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Searches for AL = 2 decays are crucial to disentangle the Dirac vs Majorana nature of neutrinos. While
neutrinoless nuclear double beta decays are the most promising tool to look for dielectron signals of
AL = 2, searches of dilepton channels with other flavors are far less limited by statistics. We revisit the
calculation of AL =2 decays of hyperons By — B;f‘f’ ~. We compute the rates of these decays by

including the hyperon form factors, which yields finite results in the one-loop model mechanism involving

Majorana neutrinos (long-range contributions). In addition, we study the short-range contributions to these
kinds of processes in two appealing scenarios. First, we consider the effects of heavy Majorana neutrinos in
low-scale seesaw models that involve a minimal parametrization with only two heavy Majorana states.
Second, we study an alternative model where AL = 2 decays are induced by a scalar boson coupled to

dileptons to provide additional predictions.
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I. INTRODUCTION

The nature of neutrinos and the origin of their masses are
among the most intriguing questions in particle physics
since the discovery of neutrino oscillations. Unlike the
charged fermions, right-hand components of neutrino fields
required to give them an electroweak mass are not protected
by chirality, therefore, they can generate Majorana mass
terms. If Majorana masses are introduced, the accidental
lepton number symmetry in the original formulation of the
standard model is explicitly broken by two units AL = 2.
Therefore, the observation of lepton number violating
(LNV) transitions is widely viewed as the cleanest test
of the Majorana nature of neutrinos.

The most extensive and sensitive laboratory to probe
LNV is neutrinoless double beta decay (ff,,) of nuclei.
The amplitude for such transitions is proportional to
the “effective Majorana neutrino mass” m,,, which is
defined by
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Here the sum on j runs over all the neutrino mass
eigenstates, and U describes the mixing matrix in the
leptonic sector. The non-observation of ff,, decays in
nuclei has set direct strong limits on m,,. Currently,
the most stringent limit given by the KamLAND-Zen
collaboration 77/, > 1.07 x 10°° yr (90% C.L.) on the

136Xe Bp,, decay half-time [1,2] implies the direct limit
|mee| = 1> ; Usim;| < (61-165) meV. Direct bounds on
other entries of Eq. (1) are loose mainly because of the
limited statistics of experiments. From a theoretical point of
view, nuclear transitions are limited in precision due to the
model-dependent uncertainties of the nuclear matrix ele-
ments [3-7] and are sensitive only to the two electrons
channel. There is also a large amount of studies related to
AL = 2 processes in decays of tau leptons [8—14], pseu-
doscalar mesons [15-31], and A, baryons [32-35], mainly
motivated by the resonant effect produced by an inter-
mediate Majorana neutrino and their study in flavor-
factories experiments.'

'We refer the interested reader to Refs. [36-38] for excellent
reviews on extensive searches of LNV in colliders.
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In this work, we are interested in AQ = AL = 2 decays
of hyperons (B; — B;{f‘f", £") = e or y). Their study is
complementary to those in nuclei, but with the advantage
that the hadronic matrix elements involved are well known
at low momentum transfer [39,40]. Further, AL =2
hyperon decays allow the possibility to study channels
involving equal-sign muon and electrons in the final state
that are not available in nuclear decays due to limited phase
space. Regarding the experimental side, the large dataset of
hyperons pairs produced in charmonium decays that has
been and is expected to be accumulated in the BESIII
experiment [41,42] has opened the opportunity to search
LNV hyperon decays at sensitivities on the order of 1077
[42]. The first upper limit on the LNV decay was reported
very recently by BESIII B(X™ — pe~e™) < 6.7 x 107,
Therefore, for the purposes of comparison, future searches
for other channels at BESIII will require the predictions in
the framework of reference models of LNV, which is one of
the purposes of this paper.

The first model of AL = 2 decays of hyperons proposed
to estimate their branching fractions was reported in [39].
The mechanism advocated in Ref. [39] considers baryons
as the relevant degrees of freedom and involves a loop with
hyperons and Majorana neutrinos as intermediate states, as
shown in Fig. 1. As a first approximation the authors in [39]
neglected the momentum transfer dependence of the vector
and axial form factors describing the weak vertices, and
have kept the lowest lying hyperons as intermediate states.
As a consequence of this approximation, the resulting loop
functions exhibit a logarithmic ultraviolet divergence which
was regulated using a simple cutoff procedure.

A second approach used by the same authors was based
on the MIT bag model [40]. In this case, one starts from the
most general dimension-nine Lagrangian that involves six
fermion fields and violates lepton number in two units [43].
This approach requires the computation of the hadronic
matrix elements of four quark operators, which can be
evaluated, for instance, using the MIT bag model [44].

These two previous works are associated with different
underlying new physics effects, and the evaluations of their
decay amplitudes are also different. The results using the
MIT bag model in [40] use an effective six-fermion AL =
2 Lagrangian induced by heavy particles which effects are
encoded in the Wilson coefficients. On the other hand, the

By(pa) Bj(ps)

Gy 9 £ 72)

FIG. 1. AL =2 decays of hyperons induced by intermediate
light Majorana neutrinos in the one-loop model involving an
intermediate neutral hyperon 7.

results of the one-loop mechanism are attributed to light
neutrino contributions (long-range effects). According to a
numerical estimate in [40], by assuming ‘“reasonable”
values for the Wilson coefficients and the new physics
scale of LNV yields a prediction for the branching ratio of
the £~ — pe~e~ decay in the MIT bag model of O(10723)
which is around ten orders of magnitude larger than its
prediction based on the loop model O(1073%) [39].

