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Abstract. An analysis is given of B — L violating interactions in SO(10) arising from the
integration of 10 4+ 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
1264126 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+5
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 — 7 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 4+ 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 — n 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 x 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 + 47') in the heavy Higgs sector.
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In the light sector consisting of 2 x 10 + 120 of Higgs fields, one has (2D + 2T') + (2D + 27)
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 Wl()z%ﬂ =10;-126-210+10;-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 |A(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, 45445 are integrated out to
get the |A(B —L)| = 2 interactions. In this analysis we consider the |A(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) x U(1) decomposition one has
a 3 X 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) x 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 [A(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
n — vl;l;. One also finds the operator DDDUUU*® which can generate n — i 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) x U(1) through VEV formation for the SU(5) singlets in 126 + 126 and 210.
The spontaneous breaking produces a set of (10 + TO)SU(S) of Goldstone bosons. One finds that
there still remain two pairs of massive (10 + TO)SU(s) of Higgs fields. In section 4 we show that
integration over these (10 + TO)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) x SU(2),; x 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 -ﬁ)Q, (210)%, (210)°, 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 = Wy+ W3+ Wy

Wa = mo PuvoePuvoe + ma Dy popspaps D popspaps
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Wi = +A PuoePocprPpriw +1 q)MVU§AMVﬂTCZ0§pTC
+C EHVUAV‘TfCP(I)M5CP +C ZWUZWECP@#SCP

Wy = 4o AM1M2M3M4M5 Zmuzuamus A1/11/21/31/4% Z1/11/21/31/4%
+a2 Ap popspaa Zuwwsmﬁ Avyvavsvaa ZV1V2V3V4[3
+a3 Auwwwﬁ Zmuzmw Awl/zusaﬂ vazw)pa

+as Ay popsas Zﬂl#ZﬂSPU Avyvyvsap vazuzsﬁO
= Wssp+Wipo+---, (1)

Here Wggp is the superpotential which leads to spontaneous breaking of SO(10) to SU(5) x U(1)
and involves the SU(5) singlets in 126+ 126 and in 210 and Wy is the superpotential that allows
one to compute the mass matrix for the 10 4+ 10 of SU(5) after the symmetry breaking. An
explicit computation of the couplings of Eq. (1) in SU(5) x U(1) decomposition allows us to pull
out the terms that are responsible for the breaking of SO(10) to SU(5) x U(1). As mentioned
these involve the SU(5) singlet fields in 126 and 126 which are Sy, , Slﬁ and the SU(5) singlet

field in 210 which is Sy, . Thus the superpotential Wssp in terms of the normalized SU(5)
fields, is given by

Wssp = 2ma S1,,S1__
+% (225a1 - %ag + ﬁa;»,) s%msfm
+me Sim
—%}BA S
—\/11—577 S1,,0S1,5,S1_ (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

Wi = ma H(20)i 9876)

126~ 955 ij

4 N o ToE
+% (450a1 +45as + 85ag> S; S H(120%5 {20

tme [(210)ij ﬁgw)

1 /3 3(210)i5 1y(210)
_4\/;/\ 81210H( " Hij

1 ~ . (T3 1 ~ (5T 1 ~ o
_ (126) (126) _ (210) (126) _ (126) (210)
—|—77< 5 TE)SlmH Y Hj; 1081126 H Y H;; 1081126 H Y H )

C 1 o0y pazo) 1 /3 ((126)i5 1y(120)
+ (—S HE0E HE=D 4 /=8y HU20W R

20V 2

1C 1 n(120)i o) 1 /3 N(120)i5 y(126)
5 (s S FO R 05 s RO ®)

To compute the mass matrix for the SU(5) 10 + 10 plets we first need to break the SO(10)
symmetry to SU5) x U(1). This is discussed next.

