Re(e)")|* —
|Re(b4")|*| ~ 10715, whereas our estimation is of the order
of 10722, which is 7 orders of magnitude more restrictive.
Moreover, in contrast to Ref. [53], we explicitly consider
Lorentz contractions with the momenta of the particles
involved, which were neglected in that work, where the
resulting contributions of this contractions stand out around
60% on all the partial decay widths.

Table III shows that the most restrictive bounds are for
the LV coefficients involved in the y — ey decay in
comparison with those of the = decay cases. This follows
from the condition established in Eq. (28), where the
allowed values of [b!*#| and |e#8| depend on both the size
of the c;‘}ﬁ] , coefficients and the experimental bounds on
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TABLE III.  Upper bounds on |b?8| and |e/'8| derived from the
two-body fp — fay decay.

[b/7] <1.95 x 107!
[bs7| < 1.73 x 10711
b <4.71 x 10718

le/"| < 1.51 x 107!
lest| < 1.34 x 1071
le”| <3.65x 10718

the BRs. Larger values of ¢}/ , therefore lead to a stronger

suppression of the allowed parameter space. The ciB
412

coefficients depend on the mass ratios my/my and on

(Tgmp)~!, the inverse dependence on I'zmy leads to larger

values of the coefficients in the muon decay relative to
|

the 7, as it can be seen in Table II. Additionally, the
experimental bound BR (4 — ey) < 1073 is several orders
of magnitude more stringent than those for the ¢ — py and
7 — ey decays, which are below of 1078, Together, these
effects result in more restrictive bounds on |b%¢| and |e/|
than those obtained for the LFV 7 transitions.

B. The three-body f — fifcfc decay

The first-order contributions of the MEY sector to the
fg = fafcfc process are calculated via the Feynman
diagrams presented in Fig. 5.

The associated amplitude can be written as

2imth.2
(P2 + p3)?
X " (pa, me)y*v"(p3. me). (29)

1 1/ 1 d&p, 1 d°p, 1 dps
2my Ty 2E, (27)*) \2E,, (27)*) \2E,, (2x)?

x (27)*6W (p = py = pa = p3)IM(fs = fafcfe)l* (30)

M(fy = fafcc) = (om0 (28, (2 ) 782 o
p1—mp p

mA

The respective branching ratio is given by

(fB _)fAfoC)

Just as in the case of the two-body decay, the volume element d°p5 is integrated at the rest frame of the decaying particle f,
whereas the phase-space volume elements d°p, and d°p; are integrated in the reference frame depicted in Fig. 3. Therefore,
by using the same scenario for the LV coefficients as the one introduced for the case of the two-body decay, the BRs can be
expressed as

BREME(fp = fafcfc) = diP|Re(b3P)|? + dg

7 [Re(bs)|[Re(es)| + di? [Re(ef?) P2, (31)

BRIZME(f5 = fafcfc) = dif[Im(b3P) 2 + dif[Im(b3¥)|[Im(e")] + & [Im(e”) 2. (32)

The explicit analytical expressions for the d‘,‘}? and d;‘l_B coefficients are extremely lengthy and do not provide additional
physical insight; however, they can be determined by using Egs. (A2)-(A10). By comparing with the respective

experimental BRs, in the same way considered for the procedure proposed in Eq. (28), we impose the condition

BRESME(fp — fafcfc) SBREP(fp — fafcfe), (33)

where BRP®(f, — fufcfc) denotes the first five processes
listed in the second column of Table I. Similar to the case of
two-body decays, the resulting constraints define regions in
the parameter space determined by both the size of the

coefficients dz? (with i =1, 2, 3) and the experimental

bounds for the corresponding BRs. Among all the processes
in question, only the 7= — u~e” e decay leads to more
stringent constraints on |b/"| and |e/"| than those obtained
from the two-body decay t — py. The remaining three-body
processes do not yield more restrictive constraints than those
obtained from the two-body decays.