Keeping in mind the current and expected experimental
searches for AL = 2 decays of hyperons at BESIII [41,42],
the goal of the present work is to provide refined estimates
for AL = 2 hyperon decays in the loop model mechanism
associated to long-range contributions of light neutrinos.
Our results avoid the undesired divergent behavior of the
loop integrals encountered in [39] by including the
dependence of the hadronic vector and axial form factors
on the momentum transfer. A similar approach was used
in Ref. [45] to estimate one of the long-distance contribu-
tions to K™ — ntvi decay. Further, we provide an esti-
mation of the short-range effects associated with two
concrete models, namely, heavy Majorana neutrinos con-
tributions in the so-called low-scale seesaw models, and
doubly charged Higgs boson H~~ contributions in the
Higgs triplet model. Using current bounds for both scenar-
ios we derive similarly suppressed bounds on the branching
fractions.

II. ONE-LOOP MECHANISM FOR AL =2
DECAYS OF HYPERONS INDUCED
BY LIGHT MAJORANA NEUTRINOS

AL = 2 decays of hyperons occur when two down-type
quarks in the initial hyperon convert into two up-type
quarks to produce the final hyperon. The different hyperon
decay channels can be classified according to their change
in strangeness AS =0, 1, 2 as listed in Table I. These
processes violate lepton number in two units, and the
most plausible mechanism is the exchange of Majorana
neutrinos [39,40].

At the hadron level, this process can be viewed as
induced by the one-loop mechanism shown in Fig. 1
involving into the loop a neutral hyperon 7 and light
Majorana neutrino mass eigenstates v;. The corresponding
decay amplitude can be written as

TABLE 1. 1/2-spin hyperon AL =2 decays allowed by

kinematics.

AS=0 AS =1 AS =2

X > Xteme X~ — peTe” B~ — pe~e”
YT - peu” E™ > peu”
X = ppHT E™ = pu

—_

2T = Xteme”
B> Xteu
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iM = —GZZmD, Uy iUy,

XZ/ d*q L(/ (p1.P2) hiap(Pas PB)
gt -mg) [0 —my)

= [Z1(p1) < €2(p2)]- (2)

In the above expression m,, are the masses of Majorana
neutrinos and Uy; their mixings connecting flavor £ and
mass eigenstates. The overall constant G? = G% X
(V2,,ViaVius: Vi) for AS =0, 1, 2, respectively, with
G the Fermi constant. We have introduced Q; = p4 —
p; —q as the momentum carried by the hadronic neutral
state n with the appropriate quantum numbers to contribute
as an intermediate state; and £ (p,) <> £,(p,) stands for
the contribution of a similar diagram interchanging the final
external charged leptons. For the diagram depicted in Fig. 1
(see Appendix A for the amplitude with interchanged
leptons); we have that

LY (pr, py) = a(p)r“(1=ys)Po(py).  (3)

Riap(Pa-P5) = 0(PB)7alf 5y(d"*) + 98, (d"*)75]
x (@, +mn)7//1[fAr7(q/2) +9An(‘1’2)}’5]”(17,4)-
(4)

Say and g4 p), denote the vector and axial weak form
factors, respectively, for transitions A — n and # — B. They
depend on the squared momentum transfer at each weak
vertex, specifically, £, and g4, depend on ¢ = (p; + q)*,
whereas fp, and gg, depend on ¢"* = (p, — ¢)*. Their
values at zero momentum transfer have been calculated by
different groups [46—48] with overall good agreement among
them (in Table II we quote the values reported in Ref. [47]).

TABLE II. Vector and axial transition form factors for weak
hyperon decays at zero momentum transfer. Here # stands for the
intermediate baryon state, and the subscript A (B) represents the
initial (final) baryon [47].

Transition n Sy Gan Sfay 9By
pIniN Yo A 0 0.656 0 0.656
>0 V2 0.655 V2 -0.656
o) n -1 0.341 1 1.267
0 V2 0.655 —1/v2 0.241
A 0 0656  —./3/2  —0.895
E o3zt &m0 -1 0.341 1 1.267
2 /2 089 V2 —0.655
A /372 0.239 0 0.656
E—>p >0 1/V2 0.896 —1/v2 0.241
A /372 0239 _ /372  —0.895

The hadronic part i, can be rearranged conveniently as
follows

hla/i = ljt(p}.?)}/oc[(Kbur +Ka+7/5)gl

+ my (K, = Kq_ys)lypu(pa), (5)

where
ko (@%) = fan(a®)f5a(a") £ 94,(0?) 98, (a").  (6)
Ka. (@) = [5,(0")9a0(a") £ 98,(0") fay(q?)- (7)

