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We explore the prospects of low-scale leptogenesis in a class of supersymmetric SO(10) models using
extra singlet neutrinos (7}, i = 1, 2, 3) and the Higgs representations 126 ® 126y as well as 16y ® 16y. A
singlet neutrino, which we show can be as light as 10°-10° GeV, decays through its small mixings with
right-handed (RH) neutrinos creating a lepton asymmetry which is explicitly shown to be flavor dependent.
While the doublet vacuum expectation value in 16y triggers the generation of desired mixings, it also
induces a large RH-triplet vacuum expectation value that breaks the left-right intermediate gauge symmetry
and gives large right-handed neutrino masses. Manifest unification of gauge couplings and generation of
heavy RH neutrino masses are achieved by purely renormalizable interactions. The canonical (Type-I)
seesaw contributions to the light neutrino mass matrix cancel out while the Type-II seesaw contribution is
negligible. Determining the parameters of the dominant inverse seesaw formula by using the underlying
quark-lepton symmetry and neutrino oscillation data, we show how leptogenesis under the gravitino
constraint is successfully implemented. New formulas for the decay rate and the asymmetry parameter are
derived leading to baryon asymmetry within the observed range without invoking a resonant condition on
RH neutrinos. The model is found to work for hierarchical as well as inverted hierarchical light neutrino
masses. Testable predictions of the model are RH doubly charged Higgs bosons which may be leptophilic
and accessible to the Tevatron, LHC or a linear collider. In a model-independent manner, the Drell-Yan pair
production cross section at the Tevatron or LHC is shown to be bounded between 59%—79% of their left-
handed counterparts with same mass. In contrast to single-step breaking supersymmetric grand unified

theories, which predict a long proton lifetime for the decay p — e* 7

0. here this lifetime is substantially

reduced, bringing it within one order of the current experimental limit.
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I. INTRODUCTION

SO(10) [1] with supersymmetry (SUSY) has been at the
center of attention for a number of attractive features. It
contains just one right-handed (RH) neutrino per genera-
tion in its spinorial representaion 16. With Pati-Salam [2]
and left-right gauge symmetries [3] as its subgroups, in
addition to unification of the three forces of Nature, it
predicts high-scale unification of quark and lepton masses
[4] and has the potential to explain the origin of parity
(= P) and CP violations. Using the Higgs representations
126 ® 126 and 10y, it reproduces the small masses and
large mixings of neutrinos through Type-I and Type-II
seesaw mechanisms and their extensions [5-8]. It has
been also shown that all the fermion masses can be fitted
through SUSY SO(10) by using suitable Higgs represen-
tations [8]. Another interesting aspect of the theory is that
the observed tiny amount of matter-antimatter asymmetry
of the Universe can be naturally explained through lepto-
genesis [9] and sphaleron effects [10—12].

In these theories neutrino masses indicated by oscillation
data require the canonical seesaw scale of right-handed
neutrinos to be in the range of My ~ 1013-10'5 GeV.
This also sets the scale for the masses of associated Higgs
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triplets carrying B — L = £2. This scale of neutrino mass
generation is high in models with variants of the canonical
seesaw [7,8,12] as well.

It is well known that the scale of leptogenesis through
right-handed neutrino decays and canonical seesaw is con-
strained from below leading to the lower bound on the
lightest RH neutrino mass My, = 10° GeV [13]. This in
turn requires the reheating temperature of the Universe
after inflation to be at least Try; ~ 10° GeV. On the other
hand, big-bang nucleosynthesis in SUSY theories sets a
severe constraint on the gravitino mass and the reheating
temperature leading to the upper bound Txy = 107 GeV
[14]. While thermal leptogenesis in SUSY SO(10) with a
high seesaw scale easily satisfies the lower bound, the
tension with the gravitino constraint is manifest.

Independent of quark-lepton unified theories, the ques-
tion of baryogenesis via leptogenesis has been addressed in
the context of the standard model (SM) and the minimal
supersymmetric standard model (MSSM) [15] where free-
dom in the choice of Dirac neutrino Yukawa couplings
permits fine-tuning them to very small values. In most of
these models TeV scale resonant leptogenesis [16] is real-
ized by degeneracy between right-handed neutrino masses.
A major difficulty in having low-scale leptogenesis in

© 2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.82.093017

MINA K. PARIDA AND AMITAVA RAYCHAUDHURI

SUSY SO(10) is the absence of such freedom because the
underlying quark-lepton symmetry requires these Yukawa
couplings to be of the same order as the corresponding
up-quark Yukawa couplings. This latter difficulty persists
even in some noncanonical seesaw models and several
attempts have been made to bring down the scale of
leptogenesis [17].

Another difficulty in renormalizable SUSY SO(10)
arises from the gauge coupling unification constraint and
the need for an SU(2) X U(1)p_; breaking intermediate
scale that generates RH neutrino masses through renorma-
lizable Majorana type interactions. It has been found that
manifest unification of gauge couplings is spoiled in the
presence of Higgs triplets of 126y ® 126y with intermedi-
ate symmetries such as SU(2); X SUQ2)g X U(1)g_; X
SU@B);¢ or SU2); X SU2)g X SU(4),¢ even at scales a
few orders lower than the GUT-scale unless, in the first
case, the LR gauge theory and SO(10) are extended to
include S, flavor symmetry [18] or additional light scalar
degrees of freedom are introduced at lower scales [19,20].
On the other hand, there are a number of models with light
right-handed gauge bosons [21,22] in which in place of the
Higgs triplets with B — L = =£2 there are doublets carry-
ing B — L = *1. In contrast to the above scenarios, here
we are interested in SUSY SO(10) with both doublet and
triplet scalars.

The Higgs triplets in 126y and 126y representations
include doubly charged bosons, A==. Dedicated searches
for such doubly charged scalars are being carried out at the
Fermilab Tevatron [23]. Both the statistics and the energy
reach are expected to be further enhanced at the CERN
LHC. However, the high seesaw scale SUSY SO(10)
models will offer no prospects for these searches as the
corresponding masses are large, M, = 10'! GeV, while in
the class of low intermediate scale SUSY SO(10) models
where only RH-doublets in 16y & 16 are used near the TeV
scale [21,22,24] no doubly charged Higgs bosons are present.

