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We investigate the possibility of neutrinoless double beta decay (Ovff) and leptogenesis within the
alternative left-right model (ALRM). Unlike the usual left-right symmetric model, ALRM features a
Majorana right-handed neutrino which does not carry any charge. Further, in this picture the down-type
quark and the charged leptons receive mass through the additional left-handed scalar field, rather than
the usual doublet. Together, these features conspire to generate significant contributions to the Ovpp
through vector-scalar (WH) mediation. For moderate masses of the relevant charged Higgs boson
(M= ~200 GeV), the half-life of T;VH is ~3 x 10?° yrs for both the case of 7°Ge and '*°Xe, well within

the sensitivity expected by future experiments. Invoking the resonant leptogenesis, CP violation arising
from the right-handed neutrino decay could be the required order to generate the correct baryogenesis,
€ ~ 1075, for small Dirac phases and without any fine tuning.
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I. INTRODUCTION

Neutrinos distinguished as an exclusively left chiral
species in the electroweak interactions have provided an
intriguing insight into the structure of fundamental inter-
actions. The observation of neutrino oscillations, confirmed
over several decades has signalled a key role for them, both
in the flavor puzzle and in the understanding of conserva-
tion of baryon (B) and lepton (L) numbers, the global
quantum numbers of the low energy Standard Model (SM).
Study of such phenomena in turn can provide crucial hints
toward a more complete and perhaps also a more elegant
theory of elementary particles. Perhaps the most notable
among these hints comes from the seesaw mechanism,
linking the minuscule mass scale of the observed neutrinos
to the grand unification scale, independently suggested by
the running of the gauge coupling constants. In all of the
popular avatars of the seesaw mechanism, the appearance
of newer right handed neutrino type species, and inter alia,
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the possibility of Majorana mass terms, is inevitable. The
possibility of Majorana neutrinos gives rise to the neu-
trinoless double beta decay (Ovff5) which has been pursued
theoretically, and explored experimentally for many dec-
ades now. Further, this possibility invariably violates L,
providing a natural way to address another intriguing issue
in particle physics, the matter-antimatter asymmetry of the
Universe, by a mechanism known as leptogenesis.

The observation of the proposed Ovpp will be a direct
indication of lepton number violation (LNV), as well as it
can deliver information regarding the absolute mass scale
of the neutrino species. Such LNV processes could arise
due to the well-explored mechanism with exchange of
light Majorana neutrinos, but equally well from some new
physics contribution, depending upon the beyond Standard
Model (BSM) framework. Thus the study of this phenome-
non provides crucial hints to constructing BSM. Among the
various BSM frameworks, a minimal one incorporating
right handed neutrinos and partially achieving the goals of
unification is the class of left-right symmetric models
(LRSM). Extensive reviews on Oyff decays in context
of LRSM framework can be found in [1-15].

In the usual versions of the LRSM, the right-handed
down-type quark teams up with the right-handed up-type
quark to form a doublet under SU(2). Similarly, the right-
handed electron pairs with the newly introduced right-
handed neutrino to form a doublet under SU(2),. This
scenario requires a triplet scalar field whose vacuum
expectation value (VEV) provides the Majorana mass for
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the right-handed neutrino, as needed by the seesaw mecha-
nism [16,17]. Since the simplest grand unified theory
(GUT) based on SU(5) has not been borne out by experi-
ments, and in view of the massive nature of neutrinos, it has
been natural to look to the left-right paradigm and any
framework that can accommodate it in a fully unified
model. All such grand unified theories naturally connect
leptons and quarks. Grand unified theories originating from
E¢ gauge group [18-20], embed a subgroup SU(2), x
SU(2)g x U(1) with fermionic content capable of being
identified with the proposed LRSM class of models.
However, an alternate charge assignment of the fermions
in Eg can lead to significant changes in the physical
spectrum and the dynamics at low energies. We shall refer
to this as alternative left-right model (ALRM) [21,22].

This model provides rich neutrino phenomenology.
Several additional neutrino states are natural candidates
for sterile neutrinos [23]. In the usual LRSM, the important
contribution to Ovff decay comes from the WW fusion
channel production of the doubly charged scalar boson,
which further decays to two electrons. In contrast, in the
ALRM there are doublet scalar fields instead of the triplets.
The peculiar partnership of the usual right-handed fermions
(up type quarks and the charged leptons) with the exotic
fermions leads to different constraints on the Yukawa
couplings and VEVs. A consequence of these assignments
is that some of the Yukawa couplings are significantly
larger than in the case of LRSM, generating potentially
significant contributions to the Ovf3f decay through charged
Higgs exchange processes. Another important difference
from the LRSM is that in the new set up, the right-handed
gauge bosons do not couple the usual up and dg, meaning
that Wy does not contribute to Ovf3f decay. In this paper, we
study such new physics contributions delivering sizable
Ovpp estimation in context of ALRM framework.

Further, LNV is one of several broad paradigms for
understanding the matter-anti-matter asymmetry of the
Universe, generically dubbed baryon asymmetry of the
Universe (BAU). The Majorana nature of the right-handed
neutrino allows the possibility of leptogenesis. Again, the
dynamics here is completely unlike the case of LRSM.
First, there is no influence of the SM Higgs boson, and the
CP-asymmetry arises entirely through the decay of the
right-handed neutrino to the left-handed charged scalar.
Second, the couplings that influence this decay are different
from those appearing in the usual Ovfpf decay, and thus
complementary to it. Third, the possible washout aided by
W mediated decay and scattering processes present in the
LRSM [24,25] is completely absent in ALRM, owing to the
absence of interaction between Wy and the right-handed
neutrino. We therefore also study leptogenesis originating
in this ALRM model which makes specific predictions
about Oufp.

We explore these novel features originating in the
alternate Eg as possible explanations of two of the pressing

puzzles of phenomenology. The article is organized as
follows. In Sec. II we discuss the ALRM with its origins in
E¢ and the existing constraints on the relevant couplings
and masses. For a more complete description of the model
one may refer to [26-28]. In Sec. IIIl we move on to the
calculations of Oyff decay. There we present the possible
channels and estimate their contribution identifying the
important ones. In Sec. IV we discuss the leptogenesis,
computing the CP-asymmetry arising from the decay of
right-handed neutrinos in this model. We summarize our
finding and present our conclusions in Sec. V.