T



FISICPAC 2018 IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1258 (2019) 012014  doi:10.1088/1742-6596/1258/1/012014

3. SO(10) symmetry breaking to SU(5) x U(1)
Spontaneous breaking of SO(10) to SU(5) x U(1) is achieved by the following two constraints
obtained by the variation of Eq. (2) with <8; > and <S; _ >80 that

12

0 < Wgsp > 1 /3 ) 1
m =0 = 2mg < Sl210 > 9 g)‘ < S1210 > *\/T>577 < 81126 >< Slﬁ >=0, (4)

210
0 < Wsgp > 1 9 ,
<8, >~ 0 =2ma <8y, > —\/—Bn <S8, ><Si,, > +5k <8, >°< Slm >=0

126

(5)
where
k = 2001 + 202 + as, (6)

Elimination of < 81 > between the Eqs. (4) and (5) leads to a quadratic equation to determine
<S1._ . ><Si__ > sothat

126 126

18M\K2 < S >%<Sy

126 126

>2 4 (50* + 180Mkma — 60nkma) < S1__ >< 81, >

126 126

+450Am% — 300nmame = 0 (7)

Once < S1._ >< Sq__ > is determined, < S;_ > can be found from

126 136 210

2 /3
<8y, >= n\/; (5ma+k<Si_><8__>) (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 Egs. (7)
and (8):

/
S]‘QIO = Sl210+ < Sl210 >
81126 - S/1126+ < 81126 >
S;. = S| +<S__> (9)
126 126 126
We obtain
1 /3 2
Wssp = <mq> B 5 5)‘ < Sl210 >> S1210
+(Ik<s >2)sn
5 L Li2g
1 2 12
+(5k<81126 > )S126
L 4k S S S/ !
+ [ 2ma — \/T%T] < 110 > +5 < 1106 > - > (A -
1 / /
+ (_ ) /1577 < 817 >) 110" 126
1 / /
+ <_ 1577 < 81126 >) Sl210 1@
e (10)
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1 4 2
Note that <2mA - —En <8, > +5k <81, >< S1ﬁ >) ‘Eq.(S) = gk <Si, >
X < S >.
126
Writing
/
Sl210
/ / / /
Wssp = ( Lo S11267 51126> Msinglet 81126
/
1
126
o (11)
where
1 /3 1 1
me — 5\/;)\ < Sl210 > _2\/ﬁ77 < Slm > _2\/ﬁn < 81126 >
1
__ 1 - 2 1
Msinglet — suisl < Slﬁ > 5k < Slm > sk <Si,, >< Slm >
1 1 1 2
—50=n < Si,,, > k<8, >< 811 > 5k <S1,, >

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 matrizc

Next we compute the mass matrix of 10 plets of SU(5) due to mixing between 10129, 10120, 10126,
10135, 10210 and 10210. Collecting the terms in Wio we get

1 /3 P
Wi = (mcp - 4\/;)\ < S1,, >> H(210)ij Hgm)

1 1 ~ . (THE
o - (126)ij4 (1‘26)
+ (mA 5\/577 <S1,, > +5k <81, ><Si__ >> H H;;
1 0(210)i5 iy(126)
+ (—107] < 81126 >> H( )J HZ]
+ fi <S > (126)ij H(glo)
1077 1126 v
1 ((210)ij y(120)
- (—4 =< Sy, > ) H®OU H;
1 . N
_ ~ (120)45 {y(210)
+ ( 4\/EC < 81126 >|H Hij
L /3 0(126)i5 1y(120)
* (20 3¢ < Sy, >> R0 R
L /3 0(120)i5 iy(126)
* <2O 2¢ < Sy >> H {1200 H;;

(120) y(126) [y(210)
ij 7Hij Hij

Il
7~
I

ij >M10

H(120)7j

~

(126)i]

T

(13)