In this paper we address the issues of neutrino masses
and mixings, low-scale leptogenesis consistent with the
gravitino constraint, manifest unification of gauge cou-
plings through renormalizable interactions, and testable
experimental signatures of the proposed model at the
Tevatron, LHC or ILC. We construct the desired SUSY
S0(10) model including the RH-triplets in 126y & 1264 as
well as the RH-doublets in 16y ® 16y, and three singlet
fermions (7;, i =1, 2, 3) [25]. We find that a singlet
fermion in the mass range M; = 10°-10° GeV can go
out of equilibrium to generate lepton asymmetry; its decay
is naturally suppressed by small mixing with heavy right-
handed neutrinos (N;). The vacuum expectation value of
the RH-doublet in 16y (or 16y) responsible for this desired
small mixing also induces a large vacuum expectation
value (vev) of the RH-triplets in 126y (or 126y). This
breaks SUQ2)g X U(1)g_;p — U(1)y leading to large
RH-neutrino masses through renormalizable interactions.
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We find that although heavy right-handed neutrinos are
present in the model, the Type-I seesaw contributions to the
neutrino mass cancel out as has been observed in the
context of the standard model or its extension [26,27].
The Type-II contribution is also found to be negligible.
The dominant contribution to light neutrino masses arises
through an inverse seesaw which has attracted considerable
attention over the recent years [22,28,29].

In an earlier work by us and S. K. Majee it was found
that gauge coupling unification with threshold-like behav-
ior would be possible through the presence of two non-
renormalizable dimension-5 operators [30]. Here, without
using any dimension-5 operators, we obtain manifest uni-
fication of gauge couplings in the renormalizable theory
with asymmetric left-right intermediate gauge symmetry
(g2, # gor) Operative at any scale between 10° and
10" GeV. Further, while lepton asymmetry was computed
through solutions of Boltzmann equation [30] with an
assumption about the asymmetry parameter, in this work
we derive new analytic formulas for the decay rate and the
CP-asymmetry parameter and find that they are explicitly
flavor dependent. We then show analytically that when the
model parameters estimated using the neutrino oscillation
data are used in our new formula, the model yields desired
values of the CP-asymmetry parameter leading to the
observed baryon to photon density ratio. In addition, we
demonstrate that the model is consistently successful for
both hierarchical as well as invertedly hierarchical light
neutrino masses. The model leaves its testable signature at
the LHC, Tevatron and ILC [23,31,32] through doubly
charged right-handed Higgs scalars Az~ in the mass range
of 100 GeV to a few TeV. Since the decay mode Az~ —
Wi Wk is kinematically forbidden these Higgs bosons are
leptophilic and predominantly result in like-sign charged
bilepton pairs Az = — I3 I5 . The absence of light A7 *, A}
states and also the absence of left-handed bilepton pairs in
the decays would provide signatures specific to this model
which are different from other bilepton production modes.

In a model-independent manner without using any struc-
ture function data, we show analytically that the Drell-Yan
hadronic pair production cross section for these RH Higgs
bosons is bounded between 59%-79% of that for a left-
handed boson of similar mass.

It is found that, triggered by low-mass RH doubly
charged Higgs, at the unification scale the GUT coupling
lies in the strong but perturbative regime and the gauge-
boson mediated proton decay rate is enhanced. The life-
time 7,(p — e ") is shorter and remains within one
order of the current experimental limit; this can be reached
by the ongoing or planned proton decay searches [33-35].

This paper is organized in the following manner. In
Sec. II we present the essence of the model. Unification
of gauge couplings with left-right intermediate symmetry
is examined in Sec. III where we also discuss proton
lifetime predictions. Derivation of new formulas for the
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singlet-fermion decay rate and the CP-asymmetry parame-
ter are in Sec. IV along with the predictions for the baryon
asymmetry. In Sec. V we discuss testable predictions of the
model at the Tevatron, LHC and ILC where we also
provide an estimate of the upper and lower bounds on the
Drell-Yan pair production cross section. A brief summary
and conclusions are given in Sec. VI.

II. THE MODEL

In this section, we present the salient features of the
model responsible for explaining neutrino masses, mix-
ings, and leptogenesis with testable signature at accelerator
energies. We consider the following pattern of spontaneous
symmetry breaking originating from SUSY SO(10),

50(10)2YsU(2), X SUQ)R X U(1)p_, X SUB)¢

X D[G13p]

MsU@), x SU@) R X U1 X SUB)LGoors]

MWsu@), x Uy X SUG)[Gua]

WsuG)e x v(),.

The first stage of spontaneous symmetry breaking (SSB)
is carried out by assigning GUT-scale vacuum expectation
values to the ®s, of SO(10) along the direction singlet'
under the Pati-Salam group SU(2); X SU2)x X
SU@)¢c = Gps [2] as well as the singlet direction
under the left-right gauge group SU(2); X SU(2)x X
U(1)g—r) X SUB3)¢ = Gap13 in the Gpg multiplet (1, 1,
15) contained in a @, of SO(10). At this stage D-parity
remains intact and the gauge couplings of SU(2); and
SU(2)g are equal, g; = gz [36]. The second stage of
SSB takes place by assigning a vacuum expectation value

to the D-Parity odd singlet also contained in (I)ézl)o of
SO(10). By suitable fine tunings of the trilinear couplings
between 210 and the 126y ® 126y or 16y ® 16y the right-
handed triplets Ag ® Ag C 126y ® 126y and the RH-
doublets yg ® yr C 16y ® 16y are made much lighter
compared to their left-handed counterparts. By adopting
higher degree of fine-tuning for the RH-triplet compared to
the RH-doublet, the components of the RH-triplet pairs can
be assigned masses between 100 GeV to a few TeV while
the RH-doublet pairs are kept heavier, but sufficiently
lighter than the GUT scale. Although we do not ascribe
any vev directly to the neutral components of the RH-
triplets in 126y ® 126y, we will find that once a vev is
assigned to the neutral component of the RH-doublet in
16y, the triplet vev is automatically induced. Smaller is the
RH-triplet mass fixed by the D-parity breaking mechanism,
larger is the induced triplet vev.

IThe rdle of this vev is discussed in [18].
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The reason behind such ordering of Higgs masses and
vevs becomes transparent once we consider the Yukawa
Lagrangian near the intermediate scale emerging from
S0(10),

Ly =Y @ + fyhmapAp + FpTxg + nT'T
+ He. 1)

where i, p are left- (right-) handed lepton doublets and T
the three fermion singlet fields, one for each generation.
The superscript T, of course, denotes transpose. In the
(v, N, T) basis this will lead to a 3 X 3 mass matrix’
with vanishing 11, 13, and 31 blocks.