It turns out that it is convenient to define

Hip=Y "m, U, ;U /d4q Piag (8)
lap = v,V jY ) ’
P IRA | (2) [g? - m2 ][0F - m)]

which, after the loop integration, it can be set into the
following general form

Hla[i = Zml/j UfljUfzj{ﬁ(pB)y(l[(C?@O C’Z{lo ) 7[

1m.J
(C'IHL] lal}/S)ﬂl ( 11)2 lazyS)ﬁ2
+(C, + ClL rs)palrsu(pa)}s 9)

where the C{; and C'f{l (r=0,1,2,A) functions encode
the effects of the strong interaction relevant in the loop
computation. They will depend in general on the neutrino
masses and on the two independent Mandelstam variables
t=(ps—p1)? andu = (p, — p,)*. In this way, the decay
amplitude (2) can be expressed just as the product of the
leptonic and hadronic tensor currents as follows

iM = =G*(LY (p1. p2)Higs — LY (p1. p2)Haug).  (10)
where the second term in the above expression represents
the contribution of the diagram with the final charged
leptons interchanged (see Appendix A).

A. Hyperon form factors

The loop integration requires a proper modeling of
hyperon form factors in all the range of momentum transfer
scales. While SU(3) flavor symmetry considerations are
useful to fix the form factors at zero momentum transfer
(¢* = 0), we ignore their behavior at finite and large values
of g%. From neutrino and electron scattering off nucleons it
has been found that the observed distributions can be
described by a dipole parametrization. An extrapolation to
the timelike region leads to the dipole form factors given by

) =10(1-4) ()

mdf
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() = a0(1-5%) " (12

md!]i

with myr, = 0.84 GeV and mg4, = 1.08 GeV. Since these
pole masses corresponds to strangeness-conserving form
factors, a rescaling using the values of vector and axial
mesons masses allows to assume that m,;, = 0.97 GeV
and my, = 1.25 GeV would be a good guess for the dipole
masses in the strangeness-changing case [49]. The values of
the form factors at zero momentum transfer, f;(0) and g;(0)
are given in Table II and in the case of the vector form
factors they incorporate the effects of SU(3) flavor sym-
metry breaking [48-50].

In Ref. [39], the transition form factors f {A.B}, and
9ia.py, Were approximated by their values at zero momen-
tum transfers in Eqgs. (6) and (7). Under such approxima-

tion, the relevant C'Z{ and CZ{ factors in Eq. (9) are given by

% (0)
Ccl = o7 By(t, my , my),
oy = —cy = i%O 1, 2) + By (t,m2 , m2
1= =t = 1 (03 )+ B (1 ),
Ch =0, (13)
and
; Kq (0)
Clhy = —i=[e 2 Bolt, mg.,my),
. Ka 0
Cl = —_CV = A )[Bo(t, mZ ,m2) + By(t,m}  m3)],
"2 J !
cl =0, (14)

where B, and B; are the two point scalar and vector
Passarino-Veltman functions, respectively (see
Appendix A). Analytical expressions for the loop functions
can be derived straightforwardly using Feynman para-
metrization. We have calculated these expressions and
have found good numerical agreement with the results
reported in [39] where, however, the mass of the neutrino in
the propagator term was neglected. The important point to
highlight here is that both B, and B; are ultraviolet
divergent and the resulting amplitude for AL = 2 becomes
logarithmically divergent as it was found in Ref. [39] using
a simple cutoff procedure.

As discussed before, taking the form factors as constants
is just an approximation that leads to a divergent amplitude.
This bad behavior can be cured by a form factor that
vanishes at large ¢>. The dipole form factors shown in
Eq. (12) satisfy the low energy limits dictated by SU(3)
flavor symmetry and describe well electron and neutrino
scattering data [46-50]. In the limit of large momentum
transfer, both the vector and axial dipole form factors

behave as ~1/g*. Considering the dipole approximation
would require evaluating an integral with six propagators
which, in general, are very difficult to evaluate even
numerically. Then, in analogy with the case of meson
form factors considered in Ref. [45] which behave as
~1/g* for large g*>, we will use instead a monopolar
approximation. The approximation of the dipolar d by the
monopolar m form factors is achieved by comparing their
slopes at low momentum transfers; this leads to identify
m,, = my/\/2 for the vector and axial poles of the
monopolar approximation in the AS = 0, 1 cases.

Using monopolar expressions for the form factors, the
loop integrals become also finite. The expressions of the
relevant C/ functions are given by:

njo_
Ci, =

16 > [fA (O)fB ( )mmf
2

- gA (O)QB (O)Wl%nyA mmgBDO(mmg my,

%1fB DO(mmfA ’ mme)
)l

Cr]] 167 2[ A( )fB( )m m%fB[Dl(mmfA’mmf

+D0m

9B

)

B

(M, 1, )]
+ gA (0)98 ( ) m,,A mgnw [Dl (mmgA ’ mm_,,B)
< iy )
16 162 [ A, ( )fB,,(O)m%fA mifg [DZ(mmfA’mme)
+D1(mmf mj )+D0( mfAimme)]

+ gA,} (O)QB,, (O)mgngA m%@m [DZ(mm_qA ’ mmyg)
+D1(m mm )+D0(mmAvmmyB)H’