For the three-body decays that are the subject of our
study, the analysis of the dependence of the different decay
modes on their distribution in phase space is intricate. The
reason lies in the fact that the mass dependence of the initial
and final states interrelates with the dependence on the
preferred direction of spacetime dictated by the violation of
Lorentz symmetry, which, when integrated over phase
space yields an overall contribution where the mass
dependence is involved. Nonetheless, despite these diffi-
culties, a mass dependence is observed in the decaying
initial state and in the final state that changed flavor once
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fe(p2) fe(p2)

ot fow)  + LSBT N
Ie(p1)

Ja(p1) Ja(p1)

FIG. 5. First-order LV corrections to the f — fafcfc decay.

the transition occurred due to the insertion of LV. This
suggests that three-body decay processes are much more
sensitive to LV effects as compared to the two-body decays
studied. The only pattern observed in the mass dependence
is that integration over phase space yields smaller contri-
butions when the mass of the lepton that changed flavor is
|

BRISME(7= — p=e~e™) = (+9.70[Re(b)")|* — 1.28|Re(b)")||Re(e/")| + 19.4|Re(€/")[*) x 10!,

BRISME (1= = y=e=e™) = (—4.46/Im(b*")|> + 29.6|Im(b"") || Im(e"")| — 2.17|Im(e")2) x 10'3,

and that

BRISME(z= 5 ymeme™) < 1.6 x 1078,

small, which is appreciated for the 7 decay modes y~e~e™
and e~e”e™. In contrast, it is worth mentioning that the
77 = p u~put decay also constrains the |e/| and |b/’|
coefficients. However, in this case, the phase space is more
restricted due to the heavier final-state masses, leading to
smaller dy , coefficients and consequently to less-restric-
tive LV regions than those obtained from the 7= — py~e"e™
channel.

Furthermore, for the ey sector, the experimental bound
on BR(u — ey) is more stringent than that for the p~ —
e~ e~ et decay, favoring the LV constraints derived from the
two-body decay case.

Specifically, by considering

(34)

I (35)

(36)

leads to regions delimited by an ellipse or a hyperbola in plots (|b%”| versus [e7”|) (see Fig. 6).
Thus, for purely real LV coefficients, we obtain upper bounds for the (¥;)** components, as follows:

b/ <4.07 x 10712,

For purely imaginary LV coefficients, an unbounded
region is obtained [see Fig. 6(b)] and no direct constraints
can be deduced from this scenario. Nevertheless, by
superimposing the plots |Im(b4*)| versus |Im(e/")| for
both two-body and three-body decays, we can discard the

Ty e e

3.x10712 |Re(el )| =2.87 x 10712

e ol micie = i = i = =i | = = = i i | (i o =]

:
H
H
25x10712 ¢
[
VA
-3
_ 2x1072 .
el
K T
:_6 T
~ 15x10712 [N
o) "o |
[1's |
—_— X
1 ]
1.x10712 =5
N
LN

5.x10712

0 1.x10712 2.x10712 3.x10712 4.x10712

|Re(b! ")
(a)

€| <2.87 x 10712, (37)

unbounded region and to establish a bounded region for
the LV coefficients in question, as it is shown in Fig. 7.
Since there are no modifications to the upper limits in the
resulting region, we will retain the upper bounds previously
calculated from the two-body decay.

To>u e e
g e e e e e
|
tH
[
3x1071 L
'I
r
25x10711 [
[
— |
i
— [
= 20T
© =
|
- Il
1S 15x10" 11 H|
— Il
|
[f
1.x1071T 1
IR
g T P
g 0 T
5.x10712 |
o | (S | NN | VN e R —
0 51072 1.x107"" 15x107"" 2.%1071" 251071 3.x1071" 35x 107"
ut
[Im(b7 ) |

FIG. 6. Allowed regions for (a) |[Re(b%")| versus |Re(e/")| and (b) | Im(b/")| versus |Im(e/")|, derived from the experimental bound for

the 7= — u~e"e™ decay.
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Br(t >y y) and Br(t >y e e")