II. THE ALTERNATIVE LEFT-RIGHT
MODEL (ALRM)

It is natural to seek embedding of the rank 5 group
LRSM in Spin(10) which happens minimally, with an
elegant assignment of fermions to the spinor 16. Later, it
was realized in the context of superstring theory that Spin
(10) in turn needs to be embedded in E4 (see [18] for a
review). However, it was further noted by Ma [20] that an
alternative embedding of low energy fermions in the
representation 27 is also possible. In this scenario, instead
of partnering with the right-handed down-type quark, the
right-handed up-quark joins with a new exotic colored
fermion, dj (of the same charge as dy), to form a doublet
under the SU(2)p. Similarly, the right-handed charged
leptons partner with a new neutral fermion (ng) to form a
doublet under the same SU(2)z. The right-handed down-
type quark, dy and the right-handed neutrino, vy, along
with the left-handed degrees of freedom of the newly
introduced fermions, d; and n;, remain singlets under
both SU(2), and SU(2)g. The model provides several
additional neutrino states as natural candidates for sterile
neutrinos [23]. Without supersymmetry, the model can
provide two scenarios for neutrino dark matter [22]. For
this, an additional S-symmetry is imposed, under which the
lepton number is either L = § — T3, in the dark left-right
model (DLRM) [29], or L = S + T3p, in the dark left-right
model 2 (DLRM2) with a global U(1)g [30], duly extended
to a local U(1l)g in [31]. Finally, it was shown that the
partner of the right-handed electron, the scotino, is a viable
DM candidate, consistent with all constraints, within sui-
table parameter space region [26], and the model implica-
tions at colliders was explored. In this work, we shall work
within the DLRM2, with global S charge assignments as in
[27,28,32]. With the right-handed neutrinos having S = 0,
there is a Majorana particle in the spectrum.

The ALRM, arises from the breaking of Eg starting with
a substantially different embedding of the low energy
fermion representations, and we shall refer to the symmetry
of the resulting intermediate scale model as SU(3),x
SU2);, x SUQ2)p x U(1)g_;, to distinguish it from the
traditional LRSM. Along with this gauge group we con-
sider DLRM2 type global U(1) for the three generations
of fermions, and several Higgs fields with the assigned
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TABLE I. ALRM particle content, for one generation of
fermions and for the Higgs fields with charge assignments under
SU3), xSU((2);, x SU(2)p x U(1)g_, (second column) and
the global U(1)g (third column).

Fields SUB3), x SUQ2), x SUR)pg x U()p_, S
0L = () (3.2,1.9) 0
Or = (i) (3.1.2.¢) -3
d (3.11.-3) -1
dg (3.1.1.-3) 0
Ly = (1.2.1.-3) 0
L = () (1.1.2.-7) +3
nL (1.1,1,0) +1
UR (17 17 17 O) 0
0 * 1
=W 220 %
* 1
=) (2.1} 0
* 1 1
zr = () (1.1.2,5) +3

charges as in Table I. Here d’ and n; p are exotic quarks and
leptons, emerging from breaking of Ejg.

With these assignments, the model Lagrangian includes,
in addition to the standard gauge invariant kinetic terms for
all fields, a Yukawa interaction Lagrangian Ly, a Majorana
mass term Ly, and a scalar potential Vi, for both the
bidoublet and the left and right doublet fields, y; and yg.
Accordingly, the Yukawa Lagrangian and the Majorana
mass terms in our model are given by

—Ly = QLYI®Qr + O Yiy1dr + OrYhyrd,
+ L YOLg + LY g vg + LpYeirn, + Hee.,
(1)

—Ly = myUiug (2)

where all the generation indices have been omitted for
simplicity. The Yukawa couplings Y are 3 x 3 matrices
with generation labels as indices. Likewise, the most
general Higgs potential Vy; is given by
Vi = —ETr[® @] + A (Tr[®T®])? + A, Tr(DT @) Tr(d D)

— @3 lia + xkew) + Al + (rrew)?)

+ 244 (i) () + 20 T @[y e, + kel

+ 20,1} PPy, + x Dy

+ 205 [y, DDy, + y @ Dy

+ m3lx P + 1k @y, 3)
containing bilinear, trilinear, and quartic contributions. In

the above expressions, the SU(2) duals of the scalar fields
are defined as

) : - ¢ —h3

= o’ ; (D:02<D62:< > 4
XL(R) XL(R) e ¢?* (4)
where o7 is the Pauli matrix in the standard notation. The
vacuum expectation value (VEV) acquired by the neutral
component of y breaks the SU(2) x U(1)5_; symmetry
down to the standard gauge symmetry, which is further
broken to the electromagnetic gauge symmetry by the
VEVs of the bidoublet and left-handed doublet fields. The
VEVs of these fields are given by

0=l n) =5 ) w0=5(,)
(5)

It is found that the VEV of the other neutral component of
the bidoublet, ¢) remains zero [27] which helps to avoid
the unwanted mixing between d and d’ and also between v/
and the scotino ng. This also decouples the ¢{ field from
the other neutral scalar fields, making its mass eigenstate
the same as the gauge eigenstate. With the complex neutral
scalar fields expressed in terms of their real degrees of
freedom, the fields are

1
R =5 o)+ ()],
= \%[k LR} + ).
1
Z%,R = 75 [UL,R + ER{)(%,R} + iS{Z%,R}]- (6)

Then the massive CP-even Higgs bosons H ? (withi =0, 1,
2, 3), the massive CP-odd Higgs bosons A? (withi =1, 2)
and the two massless Goldstone bosons GY and GY are
expressed in terms of the gauge eigenstates, as

Sty =AY R{g\} = HY, (7)
3{¢9} AJ
S{x2} | =(Uss)| GY | and
Sk} G
R{p3} Hy
R} | = (Vs | HY . (8)
R} HY

