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It has been recently proposed that the matter-antimatter asymmetry of the universe may have its origin

in ‘‘post-sphaleron baryogenesis’’ (PSB). It is a TeV scale mechanism that is testable at the CERN LHC

and other low energy experiments. In this paper, we present a theory of PSB within a quark-lepton unified

scheme based on the gauge group SUð2ÞL � SUð2ÞR � SUð4Þc that allows a direct connection between the
baryon asymmetry and neutrino mass matrix. The flavor changing neutral current constraints on the model

allow successful baryogenesis only for an inverted mass hierarchy for neutrinos, which can be tested in the

proposed long base line neutrino experiments. The model also predicts observable neutron-antineutron

oscillation accessible to the next generation of experiments as well as TeV scale colored scalars within

reach of the LHC.
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I. INTRODUCTION

Since Sakharov first suggested the three conditions that
would have to be satisfied by a microphysical theory to
generate matter-antimatter asymmetry of the Universe [1],
many beyond the standard model scenarios have been
constructed for this purpose. The very earliest ones that
used proton decay in grand unified theories for this purpose
run into difficulty on several counts: first, successful in-
flation scenarios generally have reheating temperatures
which are below the generic baryogenesis temperatures,
especially in the context of supersymmetry, so that any
grand unified theory (GUT) generated baryon number is
erased by inflation; second, if baryogenesis is caused by
B� L conserving interactions as in SUð5Þ models, they
will be destroyed by electroweak sphalerons that are in
equilibrium down to about 100 GeV.

In the mid 1980s, a new mechanism was suggested that
uses baryogenesis via leptogenesis [2]. This mechanism is
very attractive since it arises within the framework of the
seesaw mechanism [3] that explains small neutrino masses.
Here the initial lepton asymmetry is created far below the
GUT scale and is then converted by the electroweak spha-
lerons [4] to a baryon asymmetry. This mechanism de-
pends crucially on the properties of the electroweak
sphaleron [4] which serves as the source of B violation.
While this is one of the most widely discussed schemes in
literature today [5], it may also have problems since ade-
quate leptogenesis in these models implies a lower bound
on the leptogenesis scale [6] which is above the allowed
reheating scale in supersymmetric models [7]. It is also not
so easy to test by low energy experiments.

It is therefore important to explore alternative mecha-
nisms that can explain the matter-antimatter asymmetry
from particle decays around 100 GeV temperatures which
do not conflict with the above bounds on reheat tempera-
tures and at the same time yield testable consequences at

CERN LHC and other low energy experiments. A well-
known example of a weak scale scenario is the electroweak
baryogenesis within minimal supersymmetric extensions
of standard model (MSSM) and singlet extended MSSM,
the so-called NMSSM [8]. This is certainly testable at the
LHC.
An alternative weak scale mechanism was proposed in

two recent papers [9,10], where it was shown that with the
use of higher dimensional baryon violating operators, bar-
yogenesis can occur after the electroweak sphalerons have
gone out of thermal equilibrium. This mechanism was
called post-sphaleron baryogenesis (PSB). One version of
this mechanism involved the existence of color sextet
scalar bosons which can be observable at the LHC. This
version is motivated by neutrino masses and we focus on a
particular SUð2ÞL � SUð2ÞR � SUð4Þc [11] realization of
this mechanism in this paper, which uses the symmetry
breaking setup discussed in Ref. [12].
The quark-lepton unification incorporated in the

SUð2ÞL � SUð2ÞR � SUð4Þc allows us to relate the baryon
asymmetry mechanism directly to neutrino masses via the
type II seesaw mechanism [13]. Furthermore, the gauge
symmetry implies additional constraints on the model that
must be satisfied in order for the model to be viable. The
main result of our work is to show that constraints of
successful baryogenesis can be satisfied and neutrino os-
cillation observations can be reproduced in our model. The
main prediction of the model is an inverted mass hierarchy
for neutrinos with a relatively large �13.
The salient feature of PSB mechanism is that baryo-

genesis occurs via the direct decay of a scalar boson Sr
having a weak scale mass and a higher dimensional baryon
violating coupling. Sr is the real part of a baryon number
carrying complex scalar S, which acquires a vacuum ex-
pectation value (vev). In the context of the SUð2ÞL �
SUð2ÞR � SUð4Þc model, Sr is the real part of a Higgs
scalar field belonging to a (1, 3, 10) representation of
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whose vev breaks the SUð2ÞR � SUð4Þc symmetry down to
the SUð3Þc �Uð1ÞY of the standard model. The decays
Sr ! 6qc and Sr ! 6 �qc provide the source for B asymme-
try. When the S field has a vev, the decay process generates
an interaction that causes neutron-antineutron oscillation
as shown in Ref. [12]. The parameter domain of our theory
where adequate baryogenesis occurs predicts that neutron-
antineutron oscillation should occur at a rate observable in
currently available reactor facilities.