+D0 mm

nj _
Cy =

C 16 z[fA,,( )fB,,( )mm, mmf D3( mfA’mm,cB)

+ 9a, (0)93,,(0)m3ngA m%n_(,g D3(mmgA ) mmgs)], (15)

where (in GeV units) m,, , = 0.84(0.97)/+/2 and My, =

1.08(1.25)/+/2 for AS =0(1) transitions, as explained
previously. The Passarino-Veltman functions are given by

_ 2 2 .2 0
Dio123y (M, smy, ) = Dio123y (1, my. s, my, my, myg,
My, My, M, mme),
D (m,, ,m, )=D (tm s,m3, m?, m?
(0.1.2.3y (M, My, ) = Dyo123) (1 my, s, my, my, mp,
My My My Ly )., (16)

and s = (p; + py)? =m3 + my +m? +m5 —t—u is the
other Maldemstam variable. The functions CZ{ can be
obtained straightforwardly from the above expressions
considering the following replacements
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),

szllﬂz»%} - C’{%M&«UA}(JCA” <> Gan> mmfA < m’”yA>' (17)

i — _c
Cﬂo - _Cl/‘o(fAr/ <> 9ans mmfA g mmm

Given that the four-point functions arising from the
monopolar form factors are not divergent, the amplitudes
are finite and physical.

B. Numerical analysis (one-loop mechanism)

The hadronic matrix element defined in Egs. (9) and (10)
depends on the effective total form factors C'Z»,,a,; for each
intermediate hadronic state # in the loop, they can be

written as
/- nJj _
Cvr=§ mv,UfljUfszUu (v, = v0,1,02,04),
J

CZrEZijUfljUfszZ{a (a,=ag.ay,ay,a,), (18)
J

where the individual C'Z{ .a, factors, determined from the
loop integration, depend in general upon the neutrino mass
m,, involved in the neutrino propagator (8). Figure 2 shows

the absolute value of the C'Z{ (with # = n) form factors as a
function of the intermediate neutrino mass m,, for the

specific X~ — p transition, and using the monopolar
approximation described in equations (15) (similar results
are obtained for the rest of the decay channels listed in

Table II as well as for the analysis of the axial CZ{ form
factors). From this plot we observe that the dominant

contribution arises from the C’Z){; coefficient. Also, for light
neutrinos (m,, < 100 MeV), all the C¥ factors are insen-
sitive to the neutrino mass value. However, for heavier

1072} 35— D A
104}
S} O
1076} i
_ CvA
mj
—Cp
-8L mJj
10 o

10° 0001 0100 10 1000  10°
my, [MeV]

FIG. 2. Individual C;’ loop-factors as function of the neutrino
mass in the monopole form factors model for the decay chain
X~ — n* - p. For illustration purposes, we have used the
maximum values for the Lorentz invariants (7, s) that are allowed
by kinematics, as well as m; = m, = m, in Egs. (15) and (16).

neutrino states, the C'Z{ one-loop functions describing the
AL = 2 hyperon decays become strongly dependent on the
neutrino mass. When m, ~ 100 MeV, the loop integral
becomes sensitive to the neutrino mass because this scale
starts to be comparable to the involved hadronic scales
(pole and baryon masses in the loop). Formally, one expects
that particles much heavier than the ones included as
explicit degrees of freedom in these loop calculations
should be considered as short-distance contributions.
This means that this loop mechanism is not valid for
particles much heavier than a few hundreds of MeV (see
below for the case of heavy Majorana neutrinos).

On the other hand, if we assume that only very light
neutrino states exist, the effective form factors in Eq. (18)
can be approximated by

— 70 _ 0
C;’;r = mf]fzclir, Czr = mfleCZr, (19)

where my ., is the effective Majorana mass parameter, and

C'Z? (CZ?) are the one-loop functions in Eq. (16) evaluated at
m, = 0.2 We note that in Ref. [39] the values m,, = 10 eV,
and m,, = 10 MeV were used as arbitrary inputs for the
normalization of the decay rates; in addition, that reference
did not include the ue decay channels as we do in the present
calculation. Note that the direct upper limits for m . reported
in [1,51] are given by3:

me.| <0.165eV,  |m,,| <90 GeV,
Im,,| < 480 GeV. (20)

By computing numerically the form factors in Eq. (19),
we have obtained the branching ratios listed in Table III.
We observe that channels involving two electrons are
strongly suppressed due to the strong limits imposed from
PPo, nuclear decay. On the other hand, by assuming the
direct upper limits in Eq. (20) for the ey and uu effective
masses, we would get BR(Z™ = puu) = 1.7 x 10719 and
BR(Z™ — peu) = 1.6 x 107! which appear to be close to
the projected sensitivity of BES-IIL* These large ratios
should be taken with care because the upper limits used for
m,, and m,, lie beyond the range of validity of this
scenario, according to Fig. 2. If we assume the maximal
value |m,,| = |m,,| = 100 MeV consistent with the

’In Ref. [39] the masses of neutrinos in the loop integral are set
to zero from the beginning. In contrast, our results are rather
general and appropriate to evaluate the effects of new states until
1 GeV (see discussion in the main text).