We refer to Refs. [26-28] for details and explicit expres-
sions of the mixing matrices U%, ; and UY 5, for the CP-
odd and CP-even scalars. Pertinent for our further dis-
cussion are the charged scalar bosons and their interaction
with the quarks and the leptons. The eight degrees of
freedom in the charged scalar sector of the unbroken
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symmetry, li, ¢2i, )(f and ﬁ\; mix into two physical Masses of the new physical charged bosons are given in
massive charged Higgs bosons HY and H;, and two  terms of the parameters of the Lagrangian and the VEVs, as

massless Goldstone bosons Gi and G5 that are absorbed 2
by the W and W5 gauge bosons Mpy: = v* (a3 — ay) — B IR and,
L R ) ! ; V2 kv
24,2
<¢?> _ ( cos 3 smﬂ) <H1i) My = ( + 03)(a — @) _\/l/_{(k:w. (11)
i —sinf cosp)\GE)’ 2 ke
s cos{ sin{\ [ HF where 1}2.:.k2 +v%. The couplings of these charged
L= . L 9) scalars within lepton and quark charged currents are
XR —sin{ cos¢ G; relevant when discussing Ovff and leptogenesis. To obtain
. these couplings, we examine the Yukawa couplings in more
with detail. With the charged and neutral scalar degrees of
freedom as above, the gauge eigenstates of the bidoublet as
tan f = k and tan{ = i (10) well as of the two doublet scalar fields in the unitary gauge
U UR can be written in terms of the mass eigenstates as
|
® ( HY + iAY cos BH ) ( —sin H{ ) ( —sin(Hy >
-\ cos¢H;  k+R{} +iU%A, )’ =, 4 RO} +iUAA, ) AR\ e + RO} +iULA, )
(12)
With this, the leptonic part of the Yukawa Lagrangian can be expressed in terms of the mass eigenstates as
L, Y'®Ly = Y?[(HY +iA))0, ng + cos fH | U eg + cos (H5 8 ng
+ (k+N{P)} + iU} Ay)e eg + He]
LY{jrvr = Yi[(vp +R{x} — iU Ay)Dug + sin fHT e vg]
LRY{;)?RI’IL = Y{;[(UR —+ ‘(R{)((I)Q} — iU?1A2)ﬁR”L + sin CHEERI’ZL]. (13)
And the Yukawa interactions connecting the quarks are given by
QLYIDQy = YI[(k + N{¢9} — iU}, As)ii ug — cos CHY i1, dy
—cosBHyd ug + (HY —iAY)d, dy + H.c.]
OLY{yrdg = Y{[=sinpH{ i dg + (v, + R{?} + iU% Ay)d, dp]
OrYprrd), = Yi[=sin(HY iigd) + (vg + R{xg} + iU5Ay)d,]. (14)

Notice that the same Yukawa interactions are responsible for the quark and lepton masses, including those of the light
neutrinos, but up and down quarks, and leptons and neutrinos, respectively, acquire masses from different Yukawa
couplings:

1 1 q 1 y 1 1 ’ 2
m, = —=Yk, mg=—72=Y vy, my =—=Y’k, my, =—\{—=Yv, |, (15)

V2 V2 V2 my \v2

where u and d refer to the up-type quarks u, c, t and the down-type quarks d, s, b, respectively; and £ = e, p, 7 are the
charged leptons. While in the case of usual LRSM one has the liberty to choose v; (the VEV of the left-handed triplet scalar
field there) as small as one likes, including setting it to zero, here the down type quarks acquire mass proportional v; . This,
along with the maximum allowed value of the bottom-Yukawa coupling, while preserving perturbativity, leads to the choice

Yo ~1; v, ~5GeV (16)

so that from k% + v = 2462 GeV?, we still have k ~ 246 GeV. With these values of the VEVs the remaining Yukawa
couplings relevant to our discussion are given by
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2 2
V206 10, yd = V2my

Y =
k v

~1.33 % 1073, (17)

for the first generation quarks, and

V2m,
k

Ye = ~2.93x 1070, YH = ~6.08 x 1074, Y’ =

2 )
‘fkm" \/;{m ~1.02 % 102, (18)

for the charged leptons. Further, with the light neutrino mass m, ~ 0.01 eV and the heavy neutrino mass my ~ 10 TeV, the
corresponding Yukawa couplings are

vl = YT 896 x 1075, (19)

Similarly, the ratio of the VEVs, tanff = % ~ 2‘5‘—6 ~49.2. Or,

cosf~0.0203 and sing~1. (20)

The gauge sector of the model does not really make any impact on our discussion, as the W does not couple to vg or dg, but
connects the right-handed charged leptons and up-type quarks to d and np, respectively, the exotic fermions. However, for
completeness we briefly discuss gauge boson masses below. As usual, the spontaneous breaking of the left-right symmetry
generates the boson masses and possibly induces their mixing. While the charged gauge bosons W; and Wy could mix in
the usual LRSM case, in the ALRM they do not mix as (¢9) = 0. In the present case, their masses are given by

1 1 1
MWL:Eg“/kz—f—v%EEgLv and MWR:EgR\/kz—Fv%g. (21)

In the neutral sector, the gauge boson mass-squared matrix is written, in the (B,,, sz W%ﬂ) basis, as

gp_ (VI + V%) —9p19LVi  —9B-L9RVE
(M(\)/)z = 4 —9B-LIL U% 9% v? _ngRk2 . (22)
—9B-LYR U%e —gL9rk* g%e(kz + v%)

It can be diagonalized through three rotations that mix the B, W3, and W?e bosons into the massless photon A and massive Z
and Z’ states,

B, cospy 0 —singy cos@y —sinfy O 1 0 0 A,
Wi, | = 0 1 0 sinfy  cosfy 0|0 cosdy —sindy ||z, |. (23)
Wi, singy 0  cosgy 0 0 1 0 sy, cos dy z,

The @y -rotation mixes the B and W3 bosons into the hypercharge boson B’ and its orthogonal combination as generated by
the breaking of SU(2), x U(1),_, into the hypercharge group U(1),. The usual electroweak mixing between B’ and W3
generating the photon, A and the orthogonal combination is achieved by the y,-rotation, and finally the 9y, -rotation is
related to Z — Z' mixing, which is strongly constrained. The mixing angles ¢y, and 8y, are related to the gauge couplings in
a straightforward manner,

IB-L i and sinfy = I

. e
Sin @y = ————= e ———E
V9L +9% IR g +9y 9L

where gy and e denote the hypercharge and electromagnetic coupling constants, respectively. Finally 9y, depends on the
VEVs and the other two mixing angles along with the gauge couplings, as

(24)

2 cos @y cos Oy (cos2pwk? — sinZqyy v?
an(28y) = 9LYR COS @ COS Oy (cos gy PwoL)

- , (25)
greos* Oy vy — (g7 — grcos* @y cos* Oy )cos’pyk* — (g7 — gp_ cOs*Oysin*y )cos* gy v7
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As can be seen, 9y is negligible for k < vg. Neglecting this Z — Z’ mixing, the Z and Z’ boson masses are given by

1
IL and My =——
2 cos gy

A. Scalar mass bounds

Before we embark on a detailed analysis of the Ovff in
this model, we discuss the limits on the masses of the
charged Higgs and gauge bosons in the model. The lightest
charged Higgs boson in the ALRM is H5, which is long-
lived, so that limits on its mass are probed by searches for
heavy stable charged particles. The H5 bosons are pair-
produced via the Drell-Yan mechanism, in proton-proton
collisions at center-of-mass energies of 7 TeV [33,34],
8 TeV [35] and 13 TeV [36—41] and in electron-positron
collisions at a center-of-mass energy of 183 GeV [42].