0 mp 0 14
M,=(v N° T)L(mg My MX)<NC). )
0 My n T/,

Here the N — T mixing matrix arises through the vev of the
RH-doublet field with My = Fuv,, where v, = (x}%), and
the RH-Majorana neutrino mass is generated by the in-
duced vev of the RH-triplet with My, = fuvg, with vy =
<A%>. The vev of the weak bi-doublet ®(2,2,0, 1) C 104
of SO(10) yields the Dirac mass matrix for neutrinos,
mp = Y{(®°).

While implementing leptogenesis in this model through
T decays, the out-of equilibrium condition requires the
mixing with RH neutrinos to be small. This will be natu-
rally obtained if My > My orif vg > v,.

Assuming My > My > w, mp, which would be highly
desirable for the present model, integrating out the heavy
RH neutrinos leads to the effective Lagrangian [27],

Limassy = (0 — MEIM'MO)T'T — mpMy'mbvTv
- MIM'mETy + Hee. 3)
Interestingly, the block diagonalization of this mass
matrix results in a cancellation among the Type-I seesaw

contributions and the light neutrino mass m, is dominated
by the inverse seesaw and one obtains,

m, = —mp[My ' w(M%)~"m}, 4)
MT - /.L - Mle\;]M§, (5)
M = My + MyMy'ML. (6)

It will be shown in the next section that the left-handed
triplets are near the GUT scale while vz ~ 10'°-10'> GeV
leading to negligible Type-II contribution for light neutrino
masses for suitable values of the model parameters.

To see how the induced vev is generated, consider the
Higgs superpotential near the intermediate scale where all
GUT-scale masses have decoupled,

“Each entry in this mass matrix is a (3 X 3) block.
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W= MARARAR + M, XrXr T MARXRXR
+ L AR XR Xk (N

Using (x2) = (¥0) = vy, (A%) = (A%) = vg which re-
quires A; = A, = A, the vanishing F-term conditions,
FA% ZFA% ZFX% = F)—(% =0give

2

v
vp = — A2,
R My,
My M, = 22202, ®)
MXR = _2/\UR.

The above equations imply that even though no direct vev
is ascribed to A% orA%. a large vev is induced once a direct
vev is assigned to x%, the latter being essential to generate
the desired N — T mixings. With lighter RH-triplet masses
My =100 GeV-1 TeV, it is possible to have vy =
10'°-10'> GeV for v, = 10°~107 GeV. Since vg > v,,
the spontaneous breaking SUQ2)g X U(1)g_;, — U(1)y
takes place at the higher scale generating large RH-
Majorana neutrino masses My > My leading to small
N; — T; mixings needed to establish the out-of equilibrium
conditions for leptogenesis.

We assume the Majorana Yukawa coupling to be diago-
nal, My = diag(My,, My,, My,). This gives N; — T; mix-
ing angles,

L 9)

sing;; = i
N

In the present model, the left-handed triplet pair in 126 ®
126y acquires mass near the D-parity breaking scale
Mp > Mp. In conventional models even with the left-
handed triplet mass ~ 10'3-10'* GeV, the Type-II seesaw
contribution is comparable to the Type-I contribution. In
this model the Type-II seesaw contribution to the light
neutrino mass matrix is

2.2
xVu

MAM,'

v

my = fA (10)
where Mp is the D-parity violation scale which is also
the left-handed triplet mass. Now using M, = 1 TeV,
v, = 10°-10" GeV, v, =100 GeV, and Mp =My, =
10165 GeV, we obtain

my = fA(1072°-10"17) GeV, (11)

which is at least 7 orders of magnitude smaller than the
highest value of hierarchical masses obtained from the
neutrino oscillation data as proposed in [30].

Subject to small RG corrections, the underlying quark-
lepton unification in SO(10) approximates the Dirac neu-
trino mass matrix with the up-quark mass matrix. The light
neutrino mass matrix is constructed using the available
data on neutrino masses and mixings with a reasonable
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assumption on the leptonic phase of the PMNS matrix. Our
strategy is to determine the mass eigenvalues and mixings
of fermion singlets as well as their mixings with RH
neutrinos to implement the leptogenesis scenario through
their decays as will be discussed in Sec. IV.

Before addressing the leptogenesis issue we show in the
next section that manifest gauge coupling unification oc-
curs in SUSY SO(10) with Gy intermediate gauge sym-
metry. No nonrenormalizable dim.5 operators are needed
to support the unification idea.

III. UNIFICATION, HIGH W MASS,
PROTON LIFETIME

Manifest unification of gauge couplings converging to a
GUT-scale value in SUSY SO(10) models having left-right
intermediate symmetry has been found possible earlier by
inclusion of additional scalar degrees of freedom beyond
those needed for spontaneous symmetry breaking [19-21].
More recently this method has been evoked to fit masses of
all charged fermions and for explaining small neutrino
masses with Wyr-boson mass even at the TeV scale [22].
In [30] unification of gauge couplings was accomplished
by using threshold-like contributions of two nonrenorma-
lizable dimension-5 operators at the GUT scale. Manifest
unification has been also found to be possible when both
the left-right intermediate gauge symmetry and SUSY
SO(10) are extended to contain S, flavor symmetry [18].
The left-right gauge symmetry in that case also has un-
broken D-parity as well as unbroken R-parity down to the
intermediate scale. In the present model there is no flavor
symmetry. D-parity is broken at the GUT scale and R-
parity is spontaneously broken at a lower scale by the vev
of RH-doublets in 164. In addition the model has a testable
novel feature of accessible doubly charged Higgs scalars.

In this section we show how manifest unification takes
place with the gauge couplings of G,,,3 converging at the
GUT scale without invoking the effect of any nonrenorma-
lizable operators. We also show how the proton lifetime for
the decay p — e™ 7 is brought closer to the current ex-
perimental limit [34].