3A recent work presented in [52] proposes that the study of the
nonresonant signature pp — £=¢'* at the LHC can be used to
test m,, to a sensitivity of |n,,| ~7.3 GeV.

“In this “naive” approximation one also gets BR(E™ —
Ttue) =1.8x 1074, BR(E™ = puu) =2.5x 107", and
BR(E™ — pue) = 2.3 x 1072, which also look closer to the
experimental sensitivity of BES-IIL
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TABLE III. Branching ratios of AL =2 hyperon decays
induced by Majorana neutrinos in the one-loop model mecha-
nism. We consider the upper limit of the effective Majorana mass
|m,,| as given in Eq. (20), but we assume |11,,, | max ~ 100 MeV
that is consistent with the approximation in Eq. (19) (see also
Fig. 2). Quoted errors (within parentheses) are estimated by
varying the pole mass m,, by £15%.

Branching ratio

Transition One-loop model
¥~ - Xtee l 6(0.4) x 1074
X — pee 2.2(0.4) x 1073
X7 > puu 7.4(1.6) x 10718
X7 = pue 7.2(1.6) x 10717
B — Xtee 2.0(0.7) x 10736
E™ = Zftpe 2.8(0.9) x 10720
=~ — pee 7.1(2.0) x 10736
B~ > pup .1(0.4) x 10718
2T > pue 3.7(1.2) x 10718

approximation in Eq. (19) in the loop-model mechanism,
then we obtain the rates reported in Table III.

III. SHORT-RANGE CONTRIBUTIONS

If LNV is mediated by heavy particles, then an appro-
priate framework to deal with such effects corresponds to
an effective field theory analysis [53—59]. In this regard, we
will consider the most general six-fermion effective inter-
action describing AL = 2 processes involving any leptonic
and hadronic state with second and/or third generation of
quarks [53-59], following the notation in [56] this can be
written as follows

2
ey = S e omn G
i.X.Y.Z

where C; are effective dimensionless couplings, and A is
the heavy mass scale of new physics. The dimension-9
operators are classified by

OfY* = dlu;Pxd][a;Pyd,)(jz),

05" = dlu0" Pxdy)[ijo,, Pyd,)(jz),

O = dluy" Pxdy][y,Pyd,)(jz).

O = dluy" Pxdy][a0,,Pyd,)(jz)",

0% = Alay Pxdi][a;Pyd,)(jz) 0 (22)

and the leptonic currents are defined as
Jr=CaPols =L Pots,. (23)

In the above expressions Py y ; (X,Y,Z = L, or R) are the
left and right proyectors P; g = 1/2(1 F ys), whereas a,

denote one of three lepton flavors (e, u, 7). Then, assuming
that short-range contributions are the dominant ones, the
decay amplitude of AL = 2 hyperon decays is given by

G2
= TFZ[C?’Y'Z]flfzfi’ (24)

(Bt 16| L5F72(By),

where the JF; functions describe the matrix elements
associated to the all different operators in Eq. (22).
Below we provide two concrete UV completions of the
local six-fermion effective Lagrangian described by
the Eq. (21).

A. Heavy neutrino contributions

We evaluate first the contribution of heavy neutrinos that
can appear in many low-scale seesaw models, for that, we
will consider the minimal parametrization presented in
reference [60,61]. In this model, the neutrino sector
contains 5 Majorana fields (y; =y, + x7 ); after mass
matrix diagonalization one ends with three light (active)
neutrinos that determine the observed oscillation phenom-
ena and two heavy neutrinos N;, = y4s5 states. The
charged weak lepton current relevant for our computation
is described by the Lagrangian:

3

g -
Li = _2—\/§Wﬂ ZZBU/I,},M(] —ys)xj+He., (25)

i=1 j=1

where B is a 3 X 5 matrix

3
B;; = Z‘SikUZjv (26)
k=1

and U is the matrix that diagonalizes the neutrino mass
matrix. The relevant point for our discussion is that all the
genuine effects of LNV due to presence of heavy N,
neutrino masses can be parametrized in terms of their mass
splitting (r = m%,z / m%vl, with r # 1) which determine their
Majorana characteristics. Note that, in this scenario, when
the two Majorana states are degenerate they form a Dirac
singlet neutrino and lepton number is exactly conserved.
Then the elements of the matrix B involving the heavy
states in eq. (26) can be expressed in terms of the heavy-
light mixings s, (witha, # = e, u, 7) and the r parameter as
follows [60]

ri/4 1
—s,, By, =———=—5,.
V1412 o e V147172 o

For this parametrization, the contribution of heavy neu-
trinos to AL = 2 hyperon decays is given by

BaN] =—i (27)

113001-6



AL =2 HYPERON DECAYS INDUCED BY MAJORANA ...