We wish to make it clear that observation of n� �n
oscillation will not necessarily be an evidence for this
mechanism for baryogenesis although to the extent that
n� �n operator will erase any preexisting baryon asymme-
try, this or some post-sphaleron mechanism has to play a
role in generating baryon asymmetry of the Universe. As
far as the color sextet fields go, our baryogenesis mecha-
nism provides a very strong motivation to search for such
particles at the LHC. Again, their discovery of course
cannot be taken as evidence for this mechanism for baryo-
genesis. On the other hand, lack of evidence for n� �n
oscillation at the level predicted here nor any evidence for
color sextet particles near or close to a TeV will certainly
disfavor our model. Similarly, if there is evidence against
inverted mass heirarchy for neutrinos, the model will also
be ruled out.

II. BASIC INGREDIENTS OF POST-SPHALERON
BARYOGENESIS AND ITS SUð2ÞL � SUð2ÞR �

SUð4Þc EMBEDDING

A starting Lagrangian for PSB that gives rise to the
higher dimensional B-violating decay is given by [9]

LI ¼
hij
2
�dcdcd

c
i d

c
j þ

lij
2
�ucucu

c
i u

c
j þ

gij
2
�ucdcðuci dcj

þ ucjd
c
i Þ þ

�1

2
S�ucuc�dcdc�dcdc þ �2

2
S�dcdc�

2
ucdc

þ H:c:: (1)

Here the �ucuc , etc. are color sextet scalar fields. From the
above equation, we see that when the scalar field S, which
has B� L ¼ 2 is given a vev, it leads to cubic scalar field
couplings of the type �ucuc�dcdc�dcdc and �dcdc�

2
ucdc lead-

ing to baryon number violation by two units.
We note that not all of the ð�ucuc ;�ucdc ;�dcdcÞ fields are

needed for B violation and n $ �n oscillation: either
ð�ucdc ;�dcdcÞ or ð�ucuc ;�dcdcÞ pair will do. In fact, con-
sistency with flavor changing neutral current constraints
and n� �n oscillation limits allow for only two of these
three scalar states to be light near the TeV scale. The third
state (in our case �ucuc , as we will see below) will have
mass of order 100 TeV.

Baryon asymmetry arises in this scheme from W-loop
corrections to the Sr decays and is therefore directly linked
to Cabibbo-Kobayashi-Maskawa (CKM) mixing [9].

The constraints on the parameter space of the model
arise from the fact that the decay of Sr occurs below
100 GeV and above 200 MeVor so—the former to ensure
that the sphalerons do not play any role in baryogenesis and
the latter so that quarks in the cosmic soup have not
combined to form hadrons, which will affect the decay
estimates—and from the fact that the model must repro-
duce observed neutrino masses and mixings. If baryon
asymmetry is created above the electroweak phase transi-
tion temperature, all of the baryon asymmetry will be
washed out since there are both Bþ L violating sphaleron
interactions as well asWR mediated �L ¼ 2 scatterings of
right-handed Majorana neutrinos in equilibrium at that
temperature.
Before discussing the constraints on the parameters of

the model from low energy observations, let us discuss its
embedding into the SUð2ÞL � SUð2ÞR � SUð4Þc model
[11]. The version of the model relevant to our discussion
is not the one in the original Pati-Salam paper but rather the
one considered in Ref. [12]. In this model [12], symmetry
breaking from SUð2ÞR � SUð4Þc to Uð1ÞY � SUð3Þc is
implemented by the Higgs fields belonging to the repre-

sentation �Rð1; 3; 10Þ � �Lð3; 1; 10Þ under the SUð2ÞL �
SUð2ÞR � SUð4Þc group. Decomposing this field under the
standard model group SUð2ÞL �Uð1ÞY � SUð3Þc gives the
various fields in the model:

�Rð1; 3; 10Þ � �ucuc

�
1;þ 8

3
; 6�

�
� �ucdc

�
1;þ 2

3
; 6�

�

��dcdc

�
1;� 4

3
; 6�

�
��uc�c

�
1;þ 4

3
; 3�

�

��dc�c

�
1;� 2

3
; 3�

�
� �ucec

�
1;� 2

3
; 3�

�

��dcec

�
1;� 8

3
; 3�

�
���c�cð1; 0; 1Þ

��ec�cð1;�2; 1Þ � �ececð1;�4; 1Þ: (2)

The Yukawa Lagrangian of this model is given by

LI ¼ fij�
c;T
i C�1�2 ~� � ~�R�

c;T
j

þ ðR $ LÞ þHa
ij�i�a�

c
j þ H:c:; (3)

where

� ¼ u1 u2 u3 �
d1 d2 d3 e

� �
:

The f couplings generate Majorana neutrino masses, while
the couplings denoted Ha generate the Dirac masses for
fermions. Comparing Eq. (3) with Eq. (1), we see that
exactly the same interactions are present in both cases.
The S field of Eq. (1) is the ��c�c whose vev breaks the
gauge group of our model down to the SM gauge group
[12]. We assume that the scale of this symmetry breaking is
anywhere between 1–100 TeV so that both the right-
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handed neutrinos as well as the gauge bosons belonging to
SUð4Þc=SUð3Þc have masses around these values.

