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Abstract. An analysis is given of B − L violating interactions in SO(10) arising from the
integration of 10 + 10 of SU(5) of heavy Higgs. The analysis is done within the well
defined missing partner model where the doublet-triplet splitting arises naturally. The Higgs
representations of the model consist of two 10-plets, one 120, one 210 plet and a 126 + 126
representations of SO(10). The SO(10) symmetry is spontaneously broken by the singlet in the
126+126 and 210. In this work we focus on the B−L interactions arising from the elimination of
10+10 plets of SU(5). We compute five field and six field B−L violating operators. The analysis
extends previous analyses where B−L violating interactions arising from the elimination of 5+ 5̄
and 45 + 45 were computed. Specifically we compute dimension 6, 7 and 9 operators. These
interactions can generate GUT scale baryogengesis, proton decay, and n− n̄ oscillations.

1. Introduction
The study of B−L violating interactions has a long history [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22]. Recently there is renewed interest in B−L violating interactions in
grand unified models since such interactions allow for GUT scale baryogenesis which is not wiped
out by sphaleron interactions [23, 24, 25]. For the case of baryon and lepton number violating
interactions which preserve B− L the baryogengesis arising from such interactions is erased by
sphaleron processes which violate B + L. However, baryogengesis generated by B − L violating
interactions will not be wiped out. The simplest R parity conserving SU(5) grand unified model
has only B−L preserving interactions and thus cannot lead to GUT scale baryogengesis. However,
the group SO(10) has both B− L preserving and B− L violating interactions and the latter can
lead to baryogengesis. Further, B− L violating interactions can generate n− n̄ interactions and
lead to proton decay with exotic modes which are distinguishable from the baryon and lepton
number violation but B − L preserving interactions. The missing partner mechanism provides
a natural mechanism where one has a doublet-triplet splitting [26, 27, 28, 29, 30]. In [28] a
variety of SO(10) missing partners models were classified. Here we will focus on one specific
model which consists of a heavy sector comprised of 126 + 126 + 210 of Higgs fields and a light
sector consisting of 2× 10 + 120 of Higgs fields. The heavy sector produces the following pairs
of doublets and triplet and anti-triplets: 126 + 126 + 210 gives (2D + 3T ) + (D + T ) where
the Higgs doublet pair (D) consists of up-type and down-type Higgs doublets, and T consists
of Higgs triplet/anti-triplet pair. Thus one has a total of (3D + 4T ) in the heavy Higgs sector.
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In the light sector consisting of 2 × 10 + 120 of Higgs fields, one has (2D + 2T ) + (2D + 2T )
set of doublet and triplet/anti-triplet pairs so that one has a total of (4D + 4T ) doublet and
triplet/anti-triplet pairs of light fields. Now the light and heavy sectors mix via the following

couplings in the superpotential W
(i)
DT = 10i ·126 ·210+10i ·126 ·210+120 ·126 ·210+120 ·126 ·210.

The mixing of the light and heavy sector then make all the light triplets/anti-triplets in the light
sector heavy, while only three of the Higgs doublet pairs in the light sector become heavy leaving
one Higgs doublet pair light. It is this residual light Higgs pair that enters in the breaking of
the electroweak symmetry. We note here that models of the type we consider here involve large
Higgs representations which have a long history. They were discussed in early works in [31]
and symmetry breaking in these models was investigated in [32] where a cubic equation for
spontaneous symmetry breaking was obtained. Further, extensions and applications of these
models were made in a number of works [33, 34].

The |∆(B− L)| = 2 interactions arise in these models by elimination of the SU(5) singlets in
the 16 plet of matter after the singlet in 126 + 126 gains a VEV through spontaneous breaking
and by elimination of the heavy Higgs fields in 5+5, 45+45 and of 10+10 plets of SU(5). In [30]
an analysis was carried out where the heavy fields arising from 5+5, 45+45 are integrated out to
get the |∆(B− L)| = 2 interactions. In this analysis we consider the |∆(B− L)| = 2 interactions
arising from elimination of heavy 10+ 10 plets of SU(5). They arise in the decomposition of the
SO(10) Higgs fields 126 + 126 + 210 and of 120. Thus in SU(5) × U(1) decomposition one has
a 3× 3 mass matrix. The mass matrix has one zero eigenvalue which correspond to Goldstone
boson corresponding to the breaking of the gauge symmetry from SO(10) which has 45 gauge
bosons to SU(5)×U(1) which has only 25. Thus one combination of 10+ 10 which is massless is
absorbed to give masses to the gauge bosons corresponding to the broken symmetry. This leaves
us with two massive pairs of 10+10 which must be integrated out to generate the |∆(B−L)| = 2
interactions. The integration gives B− L violating five field and six field operators. The entire
analysis can be directly embedded in supergravity unified models [44, 45]. One consequence of
unified models is of course nucleon decay (for a broad review see [46]). One operator of interest

for neutron decay is L̂L̂ÊcD̂cD̂cÛc which can produce purely leptons decay of the neutron, i.e.,
n → νlilj . One also finds the operator D̂cD̂cD̂cÛcÛcÛc which can generate n − n̄ oscillations
while variety of other operators can mediate baryogenesis.