The LEP results impose strict limits in the [45.9,
89.5] GeV mass range [42]. The searches in 13 TeV
LHC collisions exclude signal cross sections ranging from
10 to 100 fb, the exact limit value depending on the model,
although direct limits are not straightforward to extract
because of modeling of various detector effects which is
complicated. Similar conclusions hold for 7 and 8§ TeV
LHC search results [33-35].

The heavier charged Higgs state Hi is the one that
would be relevant for the Ovff decay. This state would be
constrained by more standard searches for additional Higgs
states, such as the one of [43]. Those searches are targeting
a specific production mode and a given decay channel. For
example, Run 2 the analyses in [43,44] investigated the
LHC sensitivity to charged Higgs bosons decaying into
H* — 7%y, [43]. There the results are interpreted within
MSSM, and a lower limit M HE > 160 GeV is quoted. For

heavier Hf case, the analyses of charged Higgs boson
production and decay in a b final state or heavy Higgs
boson production in association with a tb pair or a W, bb
system have also been carried out (see, e.g., Refs. [45,46]).
Limits on cross sections times branching ratio are again
obtained in the context of two benchmarks in the MSSM,
again these are difficult to compare with our results since
the couplings are completely different.

Unlike in the ordinary LRSM, the charged right-
handed gauge boson Wy couples to right-handed up-
type quarks and charged leptons and their exotic quarks
and scotino partners, rather than the usual right-handed
neutrinos and down quarks. In addition, there is no
mixing between the SM W, boson and the its SU(2)g
counterpart. Therefore, the limits on the Wg-boson mass,
imposed from flavor violation, do not apply here,
relaxing considerably constraints on its mass. As the
Wpg does not affect either Ovff decay or leptogenesis, we
do not discuss it further.

\/g%_LsinchWcoszfpwv% + gx(cos*pwk® + v%). (26)

III. NEUTRINOLESS DOUBLE BETA
DECAY (0¢ff) IN ALRM

The half-life for various isotopes is related to the matrix
elements and phase factor G. The matrix element has two
parts, one corresponding to the nuclear currents (M) and
the other corresponding to the leptonic current (). The
expression for half-life is given by

1
TT = ZGi|'hMi|2 (27)

1/2 i

where i corresponds to standard as well as different BSM
channels. Up to now, Oyff decay has not been observed.
The best half-life limits on Ovff come from experiments on
two isotopes, Ge’® and Xe!’¢. The Heidelberg-Moscow
collaboration gives 90% C.L. limit of 79", ("°Ge) > 1.9 x

10%° yrs [47], with the latest results on Germanium coming
from GERDA [48] and MAJORANA [49] Collaborations
quoting 9 x 10% yrs and 2.7 x 10%° yrs, respectively.
Results from the Xenon experiments on the other hand
are given by EXO-200 and KamLAND-ZEN quoting

TY,(P°Xe) > 1.8 x 10® yrs  [50] and TY,("*Xe) >

1.07 x 10%° yrs [51], respectively, both at 90% C.L.

Some of the relevant channels for Ouvff in ALRM are
listed in Figs. 1-3. The usual channel is given in Fig. 1(a)
with the left-handed neutrinos and W; propagators. The
other diagrams, Fig. 1(b), (c), (d) show the scalar-scalar
mediated channel with two right-handed electrons in the
final state, with the couplings explicitly indicated. Notice
that the couplings are related to the mass of quarks and
electrons, as given in Eq. (15) to Eq. (20). It is evident that
the scalar mediated combinations are not significant.

In Fig. 2 channels with scalar-scalar propagator and two
left-handed electrons in the final state are given. Again, we
shall see that the contributions due to these diagrams are
negligible. On the other hand, the mixed scalar-vector
propagator channels with Feynman diagrams in Fig. 3
provide larger contributions, with Fig. 3(d) contributing at
par with the standard case for suitably chosen parameters.

A. Amplitudes and parameters for various
diagrams contributing to Ovff

Before writing down the required expressions for ampli-
tudes and particle physics parameters for the diagrams, we
define the transformation relation between flavor and mass
eigenstates of neutrinos (both left- and right-handed) as,
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gL Yq* COS 9« qd 3
dy, uy, dy QR dRYL sin ﬁuL dRYL sin ﬂuL
> > —
! | |
|
w : H 1 | H 1 | H1
| |
g S ¢ R | ER . eR
| |
Vil Yicosf —»— Ytcosf —»— Ytcos§ —»—
Ly VLA VLA VLA
Mrr M
vl LL Mpy, Mrr,
Y €L YLy ep 149 vy,
. Yy ¢ Y e
gL Ycos 3 > Y cos 3 - Y cos 3 -
| |
! | |
d v . Hi | Hy
R ur dr, | uR dr, | up dr | urp
— — - 2 _ R S
gL
Y 9* cos 3 Y9 cos 8 Y/ sin 3

FIG. 1. Feynman diagrams contributing to the Ovpf. W; — W, propagators with left-handed electrons, and H; — H, propagators with

. Ye v, )? . . . . .
right-handed electrons. M;; = m,, = (;171’) Here and in the diagrams below, we depict the external particles and propagators in black,
N
and couplings and mass insertions in blue.
Y %* cos Y sin Y/ sin
dL gR d R L ﬂu L d R L /G’I)L L
: I I
| |
: H,y : H, : H;
Yy s | 1 o s . er . €L
1 sinfd Y;*sinf —»—— Y*sinff —»—
VR A VR A VR A
, My My My
Ry ¢, VR VR
Y . Y e€f . Y e¢ef
Y, " sin 5 s YLZ* sinf H—»—o YLZ* sinf H—»—o0
| |
! I I
: Hl : H1 : H1
dp | ugr dr, | up dr | ur
— —_— —_—
Y % cos 3 Y9 cos 3 Y/ sin 8