PHYS. REV. D 105, 113001 (2022)

2

M=-G*)"

Jj=1

By N, By,
— L= IXH 28
Tt S

where

X = (By(pp)|T*|Bj (pa))-
" = [iy,(1 —ys)D] x [ay,(1 —ys)D'].  (29)

is the hadronic matrix element describing the transition
from B} to B} (D and D’ stands for down-type quarks d or
s according to the initial and final states). Because the
transition between quarks of initial and final states is via the
weak charged current, as depicted in Fig. 3(a), the tensor
hadronic current is given by the product of two bilinear
V — A structures. On the other hand, the leptonic part can
be simplified as follows

Ly = i(pe,)r(L=rvs)rv(pe) = €1(pe,) < €2(pe,)
= 29,0 (pes,)(1 +75)v(pe,),
£t
Fortunately, some of the hadronic matrix elements in
Eq. (29) have been computed in the framework of the
so-called MIT bag model in Ref. [40]. In the nonrelativistic
approximation, these hadronic matrix elements involving
fourth-quarks operators can be expressed in terms of only

two A and B functions, in such a way that after the
contraction of Lorentz indices, we have that

X" g,, = u(pp)[A+ Byslu(pa), (31)

where u(p,) and u(pg) denotes the spinors of initial and
final hadronic states, respectively. Thus, Eq. (28) becomes

2. B,yvB

aNPen; _ )

M= 22623 =N G A+ Byslu(pa) ).
j=1 N;

(32)

Matching Eq. (24) for A = my, with Eq. (32) we obtained
the particular realization of the relevant Wilson coefficient

Bi(pa) Bj(ps)

d

dy (@) o lo)uz
4 /A

G(p)  vila) 5 (p2)

() (b)

FIG. 3. Two possible UV completions for the effective lagran-
gian in Eq. (21). (a) Heavy neutrino contributions from low-scale
seesaw models. (b) Doubly charged scalar contributions in the
Higgs triplet model (HTM).

2
[CEER), o) = =2VupVup Y Ben, B,

=1
(r=1)

= 2VuD VuD’ Slffl S”fz m '

(33)

From the above expressions it turns out clear that when the
two heavy states are degenerate (singlet Dirac case) lepton
number is exactly conserved as it is expected.

Now, in order to estimate the contributions of heavy
neutrinos, we consider as a benchmark the mass-indepen-
dent indirect limits for the relevant heavy-light mixing
angles coming from the latest global fits to electroweak
precision observables given in [62,63]:

5, <0050, 5, <0021, 5, <0075 (34)

We also have to consider maximum perturbative values
for masses and mixings of the new states. In this para-
metrization, such condition translates into the following
relation [60,61]

V2nv

14 o VIV
g max{s,, }

1

(35)

Therefore, assuming the maximal values in (34), the
perturbative condition reduces to my, r'/* < 8.2 TeV.

Taking into account the above constraints we can
estimate the rates of AL = 2 hyperon decays induced by
heavy neutrinos in low-scale seesaw models. Let us
consider the specific example of the X~ — p£¢’ decays
for which the values A = 3.56 x 10° MeV? and B =0
were obtained using the eigenfunctions of quarks confined
within a baryon in the MIT bag model [40].

Considering maximal values for the heavy-light mixings
in Eq. (34) and the representative values My, =1TeV,
r=0.01 for the masses of the new heavy states consistent
with the perturbative limit, we have that (see Appendix B
for details)

BR(Z™ — pee) = [CLLR]2, - (5.0 x 10714),

= 4.9 x 1073,
BR(Z™ — peyu) = [CHR]Z, - (4.5 x 1071),
=7.0x 10731,
BR(Z™ — pup) = [C5K], - (4.5 x 10712),
= 1.1 x 10732, (36)

Bounds for the rest of hyperon decays can be computed in a
similar way if matrix elements of four-quark operators for
other channels become available.
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TABLE IV. Current experimental limits for (e, u) flavor processes that constrain the product of Yukawa couplings
(h'h) as a function of the mass my+-. A comprehensive and detailed analysis of all the limits including 7 flavor

transitions can be found in [69].

Process Current data Constraint [GeV~2]

U - eee” <1.0x 10712 |hle eﬂ|/M2ﬁ <23x 10712
U= ey <42 x 1078 S kene Pl /M2 < 2.7 x 10710
Electron g — 2 <52 %1071 Do ek /M7, < 1.2 1074
Muon g — 2 <4.0 x 107° > e W,|hﬂk\ /M2ii <1.7x107?
Muonic oscillation <82 x 1071 |hgeh/m| M2 < 12x 1077

ee — ee (LEP)
ee — up (LEP)

Aeff > 5.2 TeV
Aeff > 7.0 TeV

| |? /M2ﬁ < 1.2x1077

|y ? /M3, < 6.4 x 1078

B. Higgs triplet model contributions

Majorana neutrinos are the most appealing but not
unique mechanism to generate AL = 2 transitions in
hyperons. As an alternative, we explore the possible effects
that can arise in the presence of doubly charged scalar
bosons coupled to dileptons, particularly, in the so-called
Higgs triplet model (HTM) [64]. Here, the scalar sector is
extended by including a complex SU(2), Higgs triplet A
with Y = 2 along with the SM doublet ®. The scalar triplet
is parametrized by a 2 x 2 matrix as follows

AT ATt
A= (ﬁAO 1 A+>, (37)
V2

and the relevant Yukawa Lagrangian is given by

where C is the charge conjugation matrix, ! = (V1 e} ),
0, is the second Pauli matrix, and h;; are the entries of a
3 x 3 symmetric Yukawa matrix. The neutral component of
A developes a vacuum expectation value v,, as a conse-
quence, neutrino masses are generated.