The outline of the rest of the paper is as follows: In section 2 we give a brief description of
the specific SO(10) missing partner model. In section 3 we discuss the spontaneous breaking of
SO(10) to SU(5) × U(1) through VEV formation for the SU(5) singlets in 126 + 126 and 210.
The spontaneous breaking produces a set of (10 + 10)SU(5) of Goldstone bosons. One finds that

there still remain two pairs of massive (10 + 10)SU(5) of Higgs fields. In section 4 we show that

integration over these (10 + 10)SU(5) of Higgs fields leads to B− L violating higher dimensional
operators which are dimension 5 and dimension 6 in the superpotential. In section 5 we express
these B− L violating operators in SU(3)C × SU(2)L×U(1)Y decomposition, i.e., in terms of the
quark, lepton and Higgs fields.

2. The SO(10) Model

Consider the following S0(10) interactions: 126 · 126,
(
126 · 126

)2
, (210)2, (210)3, 126 · 126 ·

210, 120 · 126 · 210 and 120 · 126 · 210. Computation of these couplings can be carried
out using the oscillator techniques [35] developed for the computation of n-point functions
in [36, 37, 38, 39, 40, 41] (for related works see [42, 43]). Explicit form of the superpotential
containing these interactions take the form [28]

W = W2 +W3 +W4

W2 = mΦ ΦµνσξΦµνσξ +m∆ ∆µ1µ2µ3µ4µ5 ∆µ1µ2µ3µ4µ5
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W3 = +λ ΦµνσξΦσξρτΦρτµν + η Φµνσξ∆µνρτζ∆σξρτζ

+C Σµνσ∆νσξζρΦµξζρ + C Σµνσ∆νσξζρΦµξζρ

W4 = +α1 ∆µ1µ2µ3µ4µ5 ∆µ1µ2µ3µ4µ5 ∆ν1ν2ν3ν4µ5 ∆ν1ν2ν3ν4µ5

+α2 ∆µ1µ2µ3µ4α ∆µ1µ2µ3µ4β ∆ν1ν2ν3ν4α ∆ν1ν2ν3ν4β

+α3 ∆µ1µ2µ3αβ ∆µ1µ2µ3ρσ ∆ν1ν2ν3αβ ∆ν1ν2ν3ρσ

+α4 ∆µ1µ2µ3αβ ∆µ1µ2µ3ρσ ∆ν1ν2ν3αρ ∆ν1ν2ν3βσ

≡ WSSB +W10 + · · · , (1)

Here WSSB is the superpotential which leads to spontaneous breaking of SO(10) to SU(5)×U(1)
and involves the SU(5) singlets in 126+126 and in 210 and W10 is the superpotential that allows
one to compute the mass matrix for the 10 + 10 of SU(5) after the symmetry breaking. An
explicit computation of the couplings of Eq. (1) in SU(5)×U(1) decomposition allows us to pull
out the terms that are responsible for the breaking of SO(10) to SU(5) × U(1). As mentioned
these involve the SU(5) singlet fields in 126 and 126 which are S1126

,S1
126

and the SU(5) singlet

field in 210 which is S1210
. Thus the superpotential WSSB in terms of the normalized SU(5)

fields, is given by

WSSB = 2m∆ S1126
S1

126

+
16

225

(
225α1 +

45

2
α2 +

45

16
α3

)
S2

1126
S2

1
126

+mΦ S2
1210

− 1

2
√

15
λ S3

1210

− 1√
15
η S1210

S1126
S1

126
(2)

Next we compute part of the superpotential of Eq. (1) that gives rise to the mass mass matrix
for the 10 + 10 plets of SU(5). There are three such pairs of 10 + 10 plets. One pair arises from
120 plet of Higgs, a second pair from 210 and a third pair from 126 + 126. The superpotential
involving these is given by

W10 = m∆ Ĥ(126)ij Ĥ
(126)
ij

+
8

225

(
450α1 + 45α2 +

45

8
α3

)
S1126

S1
126

Ĥ(126)ij Ĥ
(126)
ij

+mΦ Ĥ(210)ij Ĥ
(210)
ij

−1

4

√
3

5
λ S1210

Ĥ(210)ij Ĥ
(210)
ij

+η

(
− 1

5
√

15
S1210

Ĥ(126)ij Ĥ
(126)
ij − 1

10
S1126

Ĥ(210)ij Ĥ
(126)
ij − 1

10
S1

126
Ĥ(126)ij Ĥ

(210)
ij

)
+
ıC

5!

(
− 1

4
√

10
S1126

Ĥ(210)ij Ĥ
(120)
ij +

1

20

√
3

2
S1210

Ĥ(126)ij Ĥ
(120)
ij

)

+
ıC

5!

(
− 1

4
√

10
S1

126
Ĥ(120)ij Ĥ

(210)
ij +

1

20

√
3

2
S1210

Ĥ(120)ij Ĥ
(126)
ij

)
(3)

To compute the mass matrix for the SU(5) 10 + 10 plets we first need to break the SO(10)
symmetry to SU5)× U(1). This is discussed next.
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3. SO(10) symmetry breaking to SU(5) × U(1)
Spontaneous breaking of SO(10) to SU(5) × U(1) is achieved by the following two constraints
obtained by the variation of Eq. (2) with < S1210

> and < S1
126

> so that

∂ < WSSB >

∂ < S1210
>

= 0 ⇒ 2mΦ < S1210
> −1

2

√
3

5
λ < S1210

>2 − 1√
15
η < S1126

>< S1
126

>= 0, (4)