A. Gauge coupling unification

We assume the superpartners of the SM particles to have
masses of the order of a TeV. Using renormalization group
equations (RGEs) for the gauge couplings up to one-loop

[37]
dg, a; 3
= - 12

L (16772)& (12)

where i ranges over the set of gauge couplings. Below we
list the particles which, with their superpartners, contribute
to the a; coefficients in different energy ranges.
(1) M; = p = Mgysy: Here the particle spectrum is the
same as in the non-SUSY SM with three fermion
generations,
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41 19

E’ azr = _g, asc = —7. (13)

(i) Mgysy = u = M, In this range, in addition to the

MSSM particle spectrum, we have the doubly
charged Higgs bosons left as unabsorbed compo-
nents of RH Higgs triplets and these modify only the
ay coefficients compared to the MSSM.

57
ay = —, ay, =1, aze = —3. (14

5
Because of relatively larger value of ay = 5?7
(ay = % for the MSSM), due to the A== near the
TeV scale, the U(1)y coupling grows faster, trigger-
ing a tendency of unification at substantially lower
scales. This difficulty is bypassed by embedding
G, 3 into the G,y (3 intermediate symmetry. At the
boundary point, the U(1)z_; coupling starts from a
lower value while the SU(2); coupling is higher
ensuring unification at the GUT scale. The exact
unification of all four couplings of G,, 5 is achieved
by introducing additional scalar submultiplets such
as 0,(3,0,1) and Cg(1, 0, 8) at scales M, and M,
respectively. It has been noted earlier that such
states in the adjoint representations of the standard
model subgroups with ¥ = 0 could be naturally
light and arise as continuous moduli states of string
theory, playing a significant role to reconcile the
discrepancy between the GUT scale and the string
scale [38]. In our case these submultiplets are con-
tained in the SO(10) representations 210 and 45,
whereas Cg(1, 0, 8) is also contained in the Higgs
representation 54 C SO(10). Alternatively, every
pair of triplet o;s can be replaced by a fermion
triplet which has been noted to play the role of
stable dark matter [39] if its mass is low. This
fermionic state along with others may be present
in nonminimal SO(10) representations [40].
We will show below that one set of solutions
of RGEs needs a pair of triplet scalars (n, = 2)
or equivalently a fermionic triplet with mass
~100 GeV. In that case, only the scalars
Cg(1, 0, 8) may be treated as naturally light continu-
ous moduli states of string theory, or, purely
from SO(10) point of view, the mechanism of
Refs. [18,22] can be utilized to make them light
by exploiting the generalized superpotential [41].
Another pertinent question arises if one wishes to
use a pair of moduli states o (3, 1,0, 1) under Gi .
How is the lightness of these states ensured in the
context of D-parity breaking at the GUT scale lead-
ing to lighter components of RH-triplets in 1265 &
1264, and RH-doublets in 16, ® 16,. This question
is readily answered by examining the part of the
superpotential,

PHYSICAL REVIEW D 82, 093017 (2010)
W=W, +W,+W;+....
W, = M 21265126 + A126210, 12651264,
Wy = M 416516 + A,6210, 16,16,
Wy = Ms452%, + A45210,452,. (15)

Noting that the singlet under Gpg contained in 210y
is D-odd, the RH-triplets are made light when the
parameters M, and A;,;(210y) are in the same
phase. Similarly the RH-doublets are made lighter
than the GUT scale when M ¢ and A,4(2104) are in
the same phase. Thus, it is clear that the same
mechanism also renders o¢,(3,1,0,1) C 45,
substantially lighter than the GUT scale while
keeping o(1,3,0,1) C 45, heavy when M,s and
A45(2105) are in opposite phase.

Purely from SUSY SO(10) considerations with
standard three fermion generations, the method of
keeping the relevant Higgs scalars substantially
lighter than the GUT scale has been discussed in
Refs. [18,22] by exploiting the minimization of the
generalized superpotential of Ref. [41].

(i) M, = u = M: In this range in addition to the
contribution of the particles listed above we include
those from n, members of Higgs scalar triplets
0.(3,0,1) leading to a,;, = 1+ 2n,, and ay =
55—7, aszc = —3 as before.

(iv) M = pu = Mp: Over and above the contributions
mentioned above, here we include the n,. color
octets Cg(1,0,8) resulting in aszc = —3 + 3nc
and ay =3, ay;, = 1 + 2n,,, as before.

(V) Mp = pu = My: In the presence of Gy i gauge sym-
metry we have contributions of all the submultiplets
discussed above. In addition, from the 126, ® 126,
and 16, ® 16, the following submultiplets must
now be included: ®(2,2,0,1)® xx(1,2,—1,1) @
Xr(L2, 1L, 1)@ Ax(1,3, -2, 1)@
Ag(L, 3, +2, 1)@
neor(3,1,0,1) @ ncCg(1, 1,0, 8).

(vi) u = My with n, = n- = 3 we have

ag, = 33/2, ar =17, (16)

drp = 6, asc = 6

With the above particle content and keeping the
possibilities of M,, M, smaller or larger than
the intermediate scale Mpy, allowed solutions
are realized with Mgz = 10°-10'>° GeV, M, =
101575-10'%5 GeV and ag! =~ 5-10. This covers
the desired range Mz = 10''-10'> GeV required
to implement viable leptogenesis while satisfying
the gravitino constraint.
For a typical example, the evolution of the gauge cou-
plings and unification at the GUT scale are shown in Fig. 1
for which we have obtained
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FIG. 1 (color online). Unification of gauge couplings with left-
right symmetry breaking at Mz = 10'! GeV with n, = no =3
(see text). Below My = Mp = 10'° GeV, g, # gg. The SU(3)¢
coupling (short-dashed line) and the SU(2); coupling (dotted
line) appear to merge for p > Mp because fortuitously, in this
example, the beta-function coefficients for both are nearly equal
in this energy range as are the boundary values of the two
couplings at Mp.

Mg =10" GeV, My =10'GeV, (17)

with ozgl = 5.3 which is well within the perturbative limit.
In Fig. 1 the couplings for SU(2); and SU(3) are found to
be almost overlapping above the scale My because of a
fortuitous identity of their respective beta-function coeffi-
cients and near equality of the boundary values at My in
this example. The change in slopes at M, and M is clearly
noticeable.

In Table I we present several choices of n,, and ns and
their respective mass scales for which the same values of
My = 10" GeV and M, = 10'6 GeV are obtained as in
Fig. 1. The same results follow when a pair of o;’s are
replaced by a fermion triplet contained in additional
SO(10) representations. These fermions while driving
type-1II seesaw for their appropriate mass ranges, may
also serve as stable dark matter candidates if their mass
is low [39,40].