IIm(es )| =151 x 107"

i
|
15x10-1 | pammasecmm e e [ .
i
i
h
|
|
|
i
V=
LT
|
— et 7
I~
~ | ~
<
I~ L=
) T
£ el
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— [P e o
B
-12 |
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9
V2
i
| |
1
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‘.\E
A
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FIG. 7. Allowed region for the |Im(b/")| and |Im(e})| co-
efficients derived form the combined results obtained with the

Finally, the bounds given in both Table III and Eq. (37)
can be translated into constrains on the (¥;)4% components
through the relations established in Egs. (5) and (6). Thus,
all the corresponding LV bounds in the rest frame of the
decaying particles are presented in Table IV.

Since scalars of the form (¥ )48 (Y )*®A% are Lorentz
invariants in the flavor space [see Eq. (A11)], we can use the
bounds above obtained to establish limits on their values for
any reference frame, which can be appreciated in Table V.

C. Second-order contributions

In order to search for dipolar-transition form factors, we
compute second-order insertions in the fzf,y coupling at
tree level, which is represented by the sum of the Feynman
diagrams shown in Fig. 8. In this manner, the vertex
function results in

2)AB

r/?@)fﬂfﬂ _ itejtS/(pl, mA>F,4O( us (P, mB)’ (38)

7 — py and 7~ — p~ete” decay processes. where
|
ABYAp ABYAp
O(2)AB AB AB B B . (FM ) (FE )
r = (T - (T - i -
H (TV9), = (T38),rs + 7u(9V® — 94Prs) + P04, {mA fmp  mp—m, Vs
(Bipye  (Ppnye

- ieﬂlpfyi[(R“A/B)pT - (RQB)‘DT}/S] + yﬂ[(SéB)yl - (SﬁB);MYS] + idﬁ/) |:

ys] . (39)

my +mpg mpg—ny

In this case, ¢ = p’ — p. The explicit form for all the Lorentz-tensor structures present in Eq. (39) are given in Appendix B.

This amplitude is gauge invariant since it satisfies the Ward identity q”l",?

()48 _

Although in Eq. (39) there is no presence of dipolar-transition structures (¢**g,), it is of worth to appreciate generalized
vector and axial flavor-changing neutral currents, where ¢i/? and ¢i? are

20?2

2 2
MpaMepMyc

=

7 [mia (V) (VEEY !+ mic (V) (VEVE 4+ mig(V59),,(VEEY 1 = (V= A). - (40)

TABLE IV. Upper bounds for the (¥,;)42 and (Y 1)’;}3 components; these bounds were computed in the rest frame of the decaying

particles.

Purely real

Purely imaginary

(Y)oi (Y1) < 824 x 107 (Y5 <331 x 107
(YD (Y))i; < 1.80 x 1072 (V)6 (Y))er < 5.99 x 10722

J
(Y)Y )e <133 x107% (V)i (Y < 444 x 1079

(YR (Yo" <228 x 1072 (V) (Y )T < 7.60 x 1072
(Y& (Y))ie™ < 1.80 x 10722 (Y)G(Y))per <5.99 x 107>
(Y (Yp)o <133 x107% (Y)F(Y)i " < 444 x 1079

TABLE V. Upper bounds for the Lorentz-invariant scalars (Y,)4F(Y,)"*'.

Purely real

Purely imaginary

(Yo (Y7) 9P| < 4.96 x 1072
[(Y))e5(Y,) 7] < 9.58 x 10722
[(Y))els (Y)) e < 7.10 x 107

(Yo (Y) ] < 1.22 x 107!
[(Y))e5(Y,) 7] < 9.58 x 1072
[(Y1)els (Y1) #e] < 7.10 x 107
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FIG. 8.