∂ < WSSB >

∂ < S1
126

>
= 0 ⇒ 2m∆ < S1126

> − 1√
15
η < S1210

>< S1126
> +

2

5
k < S1126

>2< S1
126

>= 0

(5)

where

k ≡ 20α1 + 2α2 + α3, (6)

Elimination of < S1210
> between the Eqs. (4) and (5) leads to a quadratic equation to determine

< S1126
>< S1

126
> so that

18λk2 < S1
126

>2< S1126
>2 +

(
5η3 + 180λkm∆ − 60ηkmΦ

)
< S1

126
>< S1126

>

+450λm2
∆ − 300ηm∆mΦ = 0 (7)

Once < S1126
>< S1

126
> is determined, < S1210

> can be found from

< S1210
>=

2

η

√
3

5

(
5m∆ + k < S1

126
>< S1

126
>
)

(8)

We now determine the masses of the SU(5) singlets after spontaneous symmetry breaking and
in particular identify the Goldstone Boson corresponding to the breaking of B − L symmetry.
To that end, we expand the singlet fields in Eq. (2) about the VEVs obtained through Eqs. (7)
and (8):

S1210
= S′1210

+ < S1210
>

S1126
= S′1126

+ < S1126
>

S1
126

= S′1
126

+ < S1
126

> (9)

We obtain

WSSB =

(
mΦ −

1

2

√
3

5
λ < S1210

>

)
S′21210

+

(
1

5
k < S1

126
>2
)

S′21126

+

(
1

5
k < S1126

>2
)

S′21
126

+

(
2m∆ −

1√
15
η < S1210

> +
4

5
k < S1126

>< S1
126

>

)
S′1126

S′1
126

+

(
− 1√

15
η < S1

126
>

)
S′1210

S′1126

+

(
− 1√

15
η < S1126

>

)
S′1210

S′1
126

+ · · · (10)
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Note that

(
2m∆ −

1√
15
η < S1210

> +
4

5
k < S1126

>< S1
126

>

)∣∣∣∣
Eq.(8)

=
2

5
k < S1126

>

× < S1
126

>.

Writing

WSSB =

(
S′1210

, S′1126
, S′1

126

)
Msinglet


S′1210

S′1126

S′1
126


+ · · · (11)

where

Msinglet =



mΦ − 1
2

√
3
5λ < S1210

> − 1
2
√

15
η < S1

126
> − 1

2
√

15
η < S1126

>

− 1
2
√

15
η < S1

126
>

1

5
k < S1

126
>2 1

5k < S1126
>< S1

126
>

− 1
2
√

15
η < S1126

> 1
5k < S1126

>< S1
126

> 1
5k < S1126

>2


(12)

It is then easily checked that det
(
Msinglet

)
= 0. This zero eigenmode is the Goldstone Boson

corresponding to the breaking of B− L symmetry.

3.1. 10-plet Higgs mass matrix
Next we compute the mass matrix of 10 plets of SU(5) due to mixing between 10120, 10120, 10126,
10126, 10210 and 10210. Collecting the terms in W10 we get

W10 =

(
mΦ −

1

4

√
3

5
λ < S1210

>

)
Ĥ(210)ij Ĥ

(210)
ij

+

(
m∆ −

1

5
√

15
η < S1210

> +
1

5
k < S1126

>< S1
126

>

)
Ĥ(126)ijĤ

(126)
ij

+

(
− 1

10
η < S1126

>

)
Ĥ(210)ij Ĥ

(126)
ij

+

(
− 1

10
η < S1

126
>

)
Ĥ(126)ij Ĥ

(210)
ij

+

(
− 1

4
√

10
c < S1126

>

)
Ĥ(210)ij Ĥ

(120)
ij

+

(
− 1

4
√

10
c̄ < S1

126
>

)
Ĥ(120)ij Ĥ

(210)
ij

+

(
1

20

√
3

2
c < S1210

>

)
Ĥ(126)ij Ĥ

(120)
ij

+

(
1

20

√
3

2
c̄ < S1210

>

)
Ĥ(120)ij Ĥ

(126)
ij

≡
(
Ĥ

(120)
ij , Ĥ

(126)
ij , Ĥ

(210)
ij

)
M10


Ĥ(120)ij

Ĥ(126)ij

Ĥ(210)ij

 (13)
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where

M10 =



0
1

20

√
3

2
c̄ < S1210

> − 1

4
√

10
c̄ < S1

126
>

1

20

√
3

2
c < S1210

> m∆ −
1

5
√

15
η < S1210

> +
1

5
k < S1126

>< S1
126

> − 1

10
η < S1

126
>

− 1

4
√

10
c < S1126

> − 1

10
η < S1126

> mΦ −
1

4

√
3

5
λ < S1210

>


(14)

and

c ≡ ıC

5!
, c̄ ≡ ıC

5!
(15)

det (M10) = − 1

48000
cc̄
[
180mΦ < S1210

>2 −9
√

15λ < S1210
>3 −16

√
15η < S1210

>< S1126
>

× < S1
126

> +60 < S1126
>< S1

126
>
(
5m∆ + k < S1126

>< S1
126

>
)]

det (M10)|Eq.(8) =
3

20000

cc̄

η3

(
5m∆ + k < S1126

>< S1
126

>
) [

18λk2 < S1
126

>2< S1126
>2

+
(
5η3 + 180λkm∆ − 60ηkmΦ

)
< S1

126
>< S1126

> +450λm2
∆ − 300ηm∆mΦ

]
det (M10)|Eq.(7) = 0

The non-zero eigenvalues (Λ’s) of the 10-plet mass matrix satisfies the following quadratic
equation