FIG.2. Feynman diagrams contributing to the Ovffi. H; — H propagators and left-handed electron emission. The color code is as in 1.

dL gL U, dL gL u, dL gL uy, dL gL uy,
— — — —
W %4 W W
er er er er
gL —»—— gL —»—— gL —»—— gL —»r——
VLA VLA VLA VLA
o M, o M, My, ML
VRA VRA YLy ep VLy ep
My My Y¥cos 3 > Y cos 3 -
0% o3 i €L 0% o3 Ry €L L — |-
Y;*sin 8 - Y;*sin 8 > ' H ' H
! ! dr, | uRr drp | ur
Hy Hy — —
dr, | up dr | ur Y %* cos 3 Y/ sin 3
— ——
Y9 cos 8 Y/ sin 8
(a) (b) (c) (d)
FIG. 3. Feynman diagrams contributing to the Ovpp. W; — H; propagators. The color code is as in 1.
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La = V%, + VYN,
Z/Rﬂ = V[};]J{Jl/j + V[]yJNNj, (28)
where a, f# correspond to flavor indices e, u, 7, while i, j
represent mass eigenstates 1, 2, 3. Also V denotes the
rotation matrix between flavor and mass bases. The
estimation for amplitudes as well as dimensionless particle
physics parameters in context of various BSM scenarios
can be found explicitly in [52-55]. We divide the different
channels into five categories, and we give the expressions
for the amplitudes below.

1. Vector-vector (W — W) mediated diagrams
with e; — ey emission
This so-called “standard contribution” in the literature
appears in all models allowing for Ovff, including that in
the usual LRSM [8] and is shown in the Feynman diagram
in Fig. 1(a). The amplitude for this process is given by

WLWL
LL 73

G%Z <VW b v > 29)

my,

with the corresponding particle physics parameters

e vN?
vW Wy Zivai ny, and nN[aWLWL — —m vai
Ly, — Ly, = —Mp E .

m, i my;

(30)

2. Scalar-scalar (H, — H;) mediated diagrams
with e — e emission

Among the two additional charged Higgs available in the
ALRM framework, H; couples to the exotic down-type
quark in the quark sector, and to the scotinos in the leptonic
sector. Hy, on the other hand, could connect the quarks and
the leptons in the standard spectrum. Possibilities of such
helicity-flip scalar-scalar channels are identified from the
early days as discussed in for example Refs. [52,56]. There
are three different channels in the present case depending
on the chirality of the quarks, as the Feynman diagrams in
Fig. 1(b), (c¢), (d) show. The amplitudes and the corre-
sponding particle physics parameters are given below,

N>

mm,  GiM WL 2 (VIV2e0c2 Vi m,,, Vai
‘Atw'J/LN 4 M4 Kud Y COSﬂ P
gL my;

(31)

where o and ¢’ denote the chirality of the outgoing
u-quarks. The dimensionless particle physics parameters
are given by

L k2, (Y")?cos*p Z,Vﬁ;’;

vi.H H,

’76,” == 7 , and
L My, g1 m,
K2 (Y1)2c082f e —m, VN
NiHHy __ L “ud § : pYai (32)
oo’ v - 4 4
t MH, gL i mNi

The coupling combination, k2, depends on the chirality of
the quarks. When both the u quarks are right-handed it is
(Y7*)2 cos? 8, and with both left-handed it is (Y7 )? sin? j,
while for the mixed case of one left-handed and one right-
handed quarks it is Y?*Y7 sinfcos .

3. Scalar-scalar (H, — H;) mediated diagrams
with e; —e; emission

The amplitude of the scalar-scalar mediated process with
right-handed neutrino exchange and the emission of two
left-handed electrons, as shown in the Feynman diagrams
in Fig. 2, is

NN?
A H G WL K2 Yl* Sll’lzﬁ V m'/: _ Vai
oo vy A g4 ud .
g My, my,

(33)

Similar to the previous case, the quark-chirality dependent
coupling combination 2, is (Y9*)?cos®>f3 when both
u-quarks are right-handed, (Y7)?sin? when both are
left-handed, and Y?*Y? sin fcos 8 in the mixed case. The
dimensionless particle physics parameters for each of these
channels (expressed in mass basis) can be written as

M Yl* sin? B V¥ m
vi,HiH __ W d Vi
ool iy M‘;,L S Z , and (34)
1
4 S
NiH H; __ MWL ud(Yl sin ﬂz —m Vat (35)
ook ML;I QL ’
1

where nXGH :1‘ denotes the contributions arising due to
X =v; or N; exchange in the mass basis.

4. Vector-scalar (W; — H;) mediated diagrams
with e; — e; emission
Here, one of the quark currents connected with W; is
left-handed, while the other current is helicity-flip interact-
ing with the scalar. As discussed in Refs. [52,53], the
amplitude is given by

G M pyw VN %3 VuN vN Nx*
A::ﬁjll g M2 ule* sin ﬁZ( ai ¥ ai ai i
H, i

le

(36)

where the quark coupling, k,, is Y7* cos # when one of the
u-quarks is right-handed, while it is ¥¢ sin # when both the
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TABLE II. Combinations of Yukawa couplings and ratio of the
VEVs relevant to the particle physics parameters discussed in
section I A.

TABLE III. Estimated numerical values of dimensionless
particle physics parameters for the couplings and masses given
in Table II.