2

gﬁB B 2v
=3
MpaMepMyc

with m%, = m% —m?,forX,Y = A, B, C. Due to (}C?C)h,
with X =A,V, and r = P, ¢, has mass dimension 1,
the couplings ¢{/? and ¢4® are dimensionless. An interest-
ing property is that ¢4/ and ¢}? are invariant under observer
Lorentz transformations, but not under particle
transformations.

IV. CONCLUSIONS

In this work, we calculated BRs for the LFV processes
fs = fay and fy — fafcfc mediated by the Yukawa
sector of the SME through the LV tensor (Y,)45. By
comparing the theoretical branching ratios with their
respective experimental bounds, parameter spaces for the
LV couplings, |e4”| and [b¥|, were determined. In order to
perform the phase space integration for the different
decays, some assumptions over the spatial orientation for
the three-vectors e/” and b}” associated to (Y); and

(Y;)?, respectively, were considered. We took e}” and
b?B as either purely real or purely imaginary, establishing
them mutually orthogonal in the rest frame of the decaying
particle. It was found that |e¢7| or |b¢*| are below of 10711,
while |e/| or |b/”| are below of 10712, The most stringent
bounds corresponded to |e;”| or |b}*|, being of the order
of 1078, It should be recalled that this work introduces a
methodology that addresses new energy-momentum de-
pendent terms coupled to background LV-tensor fields that
were ignored in previous research. Our upper bounds are
more restrictive than one of those previously reported in
the literature. In addition, we presented new constraints for
Lorentz-invariant scalars (¥,)7(Y;)**% in the flavor

space. On the other hand, we computed second-order
LV corrections to the ff 4y vertex, finding that these only
induce generalized vector and axial transition currents and
a variety of new Lorentz structures, where there is no
presence of dipolar-transition structures.

For future investigations, the upper bounds for the
different LV coefficients that we estimated could be
implemented in the study of LFV scattering processes,
in which the spatial orientation of the momentum of the

Second-order corrections to the LV coefficients Y?B on the fgfay vertex.

s [ (AF), (VEP) A+ mac(AFC), (VERP + meg(AFC),(VEP) = (V< A). - (41)

initial particles with respect to the background fields e}”
and bj}-B could be manifest through their cross sections.
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APPENDIX A: LORENTZ CONTRACTIONS

In this Appendix, we present the scalar products that
arise in this work. For cogveniencg, we denote the LV
tensors (Y )0, (Yp)ibh, (Yp)al, (Y,):24 as (X4P),, or
(2%8),,. As mentioned in the Introduction, the six inde-

pendent components of (¥ f)jjf can be expressed in terms of
(e7#)" and (b}?)’ [see Eq. (5)]. Thus, the (XéB)#U tensor
can be associated with two three-vectors (X42)? and (xAB)’
through

(XAB)Oi = (XAB)iv (XAB)ij = eijk(XAB>k- (A1)

TABLE VL. Associated (e4?)" or (b}#)" components for each

(X4F),, tensor.

(XAB)/H/ (XAB)i (X?B)i
(¥ e ey ey
(Yp)" (et +(bF)!
(F e by ~(e)
(7 ) (e

015014-10
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Where X48 and x*2 correspond to e? or bA2, the corresponding relations are summarized in Table VI; see also Egs. (5)
and (6). In the X#8 and x“5 basis, the Lorentz scalar products that appear in this paper are given by

AB AB\uv __ AB AB AB AB
(XA), (ZABY = —DXAB . ZAB 1 2xAB . 445, (A2)
(XAB)apl (ZAB)apz = (XAB ‘Pl)(ZAB “Po) - E1E2(XAB ) ZAB) + E1<XAB X ZAB) P2
+ Ey(ZAP x x*P) - py — (x*8 x py) - (2% x py), (A3)
(XAB), = —E{(X*8 . p,) + E; (XA - py) + (p; x p,) - x*5, (A4)

(XAB) 1 (Z48) ebrir = (XAB x 24B) - (p) x py) — (Z48 x xB) - (p; x py) + Eo(XAE x ZA%) - p,
- E1<XAB x Z4B) - p, — E2<XAB X ZAB) ‘p1+E; (XAB X ZAB) P, (A5)