Λ2 − xΛ + y = 0 (16)

where x and y are given by

x =
3

50

(
5m∆ + k < S1126

>< S1
126

>
)(

2− 5
λ

η

)
+mΦ

y =
cc̄

800

[(
−5 + 2

η

λ
− 24

kmΦ

λη

)
< S1126

>< S1
126

> −120
m∆mΦ

λη

]
. (17)

and where we have used the spontaneous symmetry breaking constraints of Eq. (3) and (8) in
obtaining Eq. (16) and Eq. (17). From Eq. (16) we note that for the case when y = 0, one
finds that there is another eigenvalue which also vanishes. This means that a technically natural
large hierarchy can exist between the two eigenvalues of the 10-plet of the massive 10+10 Higgs
fields.

4. B − L = −2 operators from (10 + 10)SU(5) Higgs mediation
In this section we compute the B − L = −2 interactions arising from the elimination of 10120,
10120 and 10126 appearing in the matter-Higgs interactions. The B − L violating interactions
arise as a consequence of the singlets of 126 and 126 gaining VEVs. In turn this VEV formation
gives mass to the singlets of the 16-plets of matter. Thus the heavy fields in the model after
spontaneous breaking of the GUT symmetry consists of all of the Higgs fields except for a pair of
light Higgs doublets and in addition the singlet fields arising from the 16-plets of matter. From
the couplings of Higgs with matter we are interested in pulling out only the parts that give

(1 )4
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B− L = −2. To obtain a low energy effective Lagrangian which contains B− L = −2 violations,
we integrate on all the relevant heavy fields which can generate such interactions. These include
SU(5) fields 5 + 5, 10 + 10, and 45 + 45 (except for the light Higgses) and the matter singlets.
The integration on 5+ 5 and 45+ 45 has already been done in our previous paper [30]. We use
the following integration path of the heavy fields: First we integrate on the 10+10 plet of Higgs
since they are all superheavy keeping in mind that there is mixing among the 10 + 10 arising
from the 120, 126+ 126 and 210. Next we integrate on the matter singlets and finally integrate
on the remaining heavy Higgs fields. Any other integration path gives the same result.

We begin by displaying the cubic matter-Higgs couplings which consists of 16 · 16 · 10,
16 · 16 · 120 and 16 · 16 · 126 couplings. In SU(5) decomposition they are given by [36]

W (16·16·10) = ı2
√

2f
(10r+)
x́ý

(
M̂ij
x́ M̂ýi Ĥ

(10r)
j − M̂x́ M̂ýi Ĥ

(10r)i +
1

8
εijklm M̂ij

x́ M̂kl
ý Ĥ(10r)m

)
,

(18)

W (16·16·120) = ı
2√
3
f

(120−)
x́ý

(
2M̂x́ M̂ýi Ĥ

(120)i + M̂ij
x́ M̂ý Ĥ

(120)
ij + M̂x́i M̂ýj Ĥ

(120)ij

−M̂ij
x́ M̂ýi Ĥ

(120)
j + M̂x́i M̂

jk
ý Ĥ

(120)i
jk − 1

4
εijklm M̂ij

x́ M̂mn
ý Ĥ(120)kl

n

)
, (19)

W (16·16·126) = ı

√
2

15
f

(126+)
x́ý

(
−
√

2M̂x́ M̂ý Ĥ(126) −
√

3M̂x́ M̂ýi Ĥ
(126)i + M̂x́ M̂ij

ý Ĥ
(126)
ij

− 1

8
√

3
εijklm M̂ij

x́ M̂kl
ý Ĥ(126)m − M̂x́i M̂ýj Ĥ

(126)ij
(S) + M̂ij

x́ M̂ýk Ĥ
(126)k
ij

− 1

12
√

2
εijklm M̂lm

x́ M̂rs
ý Ĥ(126)ijk

rs

)
, (20)

where the front factors f
(·±)
x́ý in Eqs. (18) - (20) exhibit the symmetry and anti-symmetry in the

generation indices: f
(·±)
x́ý = 1

2

(
f

(·)
x́ý ± f

(·)
ýx́

)
.

The Higgs 10 plets of SU(5) appearing in the trilinear matter couplings are superheavy and
their decays violate B− L. We need to eliminate 10120, 10120 and 10126 using the mixing mass
matrix M10. These arise only from the 120 and 126 Higgs couplings to matter while the 10 plet
Higgs mass matrix arises from the Higgs sectors 120, 126, 210. The relevant superpotential
takes the form

W ′ = ı
2√
3
f

(120−)
x́ý M̂ij

x́ M̂ý Ĥ
(120)
ij + ı

2√
3
f

(120−)
x́ý M̂x́i M̂ýj Ĥ

(120)ij + ı

√
2

15
f

(126+)
x́ý M̂x́ M̂ij

ý Ĥ
(126)
ij

+

(
Ĥ

(120)
ij , Ĥ

(126)
ij , Ĥ

(210)
ij

)
M10


Ĥ(120)ij

Ĥ(126)ij

Ĥ(210)ij

 (21)

The mass matrix M10 has a zero eigenvalue and is a Goldstone mode which is absorbed by
the 10 + 10 plet of SU(5) of the vector fields in the adjoint representation 45 plet of SO(10) to
make them heavy through the Higgs mechanism. It is necessary to remove this zero eigenmode
before the elimination of the 10 + 10 fields in Eq. (21). To that end, we must diagonalize the
mass matrix M10 by a biunitary transformation:

U †M10V = diag (m1,m2, 0) (22)
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and where the columns of the 3 × 3 unitary matrices U and V represent the eigenvectors of

matrices M †10M10 and M10M
†
10, respectively:

U †[M †10M10]U = V †[M10M
†
10]V = diag

(
m2

1,m
2
2, 0
)

(23)

We now recast Eq. (21) in the following form:

W ′ =
2∑

p,q=1

3∑
o=1

[
F p (MD)pq Fq + F qU

†
qoJo + JoVoqFq

]
(24)

where

F =

(
Ĥ

(120)
ij , Ĥ

(126)
ij , Ĥ

(210)
ij

)
U,

F = V †


Ĥ(120)ij

Ĥ(126)ij

Ĥ(210)ij

 ,

J =


ı

2√
3
f

(120−)
x́ý M̂ij

x́ M̂ý

ı

√
2

15
f

(126+)
x́ý M̂x́ M̂ij

ý

0


J =

(
ı

2√
3
f

(120−)
x́ý M̂x́i M̂ýj , 0, 0

)
(25)

On using
∂W ′

∂F p
= 0 and

∂W ′

∂Fp
= 0, we get

W ′ =
2

3
f

(120−)
ẃx́

[
2αf

(120−)
ýź +

√
2

5
βf

(126+)
ýź

]
M̂ẃi M̂x́j M̂

ij
ý M̂ź, (26)

where

α ≡ V11U
†
11

m1
+
V12U

†
21

m2
,

β ≡ V11U
†
12

m1
+
V12U

†
22

m2
. (27)

Next we assume that because of spontaneous symmetry breaking the singlet field in the 126-plet

of Higgs field develops a VEV, i.e., Ĥ(126) ≡ < S1
126

> 6= 0, which gives mass to the singlets

in the 16-plet of matter fields. Collecting the terms which contain the singlet fields of matter
from Eqs. (18) - (20) and Eq. (26) we have

W =
2

3
f

(120−)
ẃx́

[
2αf

(120−)
ýź +

√
2

5
βf

(126+)
ýź

]
M̂ẃi M̂x́j M̂

ij
ý M̂ź

+M̂x́

{
−ı2
√

2f
(10r+)
x́ý M̂ýi Ĥ

(10r)i + ı
4√
3
f

(120−)
x́ý M̂ýi Ĥ

(120)i

−ı
√

2

5
f

(126+)
x́ý M̂ýi Ĥ

(126)i

}
+

1

2
M̂x́

{
−ı 4√

15
f

(126+)
x́ý < S1

126
>

}
M̂ý (28)
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In the above equation the mass term for 116 violates B− L. Next eliminating M̂x́ through
∂W

∂M̂x́

= 0, we get the following interactions:

W = Aúv́,ẃx́,ýź M̂úi M̂v́j M̂ẃk M̂x́l M̂
ij
ý M̂kl

ź

+ B(r)
ẃx́,ýź M̂ẃi M̂x́j M̂ýk Ĥ(10r)k M̂ij

ź

+ Cẃx́,ýź M̂ẃi M̂x́j M̂ýk Ĥ(120)k M̂ij
ź

+ Dẃx́,ýź M̂ẃi M̂x́j M̂ýk Ĥ(126)k M̂ij
ź (29)

where

Aúv́,ẃx́,ýź =
1

< S1
126

>

(
− ı

3

√
5

3

)
f (120−)
úv́

f (120−)
ẃx́

{
−2α2

[
f (120−)f (126+)−1

f (120−)
]

+
1

5
β2f (126+)

}
ýź

,

B(r)
ẃx́,ýź =

1

< S1
126

>

(
−
√

10

3

)
f (120−)
ẃx́

{
f (10r+)f (126+)−1

[
−2αf (120−) +

√
2

5
βf (126+)

]}
ýź

,

Cẃx́,ýź =
1

< S1
126

>

(
−2
√

5

3

)
f (120−)
ẃx́

{
f (120−)f (126+)−1

[
−2αf (120−) +

√
2

5
βf (126+)

]}
ýź

,

Dẃx́,ýź =
1

< S1
126

>

(
− 1√

6

)
f (120−)
ẃx́

[
−2αf (120−) +

√
2

5
βf (126+)

]
ýź

. (30)

5. B − L = −2 operators in terms of quark, lepton and Higgs fields
In this section we compute the operators as given by Eq. (29).

5.1. Operators arising from M̂úi M̂v́j M̂ẃk M̂x́l M̂
ij
ý M̂kl

ź

WA ≡ Aúv́,ẃx́,ýź M̂úi M̂v́j M̂ẃk M̂x́l M̂
ij
ý M̂kl

ź

= Aúv́,ẃx́,ýź
[
εαβγερσλ D̂c

úα D̂c
v́β D̂c

ẃρ D̂c
x́σ Ûc

ýγ Ûc
źλ + εabεcd L̂úa L̂v́b L̂ẃc L̂x́d Êc

ý Êc
ź

+2εαβγεab L̂úa L̂v́bD̂
c
ẃα D̂c

x́β Êc
ý Ûc

źγ + 4εαβγ L̂úa D̂c
v́ρ D̂c

ẃα D̂c
x́β Q̂aρ

ý Ûc
źγ

+4εab L̂úa L̂v́b L̂ẃc D̂c
x́αÊc

ý Q̂cα
ź + 4 L̂úa D̂c

v́α L̂ẃb D̂c
x́β Q̂aα

ý Q̂bβ
ź

]
(31)