Yukawa Couplings

W, W; or HH; mediated with v

Y4 cos f 2.52 x 1077
Y{ sin B 1.33 x 1073
Y’ cos B 5.74 x 1078
Y? sinf 8.96 x 107
Mass parameters

m, 938 MeV
My, 80.4 GeV
My, 200 GeV
my 10 TeV

m, 0.01 eV

y-p 200 MeV

u-quarks are left-handed. The dimensionless particle phys-
ics parameters are

ylx M,
nbi.WLH] _ Kyd L Slnﬂ \\473 ZvvyvNy*, and (37)

66’ A ai ¥ a
% M%-Il ,' ai ¥ ai
Ni W H; __ dY S]nﬂMWL VvaNN* 7 p 38
;100'./1 - 2 M2 Z ( )
gL H, i

5. Vector-scalar (W — H;) mediated diagrams
with e; — ep emission:

The other two channels in this category are associated
with the Feynman diagrams given in Fig. 3(c) and (d). This
gives the most promising contribution for the ALRM
considered here, leading to helicity flipped lepton current.
The amplitudes are

WoH, GF WL
oo’ v,

KugY' COSﬂZ< -V ;5)
N,

(39)

L H

with «,; = Y?" cos f when one of the u-quarks is right-
handed, and Y7 sinf when both the u-quark are left-
handed. And the corresponding particle physics parameters
are

Y! cos p M5 .
i = SRS Ve D and )
L H,

2

N W_H, _KuleCOSﬂMWL V’“Nz —mpy.p 41

o0’ v - 2 M?2 ai 2 . ( )
9L Hy i

Fig. 1(a) \ﬂZ"LVZiWLl 2% 1078
Fig. 1(b) i 1.3 x 1073
k23
Fig. 1(c) |,7;[kijH1| 6.6 x 10733
Fig. 1(d) |,72f-LIjILH1| 3.5x 107

H,H, mediated with v

Fig. 2(a) In gk-HlHq 1.4 x 10726
VR

Fig. 2(b) e DLH1| 7.4 x 10723

Fig. 2(c) | fLVijRH | 3.8 x 10719

W; H, mediated

Fig. 3(a) Mg ™| 1.2 %1072

Fig. 3(b) | 6.4 x 1072

Fig. 3(c) iVt 3.2x 10712
v

Fig. 3(d) | ”L"‘LV,ZLLH'I 1.7 x 1078

B. Numerical estimates

The dimensionless particle parameters corresponding to
different channels depend on the Yukawa couplings, the
ratio the VEVs and the neutrino mixing matrix elements.
The relevant combinations of Yukawa couplings and ratio
of the VEVs, respecting the constraints discussed in Sec. 11,
are given in Table Il(a), while all the mass parameters are
given in Table II(b). The neutrino mixing matrix elements
connect the mass eigenstates to the flavor eigenstates as in
eq. (28). In our case only the electron type neutrinos are
relevant. Further, we have the unitarity condition

dovwr =N Vv =, (42)

and we considered
NN?

> Vo 4
Z_:vgg m, ~0.01 eV, Z o 0.1(TeV)~! (43)
assuming close degeneracy of the neutrinos. This is
easily followed by V2l ~ V¥ ~ (7)Y ~ 1075, We have,

therefore, neglected the contributions proportional to VY,
TABLE IV. Standard Ovff phase space factors [58] and nuclear
matrix elements for the different exchange processes [59] used in
the analysis.

Isotope Gy (yrs™h MY
Ge - 76 5.77 x 1071 2.58-6.64
Xe — 136 3.56 x 10714 1.57-3.85
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except when they are the leading contribution. In addition,
we have considered the weak coupling constant, g; ~ 0.65.
With these values, the dimensionless particle physics
parameters estimated for different channels are given in
Table III. It is clear that the only significant channel is the
one with W; — H| mixed propagators. The corresponding
particle physics parameters given in Eq. (34) can be
reexpressed as

rlb,-.HlH] :de'P:17X10_8 yep 200 GeV 2
How oMy 200MeV)\ My, )

(44)

C. Calculation of half-life

The best known mechanism leading to Ovff decay is
through the exchange of a Majorana neutrino between the
two decaying neutrons. Applying the standard nuclear
theory methods based on the nonrelativistic impulse
approximation, the general Oyff half-life formula in the
s-wave approximation can be written in terms of the
nuclear matrix elements (NME) and the particle physics
parameters as [57]

= G MR+ Gy ML+ Gl MEnfL
1/2
+ G MPTR + R M, (45)
where
nl =it
M = i et

H _  N,HH N; H{H, N; H{H,
an - ”R}Q,yR + I/[LIIQ,I/R + ’/ILIL,L/R

WH _ vi.W H, vi, W H,
M =MNera tLL

WH _  viW H, vi. W H,
nuL - nL!R,yL + 77LIL.y,‘ (46)

The first term corresponds to the standard contribution with
W, — W mediation [Fig. 1(a)], which is widely studied in
the literature. The corresponding phase space factors and
the nuclear matrix elements for two different isotopes Ge’®
and Xe'3® [58,59] are given in Table IV. With the particle
physics parameters given in Table III(a), this leads to

0 (T6Ge) — 27

T%’WL( Ge) = (9.82 — 65.09) x 10°7 yrs,

T%,L('%Xe) = (4.74 — 28.49) x 10*7 yrs,  (47)
L

where the range corresponds to the range in the NME in
Table IV. To get an estimate of these factors for the other
channels involving the scalar exchange, we turn to the
discussion in Ref. [60]. The most general Lorentz invariant
Lagrangian can be written in terms of the nuclear and
lepton currents as

G2
L=—5 le\JJj + e, j + €3 '], j + €sJ* T, J*
2m,,
+ GSJ”Jj/t + eﬁjﬂjbj;w + €7JJuz/j;w + €8J;4(1Jvajllj]’

(48)

where m,, is the mass of proton and the scalar, vector
as well as tensor currents at the hadronic vertices are
given by J=u(l+tys)d, J'=ay'(1Ltys)d, J* =
it [y*.y*](1 £ ys)d, respectively. The corresponding lep-
tonic currents can be expressed as j = e(l £ys)eC,
J=er(1£ys)ec, j»=es[y".rJ(1£ys)e, respec-
tively. Also this €’s are same as our estimated #’s. In the
UV complete scenario that we presented here, there are no
tensor operators. As seen from the discussion in Sec. III B,
among the scalar and vector current operators, the only
significant contribution is from the W; — H; channel
with the emission of two electrons with opposite chirality
[Figs. 3(c) and 3(d)]. The relevant term in the above
Lagrangian corresponding to this contribution is

G
£ D %<€5Jﬂj‘]ﬂ), (49)

with the corresponding phase factor, as in [60], given by

2
G (Ge) = 20

GER, (136Xe) = 1.29 x 10714 yrs~! (50)

Goo("°Ge) = 2.66 x 1071* yrs7!,

where we have used Gyo("°Ge) =3.3x1071° and
Gyo(13%Xe) = 1.6 x 107 as given in Refs. [56,60]. The
nuclear radius, R is taken as 10 fm, and m, is the mass of
electron. The nuclear matrix element for the two elements
are, M}/ ("Ge) =F 18.96 (denoted as M in Ref. [60])
and M}H (13Xe) == 9.45 [61]. This leads to the half-life
corresponding to the W; — H; channel,

Ty, (1%Ge) = 3.6 x 10% <

200 MeV\2/ My \*
v p ) (200 GeV) .

200 MeV\2/ My, \4
v p ) (200 GeV) v
(51)

Ov 136 _ 26
T, (2Xe) = 3.0 x 10 (

These values are one to two orders of magnitude smaller
than the standard channel given in eq. (47), while remain-
ing safely within the current experimental limits quoted in
the beginning of this section.

