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ABSTRACT: Higgs multiplet in the vector-spinor representations of SO(10), i.e., the
144 + 144 multiplet can break the SO(10) gauge symmetry spontaneously in one step
down to the Standard Model gauge group symmetry SU(3)c x SU(2)r x U(1)y and a
recent analysis has used such vector-spinors for building a new class of SO(10) grand uni-
fication models. Here we discuss the techniques for the computation of several classes of
vector-spinor couplings using the recent result on the SO(2N) vertex expansion. The com-
putations include the cubic couplings of the vector-spinors with SO(10) tensors, quartic
self-couplings of the vector-spinors, and couplings of the vector-spinors with spinor repre-
sentations of SO(10). The last set include couplings of vector-spinors with the 16-plets of
quarks and lepton and with the 16 and 16 of Higgs. These couplings provide a tool for
further development of the SO(10) grand unification using vector-spinor representations.
These include study of quark-lepton masses, analysis of dimension five operators including
baryon and lepton number violating operators, and study of neutrino masses and mix-
ings. Illustrative examples are given for their computation using a sample of vector-spinor
couplings. The vector-spinor couplings arise in a wide class of models when one considers
higher dimensional operators such as those that arise in the analysis of Planck scale physics
and thus the techniques as well as the explicit couplings discussed here should find a wider
application. .
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1. Introduction

SO(10) is a favored group for the unification of the electro-weak and the strong interac-
tions [fl, B]. However, there is a wide array of possibilities for model building within the
gauge group. Thus while the remarkable feature of SO(10) is that it unifies one generation
of quarks and leptons within one irreducible representation, i.e., the 16 plet representation,
the Higgs sector of the theory is largely unconstrained and thus there exist a wide variety
of models which differ by the choice of the Higgs sector of the theory. In most models
the Higgs sector is generally quite elaborate involving several Higgs multiplets necessary
for the breaking of SO(10) symmetry in steps down to the Standard Model gauge group
SU(3)c x SU(2)r, x U(1)y. An interesting recent proposal made by Babu, Gogoladze and
the authors is to use a single pair of 144 + 144 multiplet to break the SO(10) gauge group
in one step down to the Standard Model gauge symmetry [[]. The couplings involving the
144 and 144 are rather intricate and not easily computable. However, significant progress
has occurred recently in how one may compute couplings involving spinor and tensor rep-
resentations of SO(10) [f—[d. An important result in such constructions is the so called
Basic Theorem deduced in ref. [f] using oscillator techniques [}, f] which facilitates the
computations of vertices involving spinor and tensor SO(10) representations. Thus using
the basic theorem, couplings of the type 16 x 16 x 10, 16 x 10 x 120, 16 x 16 x 126 and
16" x 16 x 1, 167 x 16 x 1 were computed in ref. [f] and further applications of the technique
were made in ref. [I]]. Now the couplings of the 144 and 144 are more involved. This
is so because of two factors: first we are dealing with a vector-spinor rather than just a
spinor representation of SO(10). Second the vector-spinor is constrained in order that it
correspond to the irreducible 144 or 144 representation of SO(10). Nonetheless, we will
find that the techniques of ref. [ff] appropriately adopted to this case will prove very useful
in the analysis of SO(10) vertices: cubic, quartic or of higher order. In this paper we



will limit ourselves to the analysis of cubic and quartic interactions where the 144 and
144 are involved. The detailed knowledge of the couplings of a gauge group are useful
in model building [[(1], and in extracting the implications of the models for spontaneous
symmetry breaking, neutrino oscillations [[9] proton decay [L3—[LF], computation of the
mass spectra and a variety of other applications. We note that the couplings involving
the 144 -plet arise naturally in a wide class of SO(10) models. Thus, for example, in a
conventional SO(10) model with a 10 and a 45 of Higgs one would have a dimension five
operator (16 x 10 H)1a7-(16 x 45 17)144 where the subscript means that the interaction is
being mediated by the representation in the subscript. The number of such operators is
rather large but the techniques discussed here can be utilized for their computation . This
provides the motivation for the analysis given in this paper.