We note that while breaking the gauge symmetry only

by �ð1; 3; 10Þ makes the WR mass scale, B� L breaking
scale vBL, and the SUð4Þc breaking scales all equal, and
would also relate the W�

R mass with the Z0 mass. Some of
the constraints we derive below require that MWR

� vBL.

This can be achieved by including a (1, 3, 1) Higgs field to
break the symmetry, which will generateW�

R mass, but not
Z0 mass and decoupleW�

R mass from vBL. Our results will
be valid in the presence of such (1, 3, 1) Higgs fields, or in
their absence. In the latter case, the common scale of B�
L symmetry breaking will be required to be >100 TeV or
so.

The Higgs fields belonging to the � multiplet will have
the following mass pattern: �dcdc , �ucdc will have mass
near a TeV, whereas �ucuc will have mass near 100 TeV.
Such a mass pattern is consistent, since as noted above, we
could have the SUð4Þc=SUð3Þc �Uð1ÞB�L boson and the
WR mass different from the Z0 mass and the right-handed
neutrino mass scale.

One important point to note is that due to SUð4Þc gauge
symmetry, all three couplings in Eq. (1) become equal to
each other i.e. hij ¼ gij ¼ lij ¼ fij of Eq. (3).

In general, the neutrino mass in this model is given by a
combination of type I and type II seesaw contributions:

M� ¼ �
v2
wk

vBL

f�MDirac
� ðvBLfÞ�1ðMDirac

� ÞT: (4)

The coupling matrix f that appears in the neutrino mass
formula above is related to the diquark couplings, which
lead to flavor changing neutral current (FCNC) effects, n�
�n oscillations as well as the baryon asymmetry. They are
therefore very highly constrained.

In what follows, we assume that MDirac
� ¼ 0 or very

small by an appropriate choice of the Yukawa couplings
of �1 	 ð2; 2; 1Þ and �15 	 ð2; 2; 15Þ fields [see Eq. (3)].
The details of this are not relevant to the main point of our
paper. Since MD depends on the same parameters as the
quark and charged lepton masses, it is useful to point out
that setting MD ¼ 0 does not lead to any conflict with
realistic fermion mass and mixing patterns. To see this,
note that the two bidoublet fields �1 and �15 are both
complex scalars; therefore each field will have two inde-
pendent Yukawa couplings with fermions:

LYukawa ¼ Y1
�c L�1c R þ ~Y1

�c L
~�1c R þ Y15

�c L�15c R

þ ~Y15
�c L

~�15c R þ H:c:; (5)

where c L 	 ð2; 1; 4Þ and c R 	 ð1; 2; 4�Þ fermions, and
~�i 	 �2�

�
i �2. From Eq. (5), it follows that the Dirac

mass matrices of the up quark, down quark, charged lepton,
and the neutrino are all independent.

Once we set MDirac
� ¼ 0, we can directly link the neu-

trino mass matrix to the coupling matrix f. The advantage

of this is that the requirement of adequate baryogenesis as
well as consistency with FCNC and other constraints fix
not only the neutrino mass matrix, but also the mass
spectrum of the theory. The FCNC constraints come from
the fact that �ucuc , �dcdc , �ucdc fields have masses in the
multi-TeV range and can lead to sizable K0 � �K0, D0 �
�D0, and B0

d;s � �B0
d;s mixings. They, in turn, severely con-

strain the pattern of the Yukawa couplings fij and thereby

the neutrino mass matrix.

III. LOW ENERGY CONSTRAINTS ON THE
MODEL

In this section, we discuss the tree level flavor changing
neutral current contributions to processes such as K � �K,
Bd;s � �Bd;s, D� �D mixings from the diquark Higgs field

exchanges. We have to make sure that they are not in
conflict with observations. One cannot make the diquark
scalar masses very large to satisfy the FCNC constraints,
since successful post-sphaleron baryogenesis requires the
masses of at least two of these scalars to be not more than
about a TeV. Similarly, the doubly charged scalar bosons
from the same multiplet will contribute to rare processes
such as � ! 3e via tree level diagrams. Neutrino oscilla-
tion data, on the other hand, suggest a specific form of the f
matrix. We need to examine if these dual requirements can
be simultaneously met. We have found that indeed this can
be satisfied, but only for an inverted mass hierarchy spec-
trum for the neutrinos.
To discuss the constraints on the couplings fij and

masses of �ucuc , �dcdc , �ucdc implied by these consider-
ations, we first note that above the SUð4Þc scale, all cou-
plings to diquarks and dileptons are given by a single
matrix fij. The form of this matrix can be specified in

any basis without loss of generality and we specify them in
the basis in which the down quarks are mass eigenstates. In
this basis, the fij couplings split up into the following

depending on which quarks they couple to: fdd, fud, and
fuu, where fdd indicates the coupling to dcdc, etc.
Assuming for simplicity that CP is not broken by the
vacuum expectation values of the bidoublet fields (so that
the left-handed and right-handed CKM matrices are equal
to each other), we get

fud ¼ UCKMfdd; fuu ¼ UCKMfddU
T
CKM;

f�� ¼ UlfddU
T
l ¼ fee;