(XAB)apl (ZAB)ﬂpzeaﬁp3p4 = —(X48 . p))[E,Z8 - (p3 x pg) — (2% x p2) - (p3 X P4)]
+ (248 - py) [E\ XA - (p3 x pa) = (x*2 x p1) - (P3 X P4)]
— E\E,E5(XA8 X ZAP) - py + E E5[XA8 x (2% x p,)] - ps
+ E\EEf(XA8 X Z4B) - py — E E4[X*% x (2*% x p,)] - ps
— By E5[Z°8 x (x"8 x py)] - py — E3[(x*® x py) x (2*® x p,)] - p4
+ By E([Z7% x (x*P x py)] - p3 + E4[(x*® x py) x (2% x p,)] - s, (A6)
(XAB)alpl60"’”’”’4 = (X% p))(p2 X P3) - Ps — E\E2XP - (p3 X py) + E\EsXAP - (py x py) — E E4 X8 - (py X p3)
+ E>(x*% x py) - (p3 X ps) — E3(x*? x py) - (p2 X ps) + E4(x*% x py) - (P2 X P3), (A7)
(XAB) 5(ZAB)Prearpaps — —E, (XAB - ZAB) (py X p3) - pa + X2 - (248 X py) (P2 X P3) - Ps
+ XA8 - [Ey(p3 X p4) — E3(p2 X Pa) + Es(p2 x p3)|(Z*F - py)

— (x8 X ZAP) - [E\E;(p3 X P4) — E\E5(p2 X Ps) + E1E4(py X P3)]
x [x4 x (2% x py)] - [E2(P3 X P4) = E3(p2 X Ps) + E4(p2 X P3)], (A8)

where p, is a four-momentum with components (p,)* = (E,,p,), with r = 1, 2, 3, 4. The usual three-vector products are
defined by

a-b=a'b’, (A9)
(ax b) = eka/bk. (A10)

For example, taking (X*%),, = (Y,)2? and (2%%),, = (Y,):24, it follows that

(Y )AB(Y ) BAm = —2e4B . eBA* 4 DbAB . pBA*, (A1)

APPENDIX B: LORENTZ TENSORS

In this Appendix, we present the various Lorentz tensors that arise from the second-order contributions to the fzf .y
vertex given in Eq. (39). Let

2 2
R (B1)

2 2 2
MppAMcMpe

thus,
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(T3°), = ca{lme = ma)m (ARC) | (AFP) + (mp — me)mipe(ARC) (AFF)
+ (my + me)mi (Vi) (VEPVE = (mp + me)myc (Vi) (VEE) |
+ (e = ma)h (AJC), (AFP) + (my = mc)od (AJCVIATP),,
+(ma + m)m, (V1) (89 = (my + m)m (VY9 (6%)
+ i[(mp + mc)mﬁc(A?C)ﬂq(ﬁfCB)M + (my + mC)m%c(V.fAC)M(AJgB)M
+ (me — ms)mﬁc(v?c)lq(v‘{fw)ﬂz + (me — mA)m%c(«ifAc)M(V?B)*ﬂ}, (B2)

A

(T4), = callmy = me)mi (A, (VFYP = (my + me)mc(VIC),, (AGP)"

X (m¢ — mB)ch(VAC)'IP(ACB) + (mp + mc)m%c(A?C)ﬂP(V?B)M
+ (mc mB)mBA (V?C)Aq(ACB) — (my + mC)mIZBA(VAC)M(A?B)M
+ (my — mc)m%A(A?C) (Vj?B)’Iq + (mp + me)m3, (AA-C)M(V]?B)M

+i[(mp — mc)mic(A?C)M (AfCB),u + (my — mc)ch(AfAC)ﬂz (A?B)M
~ (mg +mc)mz (VIO IV P) = (my + me)mye (V) (VEE) 4]}, (B3)