The outline of the rest of the paper is as follows: In section f] we give a brief summary
of previous results which are essential for the developments of the succeeding sections.
Here we discuss the generators of SO(10) in the SU(5) x U(1) basis using the oscillator
approach. We then state the so called Basic Theorem that significantly facilitates the
computation of couplings for spinor and tensor representations in SO(10). In section [
we address the question of how one may treat the 144 irreducible representation through
the use of a constrained vector-spinor. This is so because, the vector-spinor in SO(10) has
16 x 10 = 160 components, and we need a constraint to eliminate sixteen components to get
the irreducible 144-plet tensor. In this section we also decompose the 144 in representations
of SU(5) x U(1) and define their normalizations. An analysis of the cubic couplings of
144 and 144 with the 1, 45, 210 tensor representations and with 10, 120 and 126 tensor
representations is given in section f]. In section f| we give some illustrative examples of
how the vector-spinor couplings are to be used in model building. Here we show the
spontaneous breaking of SO(10) to the Standard Model gauge group in a single step, carry
out an analysis of Higgs doublet and Higgs triplet mass matrices and obtain the condition
under which mass less doublets can be obtained. We show how Yukawa couplings and
quark-lepton mass terms can arise after spontaneous breaking of SO(10) and compute
lepton and baryon number number violating dimension five operators which contribute to
proton decay. Specifically we show that these operators now receive contributions from
several sources raising the possibility of suppression of the proton decay by cancellation.
Conclusions are given in section [,

Further details of the analysis are given in several appendices. In appendix [A], reduction
of SO(10) fields in SU(5) representations, and further reduction in SU(3)c x SU(2)L
representations is discussed. Here we also give normalizations and define notation used
in the rest of the paper. In appendix Bl we discuss the gauge couplings of the 144 and
144 with the singlet gauge field and with a 45 plet of gauge field belonging to the adjoint
representation of SO(10). In appendix [ we compute the self couplings of the vector-
spinor representations. These couplings cannot be cubic and the allowed couplings must
at least be quartic or higher. These can be of several types. Thus 144 x 144 can couple
with 144 x 144 by mediation by 1, 45 and 210. Additionally, there are couplings where
144 x 144 and 144 x 144 can couple with 144 x 144 and 144 x 144 either by mediation by 10,
120 or 126 + 126. Thus there are a variety of quartic self-couplings involving spinors. In



appendix [D] we discuss the couplings of vector-spinors with the 16-plet of matter. Here we
consider couplings where 144 x 144 and 144 x 144 couple with 16 x 16 plets of quark-lepton
matter multiplets via mediation by 10, 120 and 126 + 126. Some further details of the
quartic couplings from 10-plet mediation are given in appendix [, and similar details for
120-plet mediation are given in appendix [f], and from 126 + 126 are given in appendix [3.

2. Preliminaries

An efficient decomposition of the SO(10) vertices is in the SU(5) x U(1) basis. In this
section we give the basic formulae for the decomposition of the SO(10) generators in this
basis and further we give the Basic Theorem for the computation of the SO(10) vertices.
We begin by defining the Clifford elements, I, (1 = 1,2,...,10) in terms of creation and
destruction operators, b; and b;r (i=1,2,....5) [8, A

Tai = (b +b]);  Taicy = —i(b; — b]) (2.1)
so that
{FM,FV} = 25,“,. (2.2)
where
{bi, b1} =675 {bi,b} =0; {b],bl} =0 (2.3)

and that the SU(5) singlet state |0 > satisfies b;|0 >= 0. The 45 generators of SO(10) in

the spinor representation are
1

PT 94

In the analysis of SO(10) invariant interactions one also needs the equivalent of charge

by Ly, o] (2.4)

conjugation operator given by

5

B= [] rp=—i[Jbe—0b}) (2.5)

p=odd k=1

The semi-spinors V(44 (¢ = 1,2,3) transforms as a 16(16)-dimensional irreducible repre-
sentation of SO(10) and contains 1+ 5+ 10(1 + 5+ 10) in its SU(5) decomposition. They
are given by