IV. LEPTOGENESIS IN ALRM

Cosmological observations have definitively establi-
shed the preponderance of matter over antimatter. This
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asymmetry is measured relative to the number of photons
n, which can be extracted from observations and found to
be [62,63]

npg

g —np | 10710, (52)
ny

AB =

with ng, ng being the number of baryons and antibaryons,
respectively. The underlying conditions for successful
baryogenesis were formulated by Sakharov [62] and allow
for a wide variety of mechanisms, among which lepto-
genesis [64] is of special interest because it establishes a
connection between the baryon asymmetry of the Universe
(BAU) and the generation of light active neutrino masses.

To explain BAU one must go beyond the SM, either by
introducing new sources of CP violation and new kind of
out-of-equilibrium situations (through the decay of some
new heavy particles), or by modifying the electroweak
phase transition itself. In leptogenesis a lepton asymmetry
is generated before the electroweak phase transition, which
then is converted into BAU in the presence of sphaleron-
induced anomalous B+ L violating processes. These
convert all primordial lepton asymmetry into a baryon
asymmetry. A realization of leptogenesis through the decay
of out-of-equilibrium heavy neutrinos transforming as
singlets under the SM gauge group was proposed in
Fukugita and Yanagida [64]. The additional CP violation
is provided by the Yukawa couplings through interference
between tree and one-loop decay diagrams. The departure
from thermal equilibrium occurs when the Yukawa inter-
actions are sufficiently low. The lepton number violation in
this scenario is generated from the Majorana masses of the
heavy neutrinos, giving rise to lepton number violating
decays of the right handed neutrinos:

Vig = Ly + @'
Vig = li, + . (53)

As usual, CP violation comes from the interference of tree
level and one-loop (vertex and self-energy) diagrams. In
ALRM, the field entering the heavy neutrino decay is H f.l
The CP asymmetry parameter corresponding to the vertex
type CP violation is given by

i Yol (Wir = Lo + H{) =T(vig =I5 + Hy))
’ Za[F(UiR - laL + HT) + F(I/iR - l(L;L + Hl_)]
_ _i Z ?3[Za(h;ihaj)Zﬁ(h;ihﬂj)]f | (m%,j)

my.

87 j=23 Za'hai|2

€

(54)

"The charged components of the bidoublet field also contrib-
ute, but their contribution is suppressed by very small Yukawa
couplings.

where f,(x) = /x[1 = (1 —x)In(::)]. In addition, CP
violation is generated by the interference of the tree level
diagram with the one-loop self-energy diagram CP viola-
tion, which resembles the CP violation due to the box
diagram in K° — K mixing. If the heavy neutrinos decay in
equilibrium, the CP asymmetry arising from the self-
energy diagram due to one of the heavy neutrinos may
cancel against the asymmetry from the decay of another, to
preserve unitarity. However, in out-of-equilibrium decay of
heavy neutrinos, the number densities of the two heavy
neutrinos differ during their decay, and this cancellation is
no longer exact. The CP asymmetry parameter coming
from the interference of tree level and one-loop self-energy
diagram is given by:

i 2alUir = Lo + HY —vig = Iy + HY)]
Za[r(yiR - laL + HT + Vg > lgL + H;r)]

1 S alhiihe)d_p(hsihg;)] 7 (Zg,) (55)

87 j=2.3 Zalhai|2

with f, = % In the ALRM scenario considered here, the
coupling is h* = (Y*)sinfVNV*  (where we have
assumed diagonal Yukawa couplings). These formulas
are valid when the neutrino masses are strongly hierarchical
(le < mNz,mN3) with msz — My, > %FNI-NZS' In such
case, the CP-violation arises from the decay of the lightest
neutrino, and we have ¢, ~ ¢,. With this, from the required
out-of-equilibrium condition, the lower bound on the right-
handed neutrino mass is my, > 10® GeV [65]. However, in
our scenario, as discussed in the previous sections, we
require my to be in the 1-10 TeV range, and thus, this
situation does not apply to our case. It has been shown [66]
that the mass limits on right-handed neutrinos can be
significantly relaxed if two right-handed neutrinos are
almost degenerate (resonant leptogenesis) and in this case
the masses my, ~ my,, which can now be in the TeV range.
The contribution from the self-energy will now dominate
(e, > €,) with

o S i) Yo (hyihg)) Oy, = m} Jmy Ty,

€ = .
Y (el ) plhgi?)  (m, = m} )+ my T,
(56)

where we have

h'h);
ry =i, (57)
i 8” i
with the condition,
1
le - n’lN2 >~ EFNLNZ' (58)
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For the actual values of the masses and widths, this leads to

'y,
o~ (59)

To achieve baryogenesis by leptogenesis, the baryon
asymmetry is related to the CP-violating parameter e
through the relation AB < 107%¢,, including the washout
effects [67]. From Eq. (56), this leads to

S[Za(h;th(l])Z/}(hgzhﬁ/)]
(O alail®)(Xoplhg, )

to get the required baryon asymmetry as in Eq. (52). To
investigate further, we need to understand the mixing
matrix elements of VVV. Recently the T2K experiment
has given a 3¢ confidence interval for the d.p in the light
neutrino sector, which is cyclic and repeats every 2z, as

~ 1077, (60)

Before proceeding, we note that unlike in the case of
LRSM, where right-handed neutrino masses are related to
Wg masses (as they are both proportional to vg), and this
affects the wash-out efficiency factor [25], in ALRM the
Wx and my masses are independent. The Wy boson
couples to charged leptons and scotinos (the exotic neu-
trinos, part of the right-handed lepton doublet), while N is a
singlet, whose (Majorana) mass is a parameter in the
Lagrangian. The decay of the right-handed neutrino and
the evolution of its number density are not influenced by
W, and thus safe from the possible washout present in the
LRSM case.