(6)

where UCKM is the quark rotation matrix and Ul is the
matrix that makes the charged leptons diagonal. Clearly, it
is f�� which determines the neutrino mass matrix in the
type II seesaw case.
In this basis, first there are constraints from flavor

changing processes such as K � �K, Bs;d � �Bs;d, and D�
�D mixings. Below we list the constraints [14] and their
implications for the parameters of the model:
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K0ðd�sÞ � �K0ð �dsÞ: fdd;11fdd;22
½m�dcdc

=TeV
2 & 3:3� 10�6; (7)

B0
sðs �bÞ � �B0

sð�sbÞ: fdd;22fdd;33
½m�dcdc

=TeV
2 & 2:0� 10�4; (8)

B0
dðd �bÞ � �B0

dð �dbÞ:
fdd;11fdd;33

½m�dcdc
=TeV
2 & 7:6� 10�6; (9)

D0ðu �cÞ � �D0ð �ucÞ: fuu;11fuu;22
½m�ucuc

=TeV
2 & 2:0� 10�6: (10)

In addition, lepton family number violating modes [15]
such as � ! 3e imply

fee;11fee;12
½m�þþ=TeV
2 & 3:3� 10�5: (11)

This can be satisfied by requiring the�þþ mass to be in the
100 TeV range for our choice of f12;11 as we see below. The
constraints from the various � decay modes can then be
easily satisfied for this limit on the �þþ mass and we do
not give those constraints here.

Another constraint on the parameters of the theory
comes from the present limits on n� �n oscillation period.
�n� �n � 108 sec [16,17] implies that the strength Gn� �n of
the �B ¼ 2 transition is � 10�28 GeV�5. In a generic
model of this type, n� �n oscillations arise from the tree
diagram in Fig. 2 (see Sec. V) and we find that

Gn� �n ’
�1hSif2dd;11fuu;11
M4

�dcdc
M2

�ucuc

þ �2hSifdd;11f2ud;11
M2

�dcdc
M4

�ucdc

� 10�28 GeV�5: (12)

We discuss this further in our model in Sec. VI.
The nontrivial aspect of this model is that the same set of

parameters responsible for baryogenesis is directly related
to neutrino masses and mixings and must be such that they
satisfy the strong FCNC constraints listed above. Note that
we cannot suppress the FCNC effects by simply raising the
masses of �dcdc , �ucdc particles since in that case we
cannot satisfy the desired constraints for adequate
baryogenesis.

IV. INVERTED NEUTRINO MASS HIERARCHY
FROM THE FCNC CONSTRAINTS

In this section, we address the question of how we satisfy
these constraints and yet obtain concordance with neutrino
oscillation observations. It turns out that if we choose fdd
matrix as (in a basis where down quarks are mass eigen-
states)

fdd ¼
0 0:95 1

0:95 0 0:01
1 0:01 �0:0627357

0
@

1
A; (13)

then for TeV scale �dcdc and �ucdc and 100 TeV mass for
�ucuc , we can satisfy all the hadronic constraints. Such a
choice will automatically satisfy K � �K and Bd;s � �Bd;s

mixing constraints, owing to the zeros in the diagonal
entries. We could have satisfied these constraints even
with a small nonzero (1, 1) entry; but the n� �n constraint
given by Eq. (12) limits it to be <10�12 or so. The other
entries are chosen so as to satisfy the experimental con-
straints in the neutrino sector, as explained later in this
section. In the leptonic sector, as already noted, the most
stringent constraint comes from � ! 3e and it requires
that �þþ mass also be of order 100 TeVor so.
Note that due to the existence of SUð4Þc symmetry the

value of fdd is equal to the LL� coupling that determines
the neutrino mass matrix. The only additional thing we
have to do to get the neutrino mass matrix is to diagonalize
the charged lepton masses. We assume a simple form for
the orthogonal matrix that diagonalizes the charged lep-
tons. Since the form of the charged lepton is expected to be
similar to the quark mixing matrices, we illustrate our
result using the following unitary transformation to rotate
fdd to get the neutrino mass matrix:

Ul ¼
cos� sin� 0
� sin� cos� 0

0 0 1

0
@

1
A (14)

with � ¼ 0:23. Our results remain valid if instead we
choose Ul close to the CKM form. This choice for Ul

then gives

f� ¼ UlfddU
T
l

¼
0:421751 0:85125 0:975946
0:85125 �0:421751 �0:218241
0:975946 �0:218241 �0:0627357