(FipY? = calmy -+ ma){(my = me)msc(AJYHATP) 2 = (mp = me)mic(AJC)7 (ATP)

= (my + me)mpc (Vi) (VEP) P + (mp + me)mi (Vi) (VEF) 1}, (B4)

(Fg®)% = ca(my = mp){(ms — me)myc(AF)*(VEP) P = (mp + me)mG o (AF) (VEP)

w

+ (ma + ) (VIC)IH(AGP) 2+ (mp = me ) (VI€)P (ASP) 1, (B3)
(RIPY™ = ca{me(AJCPP(VEP) 4 mic(ACPI(VERYT 4 (ASCY (VD)1 = (Vy & A} (B6)
(R = ca{me(VICYT (VE0) 4+ mic(VIEPIVET i, (VP (V0)0 = (Vy = A}, (B7)

(59 = ea el 1Y = V5, + 1,1~ (4, (A1,

~ (ma + mg)(my + mc)(VAC) (VBY 4 (my + my) (my = m) (ALC) (AGEYP ]
(V) (VEC) = (VAC), (VEC), + (AIC) (AFC), — (ALC), (ABC) |
(g mg)(my + me)(VACY (VEB) |~ (my -+ my) (my —m) (ALY (AGE) |
b [(VIO), (V§9),, = (VIC) L(VEC), + (AJC) (ABC), — (ALC), (AFC) ]
T i(mg = ma) (e [(my + m) (ALC) (VPOY, + (me — m3><v,f;0>,,,,<ﬂf“>fu],

+ mpe[(my + mC><VfAC)p1(A?C)ﬂp + (mc — mA)(/{fAc)ﬂ,l(VJgB)ﬂp}}} (B8)
(S18)0 = calmBel(VI) ,(ABO),, = (AJC),,(VIO),, = (VIC), (ABC), 4 (ALC), (VAC),
(= ma)m = m)(VIC), (ALY, -+ (1 = ) -+ m) (A)C), (VI
(L), (VE9) | = (VIC),, (ABC) |+ (V) (ABC), — (A) (V5P
+ (= ma)ma + mc) VIV (AB) | (my = my)(my = me) (ALY (V) |
(V) (ASP), = (VIC), (AIO) | 4+ (AJC), (VIC) , = (A)C) (V") ]
iy + ) ([ = m)(AJ), (AP, = (me + mp)(VIC) (VB

+ m%;c[(mA - mC)(AfAC)pj (A?C)ﬂp - (mA + mC)(]}fAC)/},{(V?B)ﬂ[)]}}’ (B9)

q

/{]

015014-12



LEPTON-FLAVOR VIOLATING DECAYS INDUCED BY LORENTZ ...

PHYS. REV. D 114, 015014 (2026)

ca(my +mpg)

FAB wip —
() :

{micl(mp — me) (AFPP(AFE)? — (mp + me) (VO (VEP)”

+2(mp — me) (AFOPAAGEYP = 2(my + me) (VP4 (VFO)F]

- mhellm = me) ALY ATE PP — s+ m) (VI (VPP
2y = mE) ALY ATE = 2(my -+ m)(VIYP (T

+ 2mip[(mg = me) (AGOV4(AGEYT + (mp — me) (AFC)Pa(AFC)

= (4 +me) (VI (VP = (my -+ me) (VI Pa(V§ )]},

mpg —

FAB ulp CA(
(3 :

(B10)

) {micl(me — mp) (VT (AGE)V 4 (mg + me) (AP (VEP)»

- 2my + M) VAPHATYP + 2 = m) APV
+ mc[(me - mA)(A?C)ﬂ”(V?B)”P + (my + mc)(V?C)ﬁ”(A?C)”P
4 20mg + me) ALY+ 2m — g (VI PP (AP
20 (e = ma) ALV 1 (my ) ALV

+(ma + me) (VP AT+ (e = mg) (V) (AT,

(B11)
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