5.2. Operators arising from M̂ẃi M̂x́j M̂ýk Ĥ(10r)k M̂ij
ź

WB = B(r)
ẃx́,ýź M̂ẃi M̂x́j M̂ýk Ĥ(10r)k M̂ij

ź , (32)

(i) Evaluating M̂ẃi M̂x́j M̂ýa Ĥ(10r)a M̂ij
ź

Here we have couplings involving the 10-plet of Higgs doublets fields Ĥ(10r)a (r = 1, 2)
each of which contains one light Higgs doublet and six heavy Higgs doublets. The light
Higgs doublet leads to operators involving five fields four of which are matter fields. The
heavy Higgs doublet fields must be eliminated and their elimination gives rise to operators
involving six fields all of which are matter fields. These are all B− L = −2 operators. In
addition elimination of heavy Higgs doublets also lead to B− L = 0 operators involving four
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matter fields. Thus together we get the following set of operators

W
(Doublet)
B =

2∑
r=1

Udr1B
(r)
ẃx́,ýź

[
εαβγ D̂c

ẃα D̂c
x́β L̂ýa Ûc

źγ Ĥa
u + εab L̂ẃa L̂x́b L̂ýc Êc

ź Ĥc
u

+2 L̂ẃa D̂c
x́α L̂ýb Q̂aα

ź Ĥb
u

]
−ı4
√

2
[
εαβγεab Êc

ú L̂v́a D̂c
ẃα D̂c

x́β L̂ýb Ûc
źγ − εβγρ Q̂aα

ú D̂c
v́α D̂c

ẃβ D̂c
x́γ L̂ýa Ûc

źρ

+εabεcd Êc
ú L̂v́a L̂ẃc L̂x́d L̂ýb Êc

ź − εbc Q̂aα
ú D̂c

v́α L̂ẃb L̂x́c L̂ýa Êc
ź

+2εab Êc
ú L̂v́a L̂ẃc D̂c

x́α L̂ýb Q̂cα
ź − 2 Q̂aα

ú D̂c
v́α L̂ẃb D̂c

x́β L̂ýa Q̂bβ
ź

]
×

7∑
N=2

{∑2
r=1 f

(10r+)
úv́

VdrN

}{∑2
s=1 B

(s)
ẃx́,ýźUdsN

}
mdN

−16
[
Êc
ú L̂v́a Ûc

ẃα Q̂aα
x́ + εab Q̂aα

ú D̂c
v́α Ûc

ẃβ Q̂bβ
x́

]
×

7∑
N=2

{∑2
r=1 f

(10r+)
úv́

VdrN

}{∑2
s=1 f

(10s+)
ẃx́

UdsN

}
mdN

. (33)

(ii) Evaluating M̂ẃi M̂x́j M̂ýα Ĥ(10r)α M̂ij
ź

Here we have couplings involving the 10-plet of Higgs triplet fields Ĥ(10r)α (r = 1, 2).
The Higgs triplet fields are all superheavy and their elimination gives rise to B− L = −2
operators involving six fields all of which are matter fields. One also gets B and L violating
but B− L preserving operators with four fields. Thus together we get the following set of
operators

W
(Triplet)
B = ı4

√
2
[
εβγρ Q̂aα

ú L̂v́a D̂c
ẃβ D̂c

x́γ D̂c
ýα Ûc

źρ + εαβγερσλ Ûc
úα D̂c

v́β D̂c
ẃρ D̂c

x́σ D̂c
ýγ Ûc

źλ

+εbc Q̂aα
ú L̂v́a L̂ẃb L̂x́c D̂c

ýα Êc
ź + εabεαβγ Ûc

úα D̂c
v́β L̂ẃa L̂x́b D̂c

ýγ Êc
ź

+2 Q̂aα
ú L̂v́a L̂ẃb D̂c

x́β D̂c
ýα Q̂bβ

ź + 2εαβγ Ûc
úα D̂c

v́β L̂ẃa D̂c
x́ρ D̂c

ýγ Q̂aρ
ź

]
×

8∑
N=1

{∑2
r=1 f

(10r+)
úv́

VtrN

}{∑2
s=1B

(s)
ẃx́,ýźUtsN

}
mtN

+8
[
2 Q̂aα

ú L̂v́a Êc
ẃ Ûc

x́α + 2εαβγ Ûc
úα D̂c

v́β Êc
ẃ Ûc

x́γ

− εαβγεbc Q̂aα
ú L̂v́a Q̂bβ

ẃ Q̂cγ
x́ + 2εab Ûc

úα D̂c
v́β Q̂aβ

ẃ Q̂bα
x́

]
×

8∑
N=1

{∑2
r=1 f

(10r+)
úv́

VtrN

}{∑2
s=1 f

(10s+)
ẃx́

UtsN

}
mtN

. (34)

In the above the top three lines give B− L = −2 operators which involve six matter fields. The
bottom two lines give B− L = 0 operators which involve four matter fields of which the operators
ÛcD̂cÊcÛc and Q̂L̂Q̂Q̂ violate B and L.