0
@

1
A: (15)

This matrix must be multiplied by the SUð2ÞL triplet vev
vL (which is much smaller than the electroweak vev in the
type II seesaw) to give the neutrino mass matrix. For vL ¼
0:035 eV, we get the three neutrino masses to be

m1¼0:0478 eV; m2¼�0:0487 eV; m3¼�0:0014 eV

which yields the correct solar-to-atmospheric neutrino
mass square difference �m2

atm=�m
2
solar ’ 30 and the

PMNS mixing angles �12 ¼ 35:6
, �23 ¼ 46�23 ¼ 46

and �13 ¼ 8
. This value of �13 is observable in the on-
going (Double CHOOZ) [18] and planned (Daya Bay) [19]
experiments and can be used to falsify the model. Needless
to say the discovery of a ‘‘large’’ �13 does not constitute
evidence for the model.
One question one can ask is to what extent inverted

neutrino mass hierarchy is a prediction of the model. We
note that flavor changing neutral current processes such as
K � �K, B� �B do restrict the form of the LL� coupling
responsible for neutrino masses only to this form as long as
the type II seesaw is assumed. Inverted neutrino mass
hierarchy is then inevitable.
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Second, we predict that the neutrinoless double �-decay
experiments should observe a Majorana neutrino mass at
the 10–20 meV level which is perhaps within reach of the
next round of neutrinoless double �-decay experiments.

In Fig. 1, we present two scatter plots that display the
preference of oscillation parameters in our model. To
obtain this plot, we have allowed the neutrino oscillation
parameters to vary within the current experimental limits
and we also allow a more general CKM-like form for the
Ul. We clearly see the lower bound on the �13 from them.

We will see below that this form of the f matrix satisfies
the baryon asymmetry constraints as well as the n� �n
constraints.

V. ORIGIN OF MATTER

Before proceeding to the discussion of how baryon
asymmetry arises in this model, let us first sketch the
cosmological sequence of events starting at the SUð4Þc
scale that leads up to this. For temperatures above the
SUð4Þc scale of about 100 TeV, there is no B� L violation.
The sphalerons are active and therefore erase any preexist-
ing Bþ L asymmetry in the Universe. So if there was a
primordial GUT scale generated baryon asymmetry that
conserved B� L [like that in most SUð5Þ and some
SOð10Þ models], it will be erased by sphalerons. Any
baryon asymmetry residing in B� L violating interactions
will however survive.

Below the SUð4Þc scale, B� L violating interactions
arise e.g. SS ! eþe�, and will be in equilibrium together
with the �B ¼ 2 interactions. So together they will erase
any preexisting baryon or lepton asymmetry. Thus in mod-
els of this kind, baryon asymmetry of the Universe must be
generated fresh below the sphaleron decoupling
temperature.

In order to sketch how fresh baryon asymmetry arises in
our model, we assume the following mass hierarchy be-
tween the Sr field and the �dcdc , �ucuc , �ucdc fields:

mt <MSð	500 GeVÞ<M�dcdc
	M�ucdc

ð	1 TeVÞ
� M�ucuc

ð	100 TeVÞ;
where mt is the top quark mass.

Between 1 � T � 100 TeV, the �B ¼ 2 interaction
rates go like

�ð�B ¼ 2Þ 	 f611
ð2�Þ9 T (16)

and are therefore in equilibrium if some of the fij’s are

above 0.3 as in our case.
Below T 	 1 TeV, the �B ¼ 2 processes such as the

decay Sr ! 6qc þ 6 �qc, ð �qc; qcÞ þ Sr ! 5ðqc; �qcÞ occur at
a rate given by

�ð�B ¼ 2Þ 	 100f6ud;12
ð2�Þ9

T13

ð6MÞ12 ; (17)

where M	 TeV, the average mass of the �dcdc , �ucdc

particles which are still in equilibrium. The �ucuc is about
100 TeV and hence its contribution to these processes is
more suppressed compared to that of �dcdc , �ucdc . This
decay then goes out of equilibrium somewhat below the
TeV temperature range. One impact of this is that these
interactions being in equilibrium above T 	 TeV erase any
preexisting baryon asymmetry as discussed above.
By the time the Universe cools to a temperature near or

slightly below MS, its decay channels can start if the rates
are faster compared to the Hubble expansion rate. Let us
therefore estimate the various decay rates:
There are four decay modes which are competitive with

each other: (i) Sr ! 6qc; (ii) Sr ! Zfc �fc; (iii) Sr ! ZZ;
and (iv) Sr ! �e.1 We discuss them below.
(i) Sr ! 6qc: The diagram for this is given in Fig. 2.