B. Observable gauge-boson mediated proton decay

There are elegant methods and models to suppress
Higgsino mediated proton decay or allow both types of

TABLE I. The number of (3,0, 1) and Cg(1,0, 8) submul-
tiplets with their respective mass scales which lead to solutions
with My = 106 GeV, M; = 10! GeV, and ag! = 5.3.

n, ne M, (GeV) M (GeV)
2 2 100 7.16 X 10°
3 3 3.8 X 10° 8.67 X 10°
4 3 8.63 X 108 8.67 X 10°

PHYSICAL REVIEW D 82, 093017 (2010)

decays through dimension-5 or dimension-6 operators
[42—-44]. In most of the single-step breaking models, bar-
ring a few [44], neglecting threshold effects, the unification
scale is MY, = 2 X 10'® GeV with ag! = 25 which imply
large values of the lifetime for gauge-boson mediated
proton decay, e.g. p — e™ 7, for which the current lower
bound is [34] (7))exp = 1.01 X 103 yrs. Extensive esti-
mations of the decay rate have been made in minimal
GUTs and their extensions with or without SUSY
[33,40,44,45]. Up to a good approximation, the decay
width in the present model can be written as

4

m 8 _

T(p — e*7%) = 2 (—G>A2a 214D+ F)?
64w \my) L H

X [(Afg + A5+ [V,al?)] (18)

In the above formula @y is the hadronic matrix
element, m,, = proton mass = 938.3 MeV, fr=
pion decay constant = 139 MeV, and the chiral
Lagrangian parameters are D = 0.81, F = 0.47. The short
distance renormalization for relevant dimension-6 opera-
tors evaluated with supersymmetry from M; — Mgysy
and without supersymmetry from Mgygy = 1 TeV — M,
in the present model with appropriate anomalous dimen-
sions [46] gives Ag; =~ Agp = Agp = 2.38. The long-
distance renormalization factor is known to be A; =
1.25. Noting that Az = AjAgp =298, and F, =
2(1 + |V,4|*)? = 7.6, we then express the lifetime as

0.012 GeV3\2/2.98\2
I Y(p—etaw®) =(1.0x10* yrs)( ¢ ) ( ? )

ay Ag

(1/5)2 (7.6)( My )4

(=) x (—)—2——),

ag F,/\1.3 X 10'6 GeV
(19)

where we have used ay; = ay(1 + D + F) = 0.012 GeV?
as per recent lattice estimations [47]. In a number of single-
step breaking models or other intermediate breaking
models with My = MY, =2 X 10! GeV and ag! =25,
the one-loop estimation gives large proton lifetime 7,(p —
e + 7°) ~ 0(10%) yrs, which is beyond the experimen-
tally accessible limits of ongoing and planned proton decay
searches for the p — e 77° mode.

In the present model some of our predictions at one-loop
level using Eq. (19) and RGE solutions are given in
Table II. Although two-loop and threshold corrections are
likely to improve these results, at one-loop level itself our
predictions on the lifetime are substantially less than a
large number of single-step breaking models, with a few
exceptions [44], and other intermediate breaking models in
conventional SUSY SO(10) GUTs. Our model predictions
are found to remain within one order of the current experi-
mental limit and are likely to be accessible to ongoing and
planned experiments for proton decay searches [34,35].
Out of the two observable model predictions, namely, the
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TABLE II. Gauge-boson mediated decay lifetime for p —
et® in SUSY SO(10) with G,,,5 intermediate symmetry as
described in the text.

My (GeV) My (GeV) ag! 7,(p— e" %) (yrs.)
10! 1.4 X 1016 53 1.5 X 103
oM 2 X 10 42 4 X 10
1012 2 X 10 4.1 3.8 X 103
1013 2 X 10 33 2.5 X 10
10° 1.4 X 106 6.2 8.6 X 10%*

low-mass RH doubly charged Higgs (discussed later) and
proton decay, if any one is first observed experimentally,
the observation on the other should follow.

IV. LEPTOGENESIS THROUGH SINGLET
FERMION DECAY

A. Leptogenesis and canonical seesaw

In the standard formulation of leptogenesis the lightest
right-handed neutrino decays into either /= ¢+ and v¢° or
into their conjugate channels /*¢~ and 7¢° and the
desired CP-asymmetry is generated by the interference
of the tree-level amplitude with one-loop amplitudes
(vertex and self-energy corrections). Denoting the mass
eigenvalue of the ith RH neutrino as My, using the
canonical Type-I seesaw formula the decay rate of Ny is

1

1
Iy =My, (YY) = oM, (20)

82

where 71, is roughly the lightest left-handed Majorana
neutrino mass, v, the vev of the up-type Higgs, and Y,
the Dirac-type neutrino Yukawa matrix which, up to RG
corrections, is the same as the up-quark Yukawa matrix. A
net lepton asymmetry is generated when the decay process
goes out of equilibrium at temperature ~M )y, satisfying the
condition,

T2
Iy <H(T =M,y)  HT) = 1.66gi/2M—, 21)

Pl

where H is the Hubble expansion rate. In the normal
hierarchical case the generated CP-asymmetry is ex-
pressed as

3 My, Im[(m£mo)12]2
8771}%{ MN2

€ =

(22)
(mI)mD) 11

The canonical seesaw mechanism gives rise to the lower
bound My, = 2.9 X 10° GeV [13]. Since this exceeds the
upper bound on the gravitino mass by several orders, the
tension between standard leptogenesis and the gravitino
constraint in SUSY theories is explicit.

In a large class of solutions of the present model, ex-
amples of which are considered in the following subsec-
tions, the decay of two of the three singlet neutrinos to

PHYSICAL REVIEW D 82, 093017 (2010)

I"¢* and v¢° (and the charge conjugate states) is kine-
matically forbidden. Also, the mass of the remaining
singlet neutrino is =~ 10°-10% GeV, determined by the
neutrino oscillation data, and is substantially smaller than
that of the RH neutrinos. Thus, its decay can reconcile with
the gravitino constraint provided it goes out of equilibrium
at temperatures ~M, and it generates the required lepton
asymmetry. The out-of-equilibrium condition is found to
be naturally achieved due to the small mixings of 7'} with
heavy right-handed neutrinos dictated by the model.