~

(210)ij

T

(12)
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where
0 L \/§ < > — L >
20V 2= Plao PNV T
1 /3 1 1 1
M= | 35V 3¢ <81, > ma-— ﬁ” <81, > +gk <81,, >< Slm > — < S > 1)
1
_mc < S1126 > —En < Slua > me — *\/>)\ < S1210 >
and
1C 1C
= — c= — 15
c=3, =% (15)
1
det (M) = —eimsee|[180ma < 81, > —0VISA <8, >* —16v15n < Sy, >< 81, >
X < 81 > +60 < 81126 >< Slm > <5mA + k< 51126 >< Sli >)]
3 2 2
det (M10)lEg.(8) = 30090 79 (SmA +h<Si, ><Si_>)[18MF <8 >2< 8y >

(577 1 180\kma — 6077kmq>) <Si__>< Sy, > +450Am} — 3oonmAm¢}
det (Mlo)’Eq.('T) = 0

The non-zero eigenvalues (A’s) of the 10-plet mass matrix satisfies the following quadratic
equation
A2—zA+y=0 (16)

where x and y are given by

3 A
T = %(5mA+k<Sl >< S >) (2—5n>+m<1>
cc kme MAM
= 5 2— —24—— S S —120 . 1
Y 200 K + 3 v ) <81, >< (- > v } (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 + ﬁ)su(g,) Higgs mediation

In this section we compute the B — L = —2 interactions arising from the elimination of 1015,
10120 and ﬁ@ 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



FISICPAC 2018 IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1258 (2019) 012014  doi:10.1088/1742-6596/1258/1/012014

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(1616:10) 2\/>f 10-+) < WL M H(lor) |\A/|x |\A/|yl H(10-)i + %Q’jklm MZ Ml;l ﬁ(lOﬁm) ’
(18)
1y(16-16-120)  _ zl (120-) WM My; H20 4 N9 [\, {1200 My M,; H(1200
\/g Ty Y T Yy iy Y3
1 i~ ~
MY My A 4 Mg M3E RGO Zeijklm M7 M7 H%m)’“’) : (19)
W(1616126) _ \/»f(126+ ( \fM M [ (126) 7\[M [ (126)i Jrl\A/lg6 M;} QE;TG)

_Veijk:lm Mzgj MI;Z ﬁ(m)m - sz My] ﬁg?)w + |\7|;j |\7|yk ﬁ(ﬁﬁ)k

ikl Mlm MT‘S H(126)1jk> , 20

where the front factors fiyi) in Egs. (18) - (20) exhibit the symmetry and anti-symmetry in the

generation indices: féyi) =1 ( ngy) + fgS:r?)

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, 10129 and 10g5 using the mixing mass
matrix Mig. 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= \[f(120 U M H(120)+ jgfg’zo )I\A/Im- ,\7|, (120)ij 4 , [ 2 fx126+) M., sz H(126)
£j(120)ij

n <H‘S2O)7 ﬁl(]]@)7 ﬁl(?lﬂ)) My | A(126)i (21)
H(210)ij

The mass matrix Mg 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 Mig by a biunitary transformation:

UTMyoV = diag (m1,ma,0) (22)
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and where the columns of the 3 x 3 unitary matrices U and V represent the eigenvectors of
matrices MlToMlo and MloMlTo, respectively:

UM Myo)U = VI[Mo M)V = diag (m%, m3, O) (23)
We now recast Eq. (21) in the following form:
W = 22: 23: [y (M), Fy + FyUf,To + JoVog Fy| (24)
pg=10=1
where
F - (ﬁg;2°>, A), ﬁg;m) U,
£ (120)i
F o= vi| gaze
ﬁ(mo)i'
f(120 zg My
J = \/7]" (126+) EVIRY ',J'
J = (z\/gf;fo‘) Mg My, 0, 0) (25)
On using W; =0 and (Z‘;;/ =0, we get
W — %ff@?o_) [mfl(]?o \/75f(126+] My M, M;g M., (26)
where

vuUj, N ViU,

ma meo
T il

g = bl Vil (27)
mq meo

Next we assume that because of spontaneous symmetry breaking the singlet field in the 126-plet
of Higgs field develops a VEV, i.e., H120) = <8, > £ 0, which gives mass to the singlets