After the spontaneous symmetry breaking the physical
scalar spectrum is composed of seven states: two CP-even
scalars H; and H,, one CP-odd scalar A, two charged scalars
H*, and two doubly charged scalars H** (the H** a
completely built out of the triplet fields H*+ = A**), For
the purposes of this work, we only focus on the phenom-
enology of the doubly charged states; a complete list of all
the new vertices in the HTM can be found in [65]. The
coupling for the interaction of the doubly charged scalar
H** with a pair of W* gauge bosons needed to built the
amplitude in Fig. 3(b) is given by: iv/2¢%v A9 Note that
similar contributions replacing each of the weak W~ bosons
with a singly charged H~ scalar are suppressed due to
small couplings H~¢q,q, proportional to the light quark
masses.

The contribution of the HTM to AL = 2 hyperon decays
is given by

M =-4V2G? ;j’ X1 g, i(p2)(1=7s)v(p1),
=-8v2 Gthff; #(py)[A+Brslulpa) G2). (39)

Comparing the above expression with Eq. (24) for
A= M? - /v,a, the Wilson coefficient associated to the
HTM contribution is given by

[CgLL]flfz = _8\/§VMDVMD,hf1f2' (40)

In order to evaluate this contribution we must consider
that v, is constrained from the correction to the p
parameter, which after the introduction of the Higgs triplet
becomes

1+ 20%/0?

M? M2 Oy =—=—,
p = Miy/ M eos* 0w =752 70

(41)

where v = 246 GeV is the v.e.v. of the SM doublet. Then,
considering the experimental value pe"p = 1.00038(20) [2]
one is lead to the upper limit v, < O(1) GeV [66,67].

Furthermore, M3;* is constrained indirectly as a function
of the product of leptonic Yukawa couplings from several
processes [66-71], including Bhabha scattering, LFV
violating transitions, muonic oscillation, and the electron
and muon (g — 2) observables (see Table IV).6

Taking for simplicity non z-flavored interactions, that is,
h,; =0 (i=e, p, v) and the contrainsts from Table IV.

In Eq. (39) we have added the diagram with the external
charged leptons interchanged using that @(p,)Py. gyv(py) =
—”(Pl)P{L ryV(P2)-

®A recent study of the production of doubly charged Higgs
bosons at LHC can be found in [72].
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We adopt a conservative benchmark considering that
vpa =3 GeV, and h,,,, ~0.1 (m =e, u) for the rest of
diagonal Yukawa couplings. If we now consider the limits
from £ — £¢ (¢ = e, u) data which only involve diagonal
couplings h,, and h,,, then my-. 2 395 GeV. Choosing
this lowest value for m++, we obtain’

BR(Z™ — pee)ypy = 1.1 x 10739,
BR(Z™ = pept)ymy = 1.3 x 107,
BR(Z™ = pupt)yry = 1.0 x 10731, (42)

Note that for smaller Yukawa couplings #,,,, the above
upper limit increases by a factor 1/h2,, if we still assume
the lower bound on my:: from ee — up data quoted in
Table I'V. Moreover, in this case, it is necessary to consider
hey 3.5 % 107 to obey the strongly constraint coming
from u — eee™, as a consequence, the prediction for the
(ep) channel would be more suppressed.

IV. CONCLUSIONS

We have studied all the AL =2 decays of spin-1/2
hyperons By — Bj¢~¢'~ that are allowed by kinematics
within a model involving a one loop mechanism with
baryons and light Majorana neutrinos as intermediate
states. This study improves previous estimates reported
in [39] in several ways. First, we have included the
momentum dependence of hyperons form factors using
a monopolar model which allows to cure the bad ultra-
violet behavior encountered in [39]. Second, because we
kept finite values for the Majorana neutrino masses in the
loop computation we realize that for m, = 100 MeV, the
dependence on the neutrino mass of the relevant loop
functions that dictate the strength of AL =2 hyperon
decays becomes relevant. This indicates that the validity
of the loop mechanism for these long-distance contribu-
tions cannot be extended for neutrino states beyond a few
hundreds of MeV. Except for the overall effective
Majorana mass factor my,., our calculation basically
confirms the strong suppression found in previous results
for light neutrinos (loop mechanism). In general, the
momentum dependence of the form factors yields results
for the branching fraction that are suppressed by three
orders of magnitude with respect to the case where this
momentum dependence is neglected (Ref. [39]). Given the
poor current limits on 1,,,, obtained from K+ — 7z~ pu*u*
decays, the bounds obtained for the two muon decay

"The branching ratio for the HTM contribution can be obtained
directly from Eq. (36) replacing [C5*¥], , by [C5"], ;..

channels seems close to the sensitivities of future BESIII
searches where 10'° hyperon pairs produced in charmo-
nium decays are expected [41]. Notice however that the
loop-model is not valid for heavy neutrino mass scales.
The maximum rates for the ey and pu channels consistent
with this scenario are far away from any current or future
possible detection as it is shown in Table III. It is worth
mentioning that according to [52], searches for high pr
signals of LNV at the LHC may eventually be sensitive to
effective muon Majorana masses of the order of a
few GeV.