B. Model parameters for the inverse seesaw

In this subsection we show how the parameters needed
for leptogenesis are obtained in this model using the in-
verse seesaw formula, neutrino oscillation data, up-quark
masses and the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements. Apart from the RH-neutrino mass matrix
My assumed to be diagonal with the largest element of
order vg, Egs. (4)—(6) contain four mass matrices: the light
neutrino mass matrix m,, the neutrino Dirac mass matrix
mp, the N — T mixing matrix My, and the singlet-fermion
mass matrix u.

We construct m,, from the mass eigenvalues (m 5 3) via
the PMNS matrix, Upyns, for which we use 6, = 32°,
6,3 = 45°, 613 = 7° and take the leptonic Dirac phase
SPMNS = 1.0 radian.

m,, = Ubynsdiag(my, my, m3)Upyxs. (23)

The Dirac neutrino mass matrix is fixed by the underlying
quark-lepton symmetry of SO(10). Neglecting small RG
corrections, it is taken to be approximately equal to the
up-quark mass matrix. Using the PDG values [48] of the
CKM matrix elements, its Dirac phase, and the running
masses of the three up-type quarks, namely, m, = 2 MeV,
m, = 1.5 GeV, m, = 171 GeV, we have,

mp = My = Vi diag(m,, me, m)Vegu, (24)

where we have used the CKM phase cgy = 1.0 radian,
and the quark mixing angles sinf?, = 0.2243, sinf?, =
0.0413, and sinf{; = 0.0037.

The mass matrices My and w are not constrained by
experimental data. To minimize the unknown parameters
we assume a simple form for the N — T mixing matrix My,

My, 0 0
Mx=| O 0 My, | (25)
0 My, 0
where using Egs. (1) and (2) we have defined
MX,,], = Fijv)(‘ (26)

With the knowledge of m,, mp and My we then use the
inverse seesaw mass formula—Eq. (4)—to obtain elements
of the matrix w for hierarchical as well as invertedly
hierarchical light neutrino masses. The u and My matrices
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are used in Eq. (5) to compute the mass eigenvalues of the
singlet fermions and their mixings by the diagonalization
procedure with

J
where we denote the mass eigenstates by 7; and the
corresponding mixing matrix by U. Thus the two inputs
matrices My (chosen diagonal) and My—Eq. (25)—
completely determine the singlet neutrino, 7;, masses and
mixings consistent with the data on the light neutrino mass
spectrum, mixing, and grand unification.

C. Analytic formulas for decay rate and asymmetry
parameter

The physical processes responsible for leptogenesis are
shown in Fig. 2 where crosses denote appropriate N — T
mixings. The flavor-dependent decay rate for the singlet
fermion T; of mass My, through its mixing with N;—recall
Eq. (9)—can now be expressed as

1 ~ .
> MT,-Z' Uij|251112§jk(mzr)mD)kk-
u jk

I =g (28)

We find that, depending on the choices of My and My,
|

—3My, P
€ = —,
! 87T 0

P =[(101)2sin?,, /My, — (10 ,])*sin® 5, /My 1Im[ Y, Y5 + [(1015])?sin?Ex /My,

PHYSICAL REVIEW D 82, 093017 (2010)

there is a wide possibility for the singlet neutrino mass
eigenvalues. In particular, the model permits a class of
solutions where only one state has mass above the [¢
threshold (~ 100 GeV) while two others have masses
substantially below. Denoting this eigenstate as T, we
discuss leptogenesis through its decay in the rest of this
paper. Because of the simple assumption on the My matrix
given in Eq. (25) the decay rate and the asymmetry pa-
rameter are reduced to the forms

1 K ~ .
I'r, = 8_7TMT1 F;[(|U11|)2SIH2§11(Y/J5YD)11
+ (10 p])sin?é5y (Y Y )3

+ (10 )sinéxs (Y Yp)oo ) (29)
where K|, K, are modified Bessel functions. Even though
Yp is of the same order as the up-quark Yukawa matrix, the
smallness of I';, compared to the Type-I seesaw case—
Eq. (20)—originates from two sources: (1) Allowed values
of My, < My (i = 1,2,3), (iD) sin*¢j, < 1(j, k = 1,2,3).
These two features achieve the out-of-equilibrium condi-
tion at temperature ~My, satisfying the gravitino con-
straint. The asymmetry parameter can be expressed as

(30)

— (10 2])?sin? &3 /My, 1Tm[ Y, Y5, + [(10 1) ?sin? €y /My, — (10 31)?sin? éxs /My, 1Im[ Y, Y5, 1%,
0 = |0, Psin?€, (Y Yp)yy + 101,1Psin? 5y (Y V)35 + 1015112 E3(Y ) Y )oo.

In Table III we present for two typical solutions the right-
handed Majorana neutrino masses, matrix elements of My,
the mixing matrix U, and the T-particle masses when the
light neutrino masses are hierarchical or invertedly hier-
archical. €, is obtained through Eq. (30).

D. The baryon asymmetry

For a large departure from equilibrium in the 7 decay,
the lepton asymmetry per unit entropy at temperature
T > My, is [49]

3
_— z_]—=——K€1 =433 X 10_3K€1: (31)

where « is the efficiency factor and g7, = 2 the number
of degrees of freedom of 7. The entropy density s =
(2/45)g.mT? where g, = 106.75, the effective number
of relativistic degrees of freedom contributing to entropy in
the standard model. Denoting by Ny the number of Higgs
doublets (Ny = 1 in this model), the baryon to entropy
ratio is

FIG. 2. The tree- and one-loop level contribution to the decay of 7 that generate the lepton asymmetry.
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TABLE III.

PHYSICAL REVIEW D 82, 093017 (2010)

Sample solutions with one singlet, 7, at the right mass scale for leptogenesis. For both normal (NH) and inverted (IH)

hierarchies the masses of the singlet neutrinos and the light neutrinos are displayed. My = diag(2 X 107,5 X 10'°,9 X 10!°) GeV has
been chosen for both cases. k = 0.40-0.55 for agreement with the observed baryon asymmetry.