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

W= g [2af§?° e 5f(126+]|\/| Ma; M M

M, {ZQﬂf£;0r+)|\7|y,i A0 f(1207),\7|y,i Fj(120)i

1—=1..
V3T
o a 1 4 (1% Vi
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In the above equation the mass term for 1;6 violates B — L. Next eliminating M through

ow
—— =0, we get the following interactions:
oM
W = Awswsg: Mo Mg My Mg M M2

+ Bg%,yé mu’ﬂ' mx] Myk H(10)k 'Wz]

+ Cw:myz’ Ivlu’;i |\7|x] I\A/ka’ ﬁ(lQO)k IQIZZ]

+ Dwx,yz sz I\7Ii“j myk H(ﬁ)k |\7|sz (29)
where

1 1 /5 T3 -1 1 196
oo )2 p(120-) p(120-) ) o 2 [ (120-) £(1264) " £(120-) 1 02 (126+)

Auv,wx,yz < Sli > 3\/;> fuv fu';i { 2 |:f f f ] + 5/6 f }yz ’

1 1 2 56
Dysv: — _ (120-) | g, #(120-) \/> (T26+)
v <S__> ( ﬁ) Tas af * 5Bf

Yz

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 |\7|uZ |\7|1;j I\7|wk Mfl |\7|;] |\7|l;l

_ O K K Krid Ok
Wa = Agsiigz Mai Mgg My, Mg M M7

n 1 ~ 10N 204 ) p1004) p(@64)1 | o p(120-) \/5 (T26+)
Biig: = <S1>< 3>fm / f 2af + 55f ;

_2\/S> féfof) {f(120)f(126+)‘1 [—20{]“(120) + \/zﬂf(l%ﬂ] } )

Yz

Yz

ATC TNE TNC TEC Tic Tic b_cd T T . 1 T nc e
= Adgsige [€77e” DS, Dgs DG, DS, UG, US, + €e! Lyq Ly Luse Leg B ES

+2e271® Ly LD, DSs ES US, + 4e*7 Ly, D§, D, D55 Q5 US,
+4¢® Ly, Ly Lye DS,ES Q< + 4 Ly, DS, Ly DS QZQ Qlﬂ

Tay

5.2. Operators arising from I\A/IwZ I\A/Iagj |\7|yk H(10:)k I\A/IZZJ

~ o~

Wg = B(r) M’u’)i Mi"j |\7|yk H\(loT)k M;],

WL, Yz

(i) Evaluating /I\Zu’,i /M;ej /nga H(10r)a /Mzzj

Here we have couplings involving the 10-plet of Higgs doublets fields H(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

WéDoublet) _ Z UdMB(T [ afy ]/j;:[)a A;B f‘ya 62’7 I/—\I?1 + eab flu')a f‘g&b flyc Eg I/:If1

WEL,YZ

+2 Lu’)a géa IAJz]b an I/_:\[i)_l:|

«@ ab e T NS TC T, Ti¢ Aaa TNC
—14V2 [P B Ly, DG, DSy Ly, U, — ¢ Qi DS,
e ES Ly, Luye Ligg Ly, ES — € Q2 DS,