1 1
W (e >= 0> M, + 5b}b}|o > MY + ﬂe”klmb}bLbIbMO > My (2.6)
1, 4
(W5 >= bIbLbEbIBII0 > Ny + Ee”klmb,ib}bwo > Ngj; +b1]0 > N, (2.7)

We now review the recently developed technique [[j] for the analysis of SO(2N) invari-
ant couplings which allows a full exhibition of the SU(N) invariant content of the spinor
and tensor representations. The technique utilizes a basis consisting of a specific set of
reducible SU(N) tensors in terms of which the SO(2N) invariant couplings have a simple
expansion. To that end, we note that the natural basis for the expansion of the SO(2N)
vertex is in terms of a specific set of SU(N) reducible tensors, ®., and ®z, which we define



as AF = O, = Pop + 1Pop—1, Ay = P, = Pop — iPoi—1. This is extended immediately to
define the quantity Dcic;zy... with an arbitrary number of unbarred and barred indices where
each c index can be expanded out so that A*' A7 Ay... = ®¢,c.z,... = Poicjz,... TiP2i—1¢;z,... ete..
Thus, for example, the quantity ®,c;z,..cy is @ sum of 2V terms gotten by expanding all
the ¢ indices. @cicjgkmcn is completely anti-symmetric in the interchange of its ¢ indices
whether unbarred or barred: ®cz;c;..c, = —Pezje;..e,- Further, <I>;Ej o 7n = Peicjep..cn
etc.. We now make the observation [E] that the object @cicjgkmcn transforms like a reducible
representation of SU(N). Thus if we are able to compute the SO(2N) invariant couplings
in terms of these reducible tensors of SU(NN) then there remains only the further step of
decomposing the reducible tensors into their irreducible parts. These results are codified
in the so called The Basic Theorem which we discuss next.

The vertex I',I',)T')\.I'vc ®,,5., where ®,,) , is a Higgs tensor, appears often in
SO(2N) invariant couplings and can be expanded in the following form

T, LT To @ o = bIBIbL bl @y + (bib}b,t...bI;I%icjckmcn n perms)

+ (bibjb]z---blb(béiéjck...cn + perms) + ...+ <bibjbk...bn_lbjl(bgigjgkmgnilcn + perms
+bibjbk---bnq)EiEjEk...En(Q-8)

As mentioned above, the object Dcicizh...cn transforms like a reducible representation of
SU(N) which can be further decomposed in its irreducible parts.

3. 144 and 144 as Constrained Vector-Spinor Mutiplets

In this section we discuss the SU(5) particle content of the 144 and 144 vector-spinors and
their expansion in terms of oscillator modes. We begin by discussing first the field content
of the reducible vector-spinor 160 and 160 multiplets [f:

1 | 1 ..
U (g4 >= [0 > Py + §bjb}yo >PJ + ﬂe”’“lmb}b,ibjbjn\o > Py (3.1)

1 .. .
(e >= DIBROEBIOLI0 > Qg + oM BLDIB]10 > Qzp, + B0 > QF (3.2)

where the lower case Latin letters 4,5, k,l,m,... = 1,2,...,5 are SU(5) indices, the lower

| W

case Greek letters p,v, p,... = 1,2,...,10 represent SO(10) indices, while the lower case
Latin letters with accent 4, l;, ¢, d= 1,2, 3 are generation indices. The SU(5) field content
of 160 + 160 multiplet is

T60(W 1)) = 1(P) +5(P;) + 5(P") + 5(P") + T0(Py;) + T0(Py;) + T5(PY)
+24(P?) + 40(Py,) +45(PY)  (3.3)

160(¥(_),) = 1(Q) +5(Q") +5(Q) +5(Qs) + 10(Q7) +10(Q”) + 15(Q(%)

+24(Q)) +40(Q") + 45(Qly) . (3.4)

Details of the decomposition are given in appendix [A].