Hier. My, (10° GeV) My, (10° GeV) My, (10° GeV) My (GeV) m; (1072eV) Uy Uy, Us € (1077
NH 1.2 0.18 18 111 X 10° 1.1 -0.992 —0.125 0.035 1.11
92 1.4
7.7 5.2
IH 1.2 60.0 1.8 1.83 X 10° 53 —0.085 —0.001 0.996 1.40
65 5.4
9 2.0
ng _ 24+4Ny n, _ 28n, _ 153 % 103 ke As explained in Sec. II, the RH-triplets in 126y ® 126
s 66 + 13Ny s 79 s ’ ’ carrying B — L = %2 are made light in this model through

(32)

Noting that s = 7.04n,,, where n,, is the photon density, the
observed baryon asymmetry is

np

773 =—= 10_2K€1' (33)
My
This is to be compared with [50]:
(T]B)expt = (615 + 025) X ]0*1(). (34)

We find that for both the cases (NH as well as IH) the
predictions are in agreement with the observed value. In
Table III we have exhibited only two out of a large number
of allowed solutions with efficiency factors k = 0.4-0.5.

For comparison, in Refs. [49,51] maximal efficiency,
k = 1, has been considered to obtain the requisite baryon
asymmetry. In Ref. [51] constraints on the Dirac Yukawa
coupling of the RH neutrino have been examined and it
turns out to be small. In our model the effective Yukawa
coupling of the decaying particle 7 (instead of N;) to the
¢ pair is essentially modified by the product of two extra
factors each of which is a mixing substantially smaller than
unity. Thus, the effective Yukawa coupling of the decaying
singlet neutrino remains small.

The present model permits a variety of solutions with
€, =~ 107°-10"8 which match the observed baryon asym-
metry when the efficiency factors xk = O(1072) — O(1).

V. RIGHT-HANDED DOUBLY CHARGED HIGGS
AT COLLIDERS

In this section we briefly discuss how this model can be
experimentally tested at high energy colliders such as the
Tevatron, LHC or ILC. The light doubly-charged Higgs
boson provides a clear scope for this. We relate the pro-
duction cross section of the A= with that of a Aj* of the
same mass.” This relationship permits the setting of upper
and lower bounds on the pair production cross sections at
the Tevatron or LHC in a model-independent manner.

*In our model the A7 * is very heavy due to D-parity breaking.

the D-parity breaking mechanism with the component
masses M, = 100 GeV to a few TeV. This enhances the
induced vev, v, resulting in high-scale LR gauge symme-
try breaking with large Wz, Z; gauge-boson masses and
heavy RH-Majorana neutrinos. The largeness of the RH-
Majorana masses in the model lead to naturally small
T — N mixings essential to satisfy the out-of-equilibrium
condition for the T-decay to drive leptogenesis.

Because of large masses of the RH gauge bosons, My,
myz, ~ Mg = 10°-10" GeV, the decays Ag™ — Wi Wx
are kinematically forbidden and so only leptonic decays
are possible. The SO(10) invariant Yukawa interaction
with fermions given in Eq. (1), f,»j.16,».16j.ﬁ6H, makes
the doubly charged Higgs boson leptophilic, its only decay
modes being Az — lil,%'j (i,j=1,2,3).

Because of their heaviness, Wy and Z also play no role
in A== production at the Tevatron or LHC. The production
will dominantly be through the electromagnetic or
Z*-exchange Drell-Yan mechanism.

The couplings f;; determine the branching ratios of the
Az* to the different leptonic final states. Although for
the sake of economy and simplicity we have chosen f;;
to be diagonal in the previous section, our choice has been
guided by negligibly small values of the nondiagonal
elements suggested by current limits on lepton flavor vio-
lating decays such as u — 3¢ and 7 — 3e. Out of a large
number of possible solutions, the two sets given in Table III
have My, =2 X 10" GeV, My, =5 X 10" GeV, My, =
9 X 10'9 GeV, which for vg = 10'' GeV corresponds to
flEfee:()'OO()z’ fZEfp,,u:O'59 f3Ef‘rT:O'9'
Keeping in mind the wide classes of solutions permitted
in this model, we will discuss possible implications for
f1 =0.0002 — 0.001, and f, = f3.

The mass ordering of the Wy, Zg, and Ag ™ discussed
above is specific to this model. Interestingly, low-mass
doubly charged Higgs bosons with similar interactions
have been shown to be generic in a class of SUSYLR
models with My, = 10° GeV which require nonrenorma-
lizable terms in the superpotential [52-54]. Within the
non-SUSY left-right model prospects of Drell-Yan pair
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production of LH doubly charged Higgs bosons at high
energy colliders and their detection [55] and the impact of
QCD corrections thereon [56] have also been investigated.

A. Bounds from muonium-antimuonium conversion

Muonium (M)-anti-muonium (M) conversion, " e” —
p”e™ can be mediated by Az~ giving rise to an effective
coupling [57],

fifs
4W2My

~

(35)

Gy-w

Experimental searches for this transition yields the upper
bound [58]

Gy =3 X 1073Gy, (36)

where G = 1.17 X 107> GeV~? is the Fermi coupling.
Combining Egs. (35) and (36) gives

- fif 12
My = (12 % 10—3J§GF) ' G7

For example, choosing f; ~ f, ~ 1, a condition appli-
cable to quasidegenerate RH neutrinos but which is
outside the presently allowed solutions, we obtain M, =
2.24 TeV which is beyond the Tevatron limit, but within
the LHC range. But when we use the class of solutions
which permit f| = 0.0002 and f, = 0.5, we obtain M, =
22.4 GeV. This is not inconsistent with the experimental
search limit reached by DO and CDF Collaborations at the
Fermilab Tevatron with M, = 112 GeV/c?> and M, =
127 GeV/c?, respectively [59,60].

B. Drell-Yan pair production at the LHC or Tevatron

Previous searches at LEP have already excluded Az™*
below 97 GeV/c? [61]. At hadron colliders the doubly
charged Higgs boson will be dominantly created through
pair production via the basic Drell-Yan process gg — y*,
Z"— AFTA;77, (i = L, R). At the quark level, the cross
section depends only on the quantum numbers and mass of
the doubly charged scalars. In the present model with
supersymmetry and purely renormalizable interactions,
the only allowed decay mode is

AGY = 150 (38)

and its conjugate. At the Fermilab Tevatron or the LHC, the
production of the doubly charged boson will be through

pp(p) = (v, Z)X = A AR X — [ IF I g X (39)

where for the dominant modes in our model I, I’ = 7, u
since f1 K fr = fz~1.