~ ~

L Lge Lo ES

T T e T A A -~y = -~y T Ab
2¢ B Lyg Lye DS, Ly Q2 — 2 Q4 DS, Ly DS Lys QY

{er f(107 )VdrN}{ gzl BSg)é,y’z’UdsN}

7
g NZ:Q Mdy

_16 |: i wa Qaa + €ab Qaa

S0 U QY

10r WV, N} {Z§:1 féﬁoﬁ)UdsN}

oy B

NC TS T ryc
wp D3y Lya Uz,

(33)
N=2 Mdy
(ii) Evaluating ﬂu',i /'\/\I;f;j M\ga H(10r)e /I\/\Ilzg ~
Here we have couplings involving the 10-plet of Higgs triplet fields H(10r)e (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
Triplet Saa £ OAC B Be F Se e Be BE RE T
W = ay/2 [ QY Ly, DYy DS, D, US, + e Ug, DY DY, DS, D, US,
—|—6bc Qza E{,a f‘u’;b f‘aﬁc ]/j;a E(z: =+ eabeaﬁ'y ﬁ%a ]/jlc)ﬁ f‘u’)a f‘aﬁb ]/jc/ E(‘;
+2 Q3% Ly, Ly DS DS, QY + 26297 US,, DS Ly, DS, D Q‘ﬂ
y 28: { i1 fﬁo"Jr)ViTN} { - Bi(;:g,yz‘UtsN}
N=1 Mty
+8 [2 Q4 Ly, B, U5, + 227 U, DS, B, U5,
— €aBy€bhe Q Lva Qbﬂ ch + 2€ap U D e Qaﬂ Qba}
8 0y, f(lﬂs U,
=1 ad tr ts
X Z { r N } { N } (34)
N=1 Mty
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

U°D°EU* and Qi@@ violate B and L.
5.3. Operators arising from I\A/le I\A/Iggj I\7ka H(120) I\A/IZZ]

o~ ~ ~

We = Cisg gz Mugg Mgj My HA20

10

ij

Mz’7
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(i) Evaluating M\u'n' /Mq’:j M\ya ﬁ(120)a /M?
As in the case of H19® we expand H(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

~ ~

(Doublet) __ o ~Ne N T rIc  1raQ ab T e Iyc¢
W = U4y Cuogygs €77 DG, DGs Ly, US, HE + € Ly, Ly, Ly ES H,

z
Ll e A
+2 Lo DS, Ly Q2 HY
4 (120 bHec T N Ne T .13
ﬁféﬁ Cusi gz [6(” 7€ Ef Lyq DY, Dgg Ly Ug,

S el e e
—e"" Qi DS, DG DS, Ly, U, + e E§ Lyg Lise Lia Ly, ES
—e" Q2 DS, Luyp Lie Lya ES +2¢® ES Ly, Ly DS, Ly Q
7

VdSN UdSN

A N T N - Ao
-2 Q¢ D§, Ly D Lo QY] Y-
N=2

_|_

(36)
mdN

(ii) Evaluating /I\ﬁu',i /'\/\Ia’;j K/I\y'a |f|(120A)a /I\ﬁ?
Here all the Higgs triplet fields H(29% are superheavy and their elimination leads to

B — L = —2 operators with six matter fields as follows
wirrivey M a0 [ Qg Ly, Dy DS, D, U
C - \/g @ wT,Yyz % va s iy Hga Y ip

aBy poX 7€ PCS. PE NDE DE  T7i¢ be ax T, T...7T.. DS TC
—+€ € Uua 8 Du’;p Dm'O' Dy,yUf)\—FE Qu Lva wa L:EC Dya Eé

z

+ee*? TS, DSy Lysg Ly DS, ES +2 Q4 Ly, Ly D3 DS, QY

8
D PPN Vign Ut
+2¢7 U, D Lua DS, Dy, QY] Y-~ (37)
N=1 tn
5.4. Operators arising from I\A/IwZ I\A/Iij |\7ka H(126)k I\A/IZZ]
Wp = Dy gz My Mgj My HI20F M7, (38)
This term does not generate any B — L = —2 operators involving only the SM fields because,

firstly Ug,, = 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

11
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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 x 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
1264126 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) x 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 + 5 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 LLE°D°D¢U* which produces a purely leptonic decay of the neutron, i.e., n — vi;l;. The
analysis presented here could be utilized for analyses of n — 7 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) |Mg| +5(3) [Ms]
10, = 5(2) [H1%)] +5(-2) [
120 (%) = 5(2) [HO7] 4 5(~2) [H{"*”] + 10(=6) [A120)] 1 T0(6) [Hy;*" | + 45(2) [H{*"
L 5(—2 [ (120)11