5.3. Operators arising from M̂ẃi M̂x́j M̂ýk Ĥ(120)k M̂ij
ź

WC = Cẃx́,ýź M̂ẃi M̂x́j M̂ýk Ĥ(120)k M̂ij
ź , (35)
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(i) Evaluating M̂ẃi M̂x́j M̂ýa Ĥ(120)a M̂ij
ź

As in the case of Ĥ(10)a we expand Ĥ(120)a in terms of light and heavy Higgs doublet modes.
This leads to B− L = −2 operators with four matter fields and a light Higgs doublet field
and operators with six matter fields as follows

W
(Doublet)
C = Ud31Cẃx́,ýź

[
εαβγ D̂c

ẃα D̂c
x́β L̂ýa Ûc

źγ Ĥa
u + εab L̂ẃa L̂x́b L̂ýc Êc

ź Ĥc
u

+2 L̂ẃa D̂c
x́α L̂ýb Q̂aα

ź Ĥb
u

]
+
ı4√

3
f (120−)
úv́

Cẃx́,ýź
[
εαβγεab Êc

ú L̂v́a D̂c
ẃα D̂c

x́β L̂ýb Ûc
źγ

−εβγρ Q̂aα
ú D̂c

v́α D̂c
ẃβ D̂c

x́γ L̂ýa Ûc
źρ + εabεcd Êc

ú L̂v́a L̂ẃc L̂x́d L̂ýb Êc
ź

−εbc Q̂aα
ú D̂c

v́α L̂ẃb L̂x́c L̂ýa Êc
ź + 2εab Êc

ú L̂v́a L̂ẃc D̂c
x́α L̂ýb Q̂cα

ź

−2 Q̂aα
ú D̂c

v́α L̂ẃb D̂c
x́β L̂ýa Q̂bβ

ź

] 7∑
N=2

Vd3N
Ud3N

mdN

. (36)

(ii) Evaluating M̂ẃi M̂x́j M̂ýα Ĥ(120)α M̂ij
ź

Here all the Higgs triplet fields Ĥ(120)α are superheavy and their elimination leads to
B− L = −2 operators with six matter fields as follows

W
(Triplet)
C =

ı4√
3
f (120−)
úv́

Cẃx́,ýź
[
εβγρ Q̂aα

ú L̂v́a D̂c
ẃβ D̂c

x́γ D̂c
ýα Ûc

źρ

+εαβγερσλ Ûc
úα D̂c

v́β D̂c
ẃρ D̂c

x́σ D̂c
ýγ Ûc

źλ + εbc Q̂aα
ú L̂v́a L̂ẃb L̂x́c D̂c

ýα Êc
ź

+εabεαβγ Ûc
úα D̂c

v́β L̂ẃa L̂x́b D̂c
ýγ Êc

ź + 2 Q̂aα
ú L̂v́a L̂ẃb D̂c

x́β D̂c
ýα Q̂bβ

ź

+2εαβγ Ûc
úα D̂c

v́β L̂ẃa D̂c
x́ρ D̂c

ýγ Q̂aρ
ź

] 8∑
N=1

Vt3NUt3N
mtN

. (37)

5.4. Operators arising from M̂ẃi M̂x́j M̂ýk Ĥ(126)k M̂ij
ź

WD = Dẃx́,ýź M̂ẃi M̂x́j M̂ýk Ĥ(126)k M̂ij
ź , (38)

This term does not generate any B− L = −2 operators involving only the SM fields because,
firstly Ud41 = 0 and secondly because there is no 5 of SU(5) in 126 and thus a mass term involving
5 and 5 cannot be written.

6. Conclusion
As is well known there are a variety of reasons why the gauge group SO(10) as the unifying
group of electro-weak and strong interactions is preferred over the group SU(5). Thus it is of
relevance to ask what phenomena might set SO(10) apart from SU(5). One clear distinction
between the two is the existence of B− L violating interactions in SO(10) while SU(5) couplings
are B−L preserving. Thus the observation of B−L violating processes would act as discriminants
between SU(5) and SO(10). The analysis of this work is to compute the B−L interactions in the
framework of a class of SO(10) models with a natural doublet-triplet splitting using the missing
partner mechanism. The missing partner mechanism involves two Higgs sectors, one heavy and
one light. If there is an excess of the number of Higgs doublet pairs in the light Higgs sector
relative to the number of Higgs doublet pairs in the heavy Higgs sector by one, then one pair of
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Higgs doublets will remain light when the light and heavy sectors mix. In the analysis of [28]
a classification of SO(10) models with a missing mechanism for the generation of a light Higgs
double pair was given. In this analysis we considered one specific model where the Higgs content
consists of a heavy sector with 126 + 126 + 210 of Higgs fields and a light sector consisting of
2× 10+ 120 of Higgs fields. From the heavy sector one has 3 doublets of Higgs pairs and in the
light sector one has 4 pairs of Higgs pairs. When the light and heavy sector mix, we are left
with just one light pair of Higgs doublets. Further all of the Higgs triplets/anti-triplets from
the light sector and from the heavy sectors become heavy after the light and the heavy Higgs
sectors mix.