The vector-spinor |W(), > is unconstrained, has 160 components and is reducible. To
see how the 160 plet can be reduced, we note that I',[W (4, > is a 16 dimensional SO(10)
spinor. Thus one way to define an irreducible 144 (144) dimensional vector-spinor is to
impose the constraint

F,u|T(i)u >=0 (3.5)

We explore now the implication of the above constraint. The contraction of I', with the
160+160 multiplet |¥ 4y, > gives

~ 1 ..
Lul@ 4y >= b]Jblplebl0 > P+ - mlplf o > (Pi; + 6Py
+b7]0 > (PZ + PZ)
I
LUl ¥y >= 10> P+ Sbfblj0 > <Q” + GQU)

1 ijklm
+ﬂ€m bl bibl, 10 > <Qi + Qi) (3.6)

Thus to get the 144 and 144 spinor, \T(i) x>, we need to impose the following conditions:

~ . . 1
P=0, P =-P, P,=-_P;

Hence, we have following relation

’T(:I:)u >= (’\D(i)ﬂ >)constraint of Eq(@) (38)

The above implies that certain components of the 160 and 160 multiplets are either zero
or are related thus reducing the number of independent components from 160 to 144. For
completeness, we give the expansion of the constrained 144 and 144 vector-spinors in its
oscillator modes

144
(144) P T >= (Twe, > e, >)

|T(+)cn >= |0 > P" + 2b;rb;|0 > |:EwklmPZlm o 66z]nlm]:_)lm

1 ..
+ﬂe”“mbw bibl,|0 > P

T (e, >=10>P, + b*b*\o > [P” + = (85 P7 — 81 PY)

1 1 s
g€ 7H bbb [0 > [iPm + §P§n)

1 1 ]
T (2, >=biblbibibljo > Q" + 2““mb*b*bin|0>[ + 5 (07Q; — 07 Qi)

1 in 1 in



1
6 €ignlm le

+b110 > Q1. (3.9)

1
1T (e, >= bIbRBEBIBLI0 > Q, + —

12 eTRmpIBIDE 10 > | eijm QE™ —

4. Higgs sector cubic couplings

In this section we compute the cubic couplings in the superpotential involving two vector-
spinors and one each of the tensors 1, 10, 45, 120, 210, and 126 plet of Higgs. We discuss
their SU(5) x U(1) decomposed form below.

4.1 The (144 x 144 x 1) couplings

The (144 x 144 x 1) coupling structure in the superpotential is

1) 1) *
WO = by < YT BIT (> @ (4.1)

Where @ is the 1-plet of Higgs field. A computation of this coupling using the techniques
described in sections J] and [} gives the following result in the SU(5) x U(1) decomposed
form

wO = in) Q};P“rQ’TPbZJr Q“TPIW Q”T
+Qi Pl — ngl’“%;wk——g’;gp;; H. (4.2)

4.2 The (144 x 144 x 45) couplings

The (144 x 144 x 45) couplings in the superpotential is

W(45) _ h(45)

21 ab )GM‘BEPU‘T b >(I>p0 (43)

where ®,, represents the 45-plet of Higgs field. A computation of this coupling using the
techniques of sections B and f| gives the following result in the SU(5) x U(1) decomposed
form

(45) _ (4/5) iT ] 11 ijT ng (S) kT ij
W) — {[—fg !+ o @ Py + o O +—2\/_Qm]7>bk

5 .
T pi 2 0iT Z]kT
5 /—Qazp \/QQUL sz + 61 Q bl]k:
1 2
+ |:__Qk:Trle _ Ql/T’P/m + Ql*kT’P*m + _Qslan,P:k