Since MS � mt, in its decay all modes will partici-
pate. Including all the modes, we find the decay rate
to be

�ðSr ! 6qcÞ ’ 36

ð2�Þ9
ðTr½fyf
Þ3�2M13

S

ð6M�Þ12
; (18)

where we have chosen �1 ¼ �2 � �	 0:1. Taking
as an example a typical set of parameters M� ’
2MS 	 1 TeV and taking the parameters for the f

 28

 29

 30

 31

 32

 33

 34

 0.015  0.02  0.025  0.03

∆ m
2 at

m
/∆

m
2 so

la
r

sin2θ13

 0.29

 0.3

 0.31

 0.32

 0.33

 0.34

 0.35

 0.015  0.02  0.025  0.03

si
n2 θ 1

2

sin2θ13

 0.45

 0.46

 0.47

 0.48

 0.49

 0.5

 0.51

 0.52

 0.015  0.02  0.025  0.03

si
n2 θ 2

3

sin2θ13

FIG. 1. We give the predictions for neutrino oscillation parameters for the allowed ranges of the diquark scalar couplings in our
model. Note the lower limit on the �13 of about 0.1.

1The Sr ! WþW� is suppressed by WL �WR mixing pa-
rameter which can be adjusted to be small.
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matrix elements from Eq. (13), we get �ðSr !
6qcÞ 	 7:5� 10�17 GeV.

(ii) Sr ! Zþ fc �fc: This arises from the S �S coupling to
Z0Z0 with one of the Z’s mixing with Z0 (Fig. 3) and
the virtual Z0 decaying to fc �fc. This occurs only for
T � vwk. This is because for T � vwk, Z� Z0 mix-
ing disappears. Below the electroweak symmetry
breaking temperature, this mixing denoted below
by gZZ0 becomes effective and is given by

gZZ0 ¼ g2cos2�Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2�W

p
�
MZ

MZ0

�
2
vBL (19)

which leads to the new Sr decay mode (Fig. 3) given
above. This decay rate is given by

�ðSr ! Zfc �fcÞ ’ 7:0� 10�2 GeV2

MsM
6
Z0

�
Ms

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

s �M2
Z

q

� ð6M4
s � 19M2

sM
2
Z þ 28M4

ZÞ
� 3M4

ZðM2
s þ 4M2

ZÞ

� log

�Ms þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

s �M2
Z

q
MZ

��
: (20)

For our choice of parameters and MZ0 	 100 TeV,
we find that �ðSr ! Zfc �fcÞ ’ 6:6� 10�18 GeV and
is therefore slower than the 6qc decay rate.

(iii) Sr ! ZZ: This decay mode arises from Z� Z0 mix-
ing with the decay width given by

�ðSr ! ZZÞ ¼ g2ZZM
3
S

128�M4
Z

�
1� 4M2

Z

M2
S

�
1=2

�
�
1� 4M2

Z

M2
S

þ 12M4
Z

M4
S

�
; (21)

where the SrZZ vertex is given by

gZZ ¼ 1

2
g2cos2�WvBL

�
MZ

MZ0

�
4
: (22)

For MZ0 	 100 TeV and MS ¼ 500 GeV, we get
�ðSr ! ZZÞ ’ 2:2� 10�19 GeV which is much
smaller than the 6qc decay rate.
In Fig. 4, these decay rates are plotted against the
mass of the scalar field for various values of vBL.
Note that MZ0 is related to vBL as follows:

M2
Z0 ’ 2g2v2

BLcos
2�W

cos2�W
:

(iv) Sr ! �þ e: This decay mode arises from the
Feynman diagram in Fig. 5 and its rate can be
estimated to be

FIG. 3. Feynman diagram for Sr decay to Zfc �fc vis Z� Z0
mixing.

FIG. 2. Tree level diagrams contributing to Sr decays into six
antiquarks. There are other diagrams where Sr decays into six
quarks, obtained from the above by reversing the arrows of the
quark fields.
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FIG. 4 (color online). The Sr ! Zfc �fc (thin solid lines) and
Sr ! ZZ (thin dashed lines) decay rates for various values of
vBL (in TeV). The thick solid lines correspond to the Sr ! 6qc

decay rates for two typical values of r ¼ M�ucdc;dcdc
=MS. We see

that for vBL � 40 TeV, the six quark decay mode dominates for
a large range of MS.
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�ðSr ! �þ eÞ ’ f213g
4ðm�M�R

Þ2MS

12�ð16�2Þ232M4
WR

: (23)

This width is estimated to be �ðSr ! �þ eÞ ’
9� 10�20 GeV. Therefore this is also much smaller than
the decay rate to six quark modes.

At the time the Universe has a temperature of 	MS or
slightly below so that it is out of equilibrium from the
cosmic soup, the Hubble expansion rate is
	 ffiffiffiffiffi

g�
p

M2
S=MPl	2:5�10�12 GeV implying that all the

above decay modes are out of equilibrium. Since the decay
rate remains constant below T	MS, but the expansion rate
of the Universe is slowing down as it expands, there will
come a time (or temperature Td) when the dominant decay
�ðSr!6qÞ’HðTdÞ. At that point the Sr particle will start
decaying and produce the baryon asymmetry as in Ref. [9].