The parton level AF* pair production cross section
through y* and Z* exchange is expressed as [54,56]

PHYSICAL REVIEW D 82, 093017 (2010)

§%(go0 + 82083,
(8 = M3)* + M5
L 280,046 — M%)gqvgmu]
S —-M)*+TiMm; T

i=LR. (40)

3= 030% +

Here § = Q° = 75 is the square of the c.m. energy of
the colliding quark-antiquark pair and 7 the product
of momentum fractions carried by them. « is the
fine-structure constant at the relevant energy scale and

Bi=4/(1 - 4M§i /3) is the velocity of the doubly charged
Higgs, Aiii, produced in the collision (i =L, R).
Eqv = (I3q - 2QqSin20W)/(2 SinHW COSGW)’ 8qA = I3q/
(2sinfy cosfy) for the quark g and gy, = (I35, —
QAI_S%V)/ (2s,,¢,). Q,(Qy,) is the electric charge number
of the quark ¢ (Higgs A;) and I5,(3,,) the third component
of SU(2);, isospin for g (A)).
It is clear from Eq. (40) that for

§> 4Mi,- > M2, (41)

the 27 become independent of § and the momentum frac-
tions carried by the quarks leading to

31— 3] =010}, + (g4 + g3)83 ,
+ 2QqQA,-gqng,»v]x (l =1L, R) (42)

Noting that I35, = 1(0) for i = L(R) we obtain from
Eq. (42)

S 1 = (0.593%, 34 =0.7935¢. (43)

These relations translate to upper and lower bounds on the
production cross section of the Az~ which do not depend
on the proton structure functions or the model-origin of
these Higgs bosons as long as the gauge symmetry at the
electroweak scale is the standard model. Thus,

The above bounds for Drell-Yan pair production relate the
cross section for RH doubly charged Higgs at the LHC or
Tevatron with that for their LH counterparts with the same
mass provided the mass is = 150 GeV.

Using these relations and the published results for A7 =
production one can estimate the number of events in this
model. For example,4 at the LHC, for m Azs = 200 GeV
(1 TeV) the Drell-Yan production cross section in fb is
49.4, 96.4, 169.5 (0.004, 0.04, 0.14) for /s =7, 10, or

“We thank Anindya Datta for providing these numbers.
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14 TeV, respectively. Using Eq. (44) and assuming an
integrated luminosity of 30 fb~! for Mpes = 200 GeV
one would expect 1022, 1995, 3509 events for the three
cases. If my== = 1 TeV then for /s = 10 TeV one would

require about 200 fb~! integrated luminosity for a 5-event
signal.

At the Tevatron with /s = 2 TeV, o = 12-16 fb for
My, = 150 GeV and with an integrated luminosity of
350 pb~! the predicted number of events is nearly 4-6.
With an acquired integrated luminosity of 10 fb~!, the
mass reach of up to My, =300 GeV can be achieved
where oz = (5 —7) X 1072 fb.

In our model since f| < f, = f3, the dominant decay
modes of the produced pair would be through the following
four lepton channels, every one of which would be almost
equally likely: Ag"Ap™ — 7o 7 TR Tr, Mg Mg Mg Mg
TRTR MR MR- TR TR MR MR-

The standard model backgrounds for such production
processes have been discussed in [55]. The signal event
should have negligible missing pr. Moreover, the two pairs
of like-charged leptons are constrained to each have the
invariant mass equal to m, . These criteria and a judicious
cut on the [T~ pair invariant mass to remove ZZ contri-
butions effectively removes the entire background.

Unlike the Tevatron and the LHC where the doubly
charged bosons are pair-produced, at proposed muon col-
liders resonant production of these bosons could take place
if w~ ™ colliders are arranged. The singly produced
A~" would decay via 2u or 27 channels providing the
cleanest signals for these bosons. In contrast to a large class
of asymmetric left-right models where the decay of the
right-handed doubly charged bosons could proceed via
kinematically allowed channels such as A" — Wz W},
Wi AL, Af A, this model allows decay only in the bilep-
ton channel providing a signature of its genuine leptophilic
property.

VI. SUMMARY AND CONCLUSIONS

In summary, we have implemented flavor-dependent
leptogenesis through the decay of singlet fermions with
masses My = 10°-10° GeV in SUSY SO(10) while sat-
isfying the gravitino constraint. The left-right intermediate
symmetry is at a high scale corresponding to Wy and Z
masses larger than 10!'! GeV. This has been made possible
by using the RH-triplets in 126y ® 126y as well as the
RH-doublets in 16y ® 16y. Not only is the singlet
fermion-RH-neutrino mixing generated by the vev of 16y

PHYSICAL REVIEW D 82, 093017 (2010)

but also this mixing becomes naturally small through the
large vev of the RH-triplet induced by the doublet vev. In
addition to obtaining renormalizable mass for the RH
neutrino through this mechanism, manifest unification of
gauge couplings is also achieved purely by renormalizable
interactions and, thus, nonrenormalizable dimension-5
operators used earlier are dispensed with. In contrast to
the earlier attempts where an assumed value of the
CP-asymmetry parameter was shown to yield the lepton
asymmetry numerically, in this work we have derived and
suggested new analytic formulas leading to the correct
asymmetry parameter and the observed baryon to photon
density ratio. We have found that both the decay rate and
the CP-asymmetry are explicitly flavor dependent.
Whereas our previous work [30] required a normal hier-
archy, here we have also found successful implementation
in the case of inverted hierarchical neutrino masses. Unlike
a host of low-scale leptogenesis models, this model works
with hierarchical heavy RH-neutrino masses and no reso-
nant condition with extreme degeneracy among them is
needed. A decisive test of the present model would be
through the detection of doubly charged Higgs bosons
Az* — Izl; at the Tevatron, LHC, or a future muon
collider. The model provides an example of truly lepto-
philic doubly charged Higgs bosons. Without using parton-
density distribution functions we have also shown in a
model-independent manner that the pair production cross
sections for RH doubly charged Higgs at Tevatron or LHC
energies are bounded between 59%-79% of their LH
counterparts with same masses.

As the unification, triggered by low-mass doubly
charged bosons, occurs with a large (but perturbative)
unified gauge coupling, the decay lifetime 7,(p — e* 7°)
is substantially reduced compared to conventional SUSY
GUTs and remains within one order of the current experi-
mental limit. This is likely to be accessible to the ongoing
and planned proton decay searches. The model appears to
be rich in dark matter candidates which will be investigated
elsewhere.
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