The symmetry breaking in the system proceeds in the following way. The SU(5) singlets in
126+126 and in 210 develop a VEV via spontaneous breaking. The breaking produces 10+10 of
Goldstone bosons which correspond to the breaking of SO(10) to SU(5)× U(1). Thus there are
three pairs of 10 + 10 of fields which arise from 120, 126 + 126 and from 210. One combination
of these form the 10 + 10 Goldstone bosons which are absorbed by the 10 + 10 of vector bosons
in 45 of SO(10) to become superheavy. The other two pairs of 10 + 10 are massive and their
elimination leads to B − L violating interactions computed in this work. This complements
the analysis done in a previous work where the B − L violating interactions were computed
by integration over the 5 + 5̄ and 45 + 45 of heavy Higgs Higgs fields. The analysis leads to
five field operators and six fields operators in the superpotential which result in dimension 7
and dimension 9 operators in the Lagrangian after dressings. One operator of specific interest
is L̂L̂ÊcD̂cD̂cÛc which produces a purely leptonic decay of the neutron, i.e., n → νlilj . The
analysis presented here could be utilized for analyses of n− n̄ oscillations and for investigations
of GUT scale baryogengesis in the early universe.

Appendix A: Notation and particle Content
We begin by displaying the decomposition of 16−plet of matter and 10−, 120−, 126− and
210−plets of Higgs of SO(10) in terms of SU(5) representations. Thus we have

16 = 1(−5)
[
M̂x́

]
+ 5(3)

[
M̂x́i

]
+ 10(−1)

[
M̂ij
x́

]
,

10r = 5(2)
[
Ĥ(10r)i

]
+ 5(−2)

[
Ĥ

(10r)
i

]
,

120 (Σ) = 5(2)
[
Ĥ(120)i

]
+ 5(−2)

[
Ĥ

(120)
i

]
+ 10(−6)

[
Ĥ(120)ij

]
+ 10(6)

[
Ĥ

(120)
ij

]
+ 45(2)

[
Ĥ

(120)ij
k

]
+45(−2)

[
Ĥ

(120)k
ij

]
,

126 (∆) = 1(10)
[
Ĥ(126)

]
+ 5(2)

[
Ĥ(126)i

]
+ 10(6)

[
Ĥ

(126)
ij

]
+ 15(−6)

[
Ĥ

(126)ij
(S)

]
+ 45(−2)

[
Ĥ

(126)k
ij

]
+50(2)

[
Ĥ

(126)ijk
lm

]
,

210 (Φ) = 1(0)
[
Ĥ(210)

]
+ 5(−8)

[
Ĥ(210)i

]
+ 5(8)

[
Ĥ

(210)
i

]
+ 10(4)

[
Ĥ(210)ij

]
+ 10(−4)

[
Ĥ

(210)
ij

]
+24(0)

[
Ĥ

(120)i
j

]
+ 40(−4)

[
Ĥ

(210)ijk
l

]
+ 40(4)

[
Ĥ

(210)l
ijk

]
+ 75(0)

[
Ĥ

(210)ij
kl

]
, (1)

where i, j = 1, ..., 5 are SU(5) indices, ú, v́, ẃ, x́, ý, ź = 1, 2, 3 represent generation indices
and r, s = 1, 2 count the number of 10 plets of SO(10) used in our model of the missing partner
mechanism. Latin letters with the symbol ̂ represent superfields. The SU(5) matter superfields
contain the following MSSM chiral superfields

M̂x́ = ν̂c
x́; M̂x́α = D̂c

x́α; M̂x́a = L̂x́a;

M̂aα
x́ = Q̂aα

x́ ; M̂αβ
x́ = εαβγÛc

x́γ ; M̂ab
x́ = εabÊc

x́, (2)
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where α, β, γ = 1, 2, 3 are SU(3) color indices, while a, b = 4, 5 are SU(2) weak indices
and the superscript c denotes charge conjugation. Scalar (denoted by ˜ ) and two-component
fermionic fields residing in the MSSM superfields are identified to be
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ũαLx́
d̃αLx́

)
, Qx́ =

(
uαLx́
dαLx́

)

Hu
a =

(
H+

u

H0
u

)
, H̃a

u =

(
H̃+

u

H̃0
u

)

Appendix B: The light Higgs doublet pair of the Doublet Mass Matrix
From our previous paper [30], the doublet mass matrix Md is diagonalized by two unitary
matrices Ud and Vd:

Ud
†MdVd = diag (0,md2 ,md3 , · · · ,md7) . (3)

The mass eigenstate Higgs doublet fields are expressed in terms of the original Higgs doublet
fields through
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The light Higgs Doublet pair is
(

(5101 )D̂′a,
(5101 )D̂′a

)
≡ (Ĥda, Ĥ

a
u). Thus, the inverse

transformation of Eq.(4) gives

(5101 )D̂a = Vd11Ĥda + · · · , (5102 )D̂a = Vd21Ĥda + · · · , (5120)D̂a = Vd31Ĥda + · · · ,
(5126)D̂a = Vd41Ĥda + · · · , (5210)D̂a = Vd51Ĥda + · · · , (45120)D̂a = Vd61Ĥda + · · · ,

(45
126

)D̂a = Vd71Ĥda + · · · , (5)

and
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a
u + · · · , (5120)D̂a = Ud31Ĥ
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a
u + · · · , (5210)D̂a = Ud51Ĥ
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Vanishing elements of the matrices Ud and Vd are Vd41 , Vd51 , Vd71 and Vd41 , Ud51 , Vd71 . Hence

the couplings involving f
(126+)
x́ý vanishes. Therefore, the quark and charged lepton masses arise

only from the Yukawa couplings f
(101+)
x́ý , f

(102+)
x́ý and f

(120−)
x́ý .
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