At this temperature which is far below the masses of the
�ucdc , �dcdc particles, the decay processes �qcqc ! qcqc

being very fast have depleted all the diquark Higgses and
have left only the Sr particles to survive along with the
usual standard model particles. The primary decay modes
of Sr are Sr ! ucdcdcucdcdc and Sr ! �uc �dc �dc �uc �dc �dc as
already noted (Fig. 2). Other decay modes are negligible as
discussed.

We have to make sure that the decay of Sr starts below
the sphaleron decoupling temperature and above the QCD
phase transition temperature. To check if this indeed hap-
pens in our model, let us calculate the Td:

Td ’
�
36�2ðTr½fyf
Þ3MPlM

13
S

ð2�Þ91:66g1=2� ð6M�Þ12
�
1=2

’ 6:1 GeV1=2

�
M13

S

M12
�

�
1=2

: (24)

For MS 	 500 GeV and M� 	M�ucdc
	M�dcdc

	 1 TeV,

we get Td ’ 2 GeV which is comfortably above the QCD
phase transition temperature.
It is worth emphasizing that if we increased the sextet

scalar masses arbitrarily to satisfy the FCNC constraints,
this will lower the Td to undesirable values below the QCD
temperature. One may think that we could simultaneously
increase the value of MS but as we will see below, the
magnitude of the baryon asymmetry goes inversely like the
square of MS and increasing it above 500–600 GeV will
suppress the baryon asymmetry to a level below the
observations.
The calculation of the baryon asymmetry is the same as

in Ref. [9] and we do not repeat it here except to give a
brief summary for the particular f texture in our model.
First, we note that since only f31 and f21 are the dominant
contributions, there is a flavor factor of 64 � ðTr½fyf
Þ3 in
the absolute decay width. Next, we calculate the baryon
asymmetry from the vertex correction via the W boson
exchange (Fig. 6), which dominates the baryon asymmetry.
To do this we note that the dominant contribution comes
from making the f matrix complex (e.g. f33 with a maxi-
mal complex phase and all other parameters real). This of
course does not affect the neutrino fit discussed earlier. In
terms of the flavor combinations that give the dominant
contributions, they come from products like f231f33 of

which there are six combinations. This gives

	vertexB

Br
’ �
2

4

6 Im½f231mtVtbmbf
�
33mtVtbmb


ðTr½fyf
Þ3M2
WM

2
S

: (25)

We have also assumed that MS � mt. Note that if we

FIG. 5. Sr ! e� decay.

FIG. 6. One loop vertex correction diagram for the B-violating
decay Sr ! 6qc. There are also wave function corrections in-
volving the exchange of W� gauge bosons, which are somewhat
smaller.
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increased MS above 500 GeV or so, the generated baryon
asymmetry will fall short of the observed values.

This gives for the baryon asymmetry at T ¼ Td: 	B 	
ð2� 3Þ � 10�8. To compare it with the observed �B, we
divide this by g�ð200 MeVÞ=g�ð1 eVÞ 	 62:75=5:5 ¼
11:4 and apply an additional dilution factor of 0.25 (see
discussion below) which gives us the desired value. Note
that the observed value of the asymmetry is �CMB

B 	 6�
10�10 [20].

Since the Sr particle decays far below its mass to gen-
erate the baryon asymmetry, we have to take into account
the effect of its decay, which as we explain below amounts
to a dilution of the original baryon asymmetry calculated.
In order to estimate the dilution factor, we note that Sr
decay will release all the energy in its mass to lighter
relativistic particles which will thermalize with the rest
of the cosmic fluid and in the process raise its temperature
which will increase the entropy and hence dilute the net
baryon asymmetry. Suppose the decay temperature is Td.
Energy conservation then gives

�S þ �reljTd
’ �reljT>

or

1:2

�2
T3
dMS þ �2

30
g�T4

d ¼ �2

30
g�T4

>:
(26)

Solving this one finds for the dilution factor d that

d � T3
d

T3
>

’ 0:32g�T>

0:12MS þ 0:32g�Td

: (27)

For MS 	 500 GeV and Td ’ 1 GeV, d ’ 0:25.
There is another factor coming from the fact that the

baryon asymmetry generated is at Td 	 1 GeV, where
g� ¼ 62:75; whereas the measured value is at Trec, where
g� ¼ 5:5. All these dilution factors have been taken into
account in our estimate of final baryon asymmetry, which
is in agreement with observations.

VI. PREDICTION OF OBSERVABLE NEUTRON-
ANTINEUTRON OSCILLATION TIME

In this section, we discuss the prediction of the model for
neutron-anti-neutron oscillation. In order to estimate the
n� �n oscillation, let us first recall that the only contribu-
tion to this process comes from the right-handed sector
since the vev of the ��c�c is in the 100 TeV range and that
of its left-handed counterpart is in the eV range.