In addition, we also considered the study of short-range
contributions in two appealing scenarios. First, we con-
sider a specific low-scale seesaw model which includes
two Majorana neutrinos with masses in the TeV range and
not very suppressed mixings [60,61], and three light active
neutrinos. In this model, the lepton number violating
effects are encoded in the mass splitting of the heavy
neutrinos (7 # 1), while the heavy-light mixing angles are
bounded from the perturbative unitarity condition.
Second, we consider the contribution of the HTM, which
can generate neutrino masses through the type-II seesaw
mechanism, and contains a doubly charged scalar that
couples to equal-sign leptons. Using current bounds on
the parameters of both models, we find that the branching
fractions for £~ — pee are less suppressed than in the
loop-mechamism discussed above, but still far below the
current and expected sensitivities at BESIII. We conclude
that, even if the sensitivities of BESIII are pushed to
their extreme expectations, results for the two electron
channels of neutrinoless doble beta hyperon decays will
not be competitive with nuclear neutrinoless doble beta
decays.
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APPENDIX A: ONE-LOOP FUNCTIONS

The one loop functions are verified with package Package-X [73]. For completeness, we report the definition and
decomposition of the two and four-point functions appearing in the computations described in the main text.

D
o B BN =0 [ e A
ares 4 D qu {l,qﬂ}
oz (Do DY) =t [ e P T A

where D = 4 — 2¢, and we have defined (args) = (P19, P12, P23+ P30s P20> P13, M3, m3, m3, m3). The decomposition of the

vectorial functions is given by

B,(pi.mg.mi) = p\,B\(pT. my. m3), (A3)

, (args) Z piD;(args), (A4)

with p;; = (p;—p j)z, and py = 0. Analytical expressions for the two point functions can be derived directly with
Package-X. Then, the relevant factors appearing in Egs. (13) and (14) are given by

. ik, (0) 1 ) 5 m,%
Ccl = = [Z (mbj —my; +t)log -3

J

3

2
> + A(t,mg,m; ) +2 —log (ﬂ—g) + A] , (A5)

; 2
no__ni_ ix, (0) [ 1 m 2 2 4 mn
Cl,=-Cl = = 42(2 mg, +2mg t 4 1* — my — mj) log 2
1, m2 A
+2—t(m —m,,)(l—i—A(t ma, m ))—l— A(t mn,m,,) 1—§log —1—5 , (A6)

with A =1 —y; +log (4n), A(a.b.c) = ” b <) 2829 [Vdx[ax® + (b + ¢ — a)x + b]~!, and A is the so-called Kiillen function. In
the limit m, — 0, useful for the results in the scenario A, the above expressions reduce to

i, (0) (t—m3) t m2
ch=—""12— log (1-—) -1 Al, A7
v0 16”2 |: t g mrl Og ﬂ + ( )
H 2 2 4 2
o _ oo _ e O my (E—my) 0 L m A A
Coa=~Cu ="z |1 77 r e\ T) T2%2) Ta) (A8)

Cumbersome analytical expressions in terms of Log and Dilog functions are obtained for the factors in Egs. (15) and (17)
in the type-pole approximation. We have evaluated them numerically with the help of the package Collier [74].

Finally, the contribution of the diagram obtained from the exchange of final charged leptons in (10) is given by replacing
the leptonic and hadronic currents with the following:

LY = a(p)r(1 = ys)rPv(ps), (A9)
Hypp = Zm UfljUfzj{u<pB)ya[(C2vO Cg{lr,?’S)mn + (Cg{, + Cg{lﬂ’s)ﬂl

m.j
(ngz %275){72 (CZJLA + CZaA}’s)FA]VﬁM(PA)} (A10)
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The C’%, and Cgi, functions can be obtained from those

reported in Sec. IT A with the replacements:

Cao = Croo(t < u), Caao = Crao(t < u),
Copn = Croa(t < u), Cran = Craa(t < u),
Cop1 = Crin(t < u), Coa1 = Ciaa(t < u),
Coo = Cr(t < u), Crp = Cra(t < u).  (All)

APPENDIX B: KINEMATICS
The differential partial width for the short-range con-
tributions is given by
L MP
(27)*32m3 - z

dr = dudt, (B1)

where z = 1(2) for £, # ¢, (£, = ¢,) channels, and the
integration limits

1
Eminmax} = M3+ M =t 5 [(m3 —mo —u) (u—=mi; +m})

F [A(mG.m3, u)A(u,mm?)]' 2], (B2)
with A the triangle function, and
Umin = (mB + m1>2’ Umax = (mA - m2)2' (B3)
The amplitude squared can be written as follows
[C5713.,
M = G%TFIO (B4)

the above expression is valid for both C{F and CLLE
Wilson coefficients in Egs. (33) and (40), respectively.

Fx==2(m%+m%—t—u)[A%(m3 +m3 —2mymp —t — u)

+ B?(m?} 4+ m3 +2mymp —t — u)). (BS)
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