To choose a simple example for our case, assume only
two right-handed neutrinos N; and N,, which are quasi-
degenerate, contributing maximally to leptogenesis. Then,
from the self-energy contribution involving the intermedi-
ate N, neutrino, the CP-asymmetry in Eq. (56) then gives

AR (]

[-3.41, —0.03] for the so-called normal mass ordering and |e¥ S el A7 2L (61)
[—2.54, —0.32] for the inverted mass ordering [68], but for 2 (hm)11(hI )
heavy right-handed neutrinos, we do not have any
information. For our model
€VN1 Nl S[Zavgllv*vﬁg\qylf 2]2
~ B ;
2PV PYSs (YL PIVEY )
N * 1 * 1 * l
! SN AR YEE + VA VA YRR + VAP VA VP .

T 5 vl 1 ] ] ] 1 :
201y PRV + Y2 PN + 1Y P (YL PV + (V2P + 1Y P IVEYTP)

It would be reasonable to assume that all Yukawa couplings are real, and the phases emerging from the right-handed
neutrino mixing matrix, for Majorana neutrinos, can be parametrized as

CinCis S12C13 Syze~n
VWV = | =81,Cp3 — C12523813€"  C12Cp3 — S128238 13 $53Cp3 Diag(1, /2, ¢ifu/2), (63)
S12823 — C12Cp3 813 —C138y3 — §15Cx3813¢™  Cy3Cp3

where S;; = sin 6}, C;; = cos 0,

i,j=1,2,3, oy is the Dirac phase, and a,,, 3, are Majorana phases in the right-handed

neutrino mass matrix. Evaluating ¢, in terms of the matrix elements

513C23(S1,813 + C1,823)[Ca3 (51,813 — C1,823) 4 S12C12(S23 — C33512)]

6’;N1 ~

where we took into account the ordering of Yukawa
couplings Y7 > Y/ > Y¢, and approximated cos &y = 1.
Thus, leptogenesis imposes limits on the phases of the
mixing matrix for right-handed neutrinos. The expression
in Eq. (64) depends sensitively on the mixing angles in the
matrix. Requiring [e¥V'| < 1075, the expression is in
general complicated, and we cannot draw any definite
conclusions. However, we can estimate the restriction on
the Dirac phase in the heavy neutrino mass mixing under
some simplifying conditions:

(S12513 - C12C23Sl3)2(C12S23 + SIZCZSSIS)Z

sin 8y, (64)

|
(i) For C;;,S,;; = O(107"), one would require that the
Dirac CP violating phase in the right-handed neu-
trino masses be, sindy ~ 107,

(ii) If the matrix is mostly diagonal, C;; ~ O(1) > Sy~
O(1072), sin sy ~ 1079,

(ii1) If the mixing is significant and the mass mixing
matrix highly nondiagonal, S;; ~O(1) > Cy~
O(1072), sin sy ~ 1079,

(iv) Finally, if the third right-handed neutrino N5 is
significantly heavier than the first two and decouples
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Si3 ~ Sy = O(1072), and the first two right-handed

neutrinos mix maximally, taking Cy, ~ Sj, ~ 1/v/2,

and (Cy, — §15)% ~ O(107), sindy ~ 6 x 10712,
These results are promising, because they indicate that, for
quite small Dirac phase in the right-handed neutrino mass
matrix, the model generates sufficient leptogenesis to
satisfy the BAU constraint. Conversely, leptogenesis limits
the phase in the right-handed neutrino mass to be quite
small. Since in the ALRM the light neutrino masses are
generated through flavor breaking, rather than by the
seesaw mechanism, this has no direct implication for the
Dirac phases in the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix.

V. CONCLUSIONS

We have explored the ALRM, an alternate way of
extending the SM gauge group with a relatively low energy
SU(2)g but without any additional symmetry with the left
handed sector, either in gauge couplings or in the matter
content. As has been shown in earlier studies [21] this
opens a way to achieve grand unification within Eg, while
providing a rather unusual model for dark matter and an
unusual phenomenology also for the vector bosons at the
LHC [26]. Indeed, the scotino [22], the partner of the
electron in the right-handed doublet in this model can be
a viable dark matter candidate and has been studied in
several variants of the model [27,29,30,69]. As detailed in
Sec. II, the effective intermediate scale model is SU(3),.x
SU2), xSUQ2)p x U(1)p_, x U(1)g, ie., the model
needs to be enhanced by a global U(1)g.

In an earlier attempt to understand the role of SU(2),
extension in Ovpp decay, a conventional left-right sym-
metric model was employed [14], where right-handed
charged currents mediated by Wy and doubly charged
scalars coupling to the leptons, permitting the gauge boson
fusion channel, provided interesting new contributions. By
contrast here those channels are absent, however the scalar
mediated channels become more promising as the relevant

Yukawa interactions have new properties. Especially, we
find that the induced VEV of the left-handed doublet scalar
(vy) generates masses for the down-type quarks as well as
masses for the light neutrinos, and so it plays a crucial role
here. Our study establishes that these new scalar mediated
channels contribute significantly to the Ovff in the case of
76Ge and '3%Xe, the two nuclei experimentally explored. We
have found that the contributions to the half-life can be one
order larger than the standard W; mediated channels in
both the cases, with T} > 3 x 10% yrs for charged scalar

mass of M HE = 200 GeV, the only parameter that is

sensitive to this computation. This is well within the
sensitivity expected by future experiments [70,71].

In addition, the Majorana nature of the neutrinos has the
potential to provide the required baryon asymmetry of the
universe, through the mechanism of leptogenesis. However
unlike the usual LRSM here the Wy does not couple to the
right handed neutrino, and plays no role in the wash out
process of the generated lepton asymmetry. Studying the
resonant leptogenesis, which allows the heavy neutrinos to
be in the TeV range, the required CP violation can be easily
obtained, even for a small Dirac phase in the right-handed
neutrino mass mixing matrix. Thus the ALRM emerging
from Eq GUT models provides interesting phenomeno-
logical consequences for the Majorana nature of neutrinos
and lepton number violation, through enhanced Ovff decay
and leptogenesis.
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