There are two types of contributions to n� �n oscillation
from the right-handed sector: the one involving two dcdc

type and one ucuc type bosons of the right-handed sector
and another which involves two ucdc and one dcdc type �
boson. Since the diagonal 11 and 22 entries of fdd are close
to zero, the first contribution is actually much smaller than
the second one. The second type generates an effective
operator of the form ucdcbcucdcbc. To get n� �n oscilla-
tion, we will have to change the two bc quarks to two dc

quarks by second order weak interactions (see Fig. 7).

From Fig. 7, we see that the six quark operator for n� �n
oscillation has ��’s in the Lorentz structure i.e.

ð �uR��
�dTLÞ2dcdc. This operator has a form different from

those discussed in the literature; its matrix element has not
been evaluated before. For the strength of this operator we
estimate

Gn� �n ’ fud;11fud;13fdd;13�vBL

M4
�ucdc

M2
�dcdc

g4V2
tdm

2
bm

2
t

ð16�2Þ2m4
W

log

�
m2

b

m2
W

�
:

(28)

This gives Gn� �n 	 10�30 GeV�5. Taking the hadronic
‘‘dressing’’ of quark to hadrons to be a factor of 10�4,
we estimate an n� �n transition time of 109–10 sec given
the uncertainties in the parameters. The present lower limit
on this transition time is 108 sec from the Grenoble ex-
periment [16] as well as from nuclear decay experiments
[17]. Our predicted value is accessible to current experi-
ments under discussion at DUSEL as well as other facili-
ties [21].

VII. OTHER IMPLICATIONS AND TESTS OF THE
MODEL

(i) As noted in Sec. II, a crucial prediction of our quark-
lepton unified model of post-sphaleron baryogenesis
is that neutrinos must be Majorana fermions and
exhibit an inverted mass hierarchy form with large
value for �13. This should be testable in long base
line experiments as well as the ongoing and planned
reactor experiments searching for �13 and neutrino-
less double beta decay searches [22]. It is perhaps
worth noting that there is indication of a nonzero �13
from already existing neutrino oscillation data [23].

FIG. 7. Loop diagram for n� �n oscillation.

K. S. BABU, P. S. BHUPAL DEV, AND R.N. MOHAPATRA PHYSICAL REVIEW D 79, 015017 (2009)

015017-8



(ii) Our theory is also testable in collider experiments
such as the LHC since we have colored diquark
scalar fields with masses in the TeV range. It is clear
from the form of the fud matrix that in a pp colli-
sion, the valence quarks in the two protons could
produce the �ucdc field which could then decay to
tþ jets. This could either be an s-channel single
production [24] or Drell-Yan pair production [25].
The s-channel process will have a resonant enhance-
ment which can give a signal above the standard
model background. The Drell-Yan pair production
could give signals of type bbl�l�jjþ missing ET .
Unlike the s-channel process, the Drell-Yan pair
production has the advantage of not being dependent
on the specific flavor texture of the two quark cou-
plings f and is promising for color sextet masses up
to a TeV [25]. It would therefore be important to
search for these particles at LHC. Their discovery
will signal a completely different direction for uni-
fication beyond the standard model than the conven-
tional supersymmetric GUT theories.

(iii) In our model, since there is a mass hierarchy between
the �ucdc , �dcdc , and �ucuc masses i.e. M�ucdc

,

M�dcdc
� M�ucuc

a one loop level box graph induced

by the trilinear coupling �vBL�ucdc�ucdc�dcdc will

induce a quartic coupling ð�y
ucdc�ucdcÞ2 coupling

with a strength �eff ’ � 1
16�2 ð �vBL

M�dcdc
Þ4. This can lead

to color breaking unless �eff � 1� 2. This can be
satisfied by lowering the vBL scale to about 50 TeV
with �	 0:1. In order to reconcile this lower value
with constraints from � ! 3e, we can introduce a
multiplet of type (1, 3, 1) with a vev in the 100 TeV
range which gives mass to theWR and the �þþ. This

vev decouples the B� L breaking scale vBL from
the masses of the WR and �þþ fields. In this case,
one can keep the B� L breaking scale near 50 TeV
while keeping the WR and �þþ mass around
100 TeV as required by the � ! 3e and Sr ! �þ
e constraints.

(iv) Finally, note that a priori in the model there could be
a coupling of type �y�Tr½�y�
, which will induce
a Sr decay to two SM Higgs fields. We assume that
this parameter is very small. This assumption could
be justified in supersymmetric extensions of the
model where such terms are forbidden by holomor-
phy of the superpotential.

VIII. CONCLUSION

In summary, we have pointed out that the post-sphaleron
baryogenesis mechanism proposed in Refs. [9,10] can be
naturally embedded into a 100 TeV scale quark-lepton
unified SUð2ÞL � SUð2ÞR � SUð4Þc model. If we further
assume that the neutrino masses in this model arise via the
type II seesaw mechanism, then the couplings responsible
for baryogenesis and neutrino masses get intimately linked
to one another. In this case, adequate baryogenesis predicts
that neutrino mass ordering must be inverted with large
�13. These predictions can be used to falsify the model.
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