+10(—1) [l\?lgg} ,
10, }

9

(
¢

]

126 @) = 1010) [A0] + 52) [T 1 10(6) [AF] + 15(-6) |REPY] +a5(-2) [AF
+50(2) | ﬁf“”’“},

210 (&) = 1(0 ){ﬁ(mo)} [ 210)@ 210)} +10(4) [ﬁ(mo)u} +T0(—4) [HZ(?IO)}
) ] ] 00 T 70 .

where i, j = 1,...,5 are SU(5) indices, 4, 0, w, &, ¥, £ =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

M = vg; Mo = DSy Mzo = Lia;
N jac ~ao, N 7 _ c . \pab _ _abfac
M2 = Q2% MS? = #US; M2 = ?ES, (2)

12
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where a, 5, v =1, 2, 3 are SU(3) color indices, while a, b = 4, 5 are SU(2) weak indices
and the superscript ¢ denotes charge conjugation. Scalar (denoted by ™) and two-component
fermionic fields residing in the MSSM superfields are identified to be

D:Céoc 2 (dj%a'ca ’ CLa’;oc) 5 Ug’a 2 (ﬁ*Rx'a 5 uzx'a)7 E;: 2 (Fé%x ) eCLa':)? ﬁ; 2 (ﬁl*%a: 5 sz)
. Do _ _ U N _
Lo = (E”i ) > (Lsa » Lia), 1 = (152) (Qe . @), H, 2 (H, , H,)
€z Tz
where

~ ULi Vi ~ uy; ug
L P — L . = C,La = ~ P €z
Ta <6L96>7 Ta (eLa§> ) T (d%$ ) Qx d%z
Ht _ Ht
H,.¢ = u H: = (1"
v <H3> v (Hﬂ)

Appendix B: The light Higgs doublet pair of the Doublet Mass Matrix

From our previous paper [30], the doublet mass matrix My is diagonalized by two unitary
matrices Uy and Vy:

UdTMdVd = dlag (07 My, Mgz, - 7md7) . (3)

The mass eigenstate Higgs doublet fields are expressed in terms of the original Higgs doublet
fields through

(5101 )]5; (g

_ 1)]5 (5101 )ﬁ/a (5101)]5a
(B1o, )P’ Go ~ ¢ PN
B Do 2)Da (5104 )D/a (5104 )]:)a
(5120)D; (5120 )f)a (5120)ﬁ/a (5120)]3@
G |~ vi| Gupe o | Gmde | — 0| Gmpe |
(3210)]’5/ (5 )]3 (5210)ﬁ/a (5210)]/:\)a
(EIZO)]/:\)% 75120)]3 (45120)]3/a (45120)]311
. Ta 1555 45126/ 45126
- b, )\ 50D (D
The light Higgs Doublet pair is ((5101 )f)fl, (510, )]3’“) = (ﬁda, IA{ﬁ) Thus, the inverse
transformation of Eq.(4) gives
(gwl)ﬁa = Vduﬁda + -, (3102)]5(1 = delﬁda + - (5120)]5(1 = Vdslﬁda + -,
(5126)]511 = Vi, I/:Ida T (5210)]5(1 = Vd51ﬁda +ey (45120>f)a = Vdelﬁda +y
(45m)f)azvd71ﬁda+"', (5)
and
(5109 )f)a = Uduﬁ?l 4y (5102)ﬁa = Ud21I/:Ig1 +ey (5120)]3(1 = Ud31ﬁz + ;
(5126)Da _ Ud41H(111 + - (5210)Da _ Ud51Hf1 +oen (45120)Da _ Udeﬁ + ,
(45126))a — Ud71 H% Lo, (6)

Vanishing elements of the matrices Uq and Vy are Vg,,, Va,,, Va,, and Vy,,, Ugs,, Va,,. Hence

the couplings involving f 1264) Ganishes. Therefore, the quark and charged lepton masses arise

only from the Yukawa couplings f (10:+) f(102+ nd fm120 ),

13
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