N R VT e Ty B N
1

7 zyk:lm zyk:lm T /3 zyk:lm nT
toovae QP = 3 QanPi = 3\ 5 Qi P

1 (s
+461]klanTrP ):| m

ar) bnk



2 kT kT pn
|: \/—Qalm bk+ \/_Qal bm \/—1_5Qél Pbk \/_Q 7Dbklm

1 1 /3 ; ;
ng k; kT yn 9 inT ik
20\/—62jklmQ 3\/1—O€UklmQ P 4\/;€z]klmQa an

1
+—€ijkim Q”é)apjk] H™

4
V Qam’“——g WPE+ = QLP - TP
V10 ks T 10f
+_ijlT7)m ijlT o leT J

) - jkT
\/— bkli \/ﬁ ai 7)bkl \/_ bzkl+ 15\/_Q bkz‘

jkT (S) 7k 1 FkT ~(S5) ;
V10 Q Pbm T QS)a bkz_ﬁQS)ank _\/_Q }

(4.4)
4.3 The (144 x 144 x 210) couplings
The (144 x 144 x 210) coupling structure is
(210) T
w0 = —h <Y BULT Lo Ty T (> Do (4.5)

where ®,,,) represents the 210-plet of Higgs field. A computation of the couplings using

the techniques of sections f] and [J gives the following result in the SU(5) x U (1) decomposed
form

(210) __ 3 (210) iTpi .~ oiTp L Z]T (S) L AkTpij
W — in_ {[—QWQGJ bz+4\/_Q it _Q i o T3 _Qa@]Pbk
T i T i7kT 51
10\[9 U \/>Q Pt 12\/_ Qi Py | 1
+ |:_2\/_QkT IZ)ZI _ 5 QlT ;n + ; QlkTP;Z _ 6\/—Q§lan’Pn
1 /3 Tp 1 jkim 9T p 1 ikl T
+Z 10 Z] mQ b]k 6 /—10 ZJ mQan bl]k+8\/1—5 Z] mQZZ]ank
1
_24 z]klmQZng‘fP ):| m
1 1
+ | == QP — Qi Ppy + Qi Pitn + 75 Qi Phkim
23 Y NG v
1 /3 j
_Z 1061]klmQUTP§ 6\/—€z]klmQUkTPl:L SWGZJklmgznTP?:
1
24€wklmQ"§>a7’Zk] H
- ki , + AT k‘_ L ATpj
+ |:_3\/—Qazk73 + 6\/_Qazk b 6\/—Qak bz + 20\/_Q‘“P
. ij;lT mo Q]le k:l leTsz + 5\/_QJkT

bki

6\/_ am bzkl 6v/1 ar b 6 /1 bikl



1 jkT (S) 7k jkT
_5\/ Q b;“ Q S)a Piyei — \/—Q(s Y bm - TQ

L oitp JTp 9.2 OT pi
—%Qd b + —Q Qa]Pb

L it L i [ 2 T
Qf Pb]+\/—Q(S)an]+2 1_5de735

NG
1 QT phl 1 L grrpl 1 b ogrpr 1 grimTpn
2\/— aij bm 2\/— aij b 2\/— ar bj 2\/— an bmij
klmT lmT k le ij
+_3\/—Qm + —3\/—Q bml] + 15—\/—Q b2]:| Hkl

ipT p + ipT P]n

1 1
+ |:6\/5€Uklmg bin 6\/§EwklmQ 6051]k‘lmQ

1 QnT D
b 3\/_ ap bklm 3\/_

L ighim oo p(8) _ L ijkim 5T
jklm AP _ 1] m
ain b]p + 6\/§ Qazn bjp 60 Q bzg

i

+

ZJT,Pn

1 A .
T T
— g idkim QP! — €ijkim Qm

b 12\/

v

1 s
z]klQO in — TVE ijlmgg; é]r)L + 3\/_Q§é)mTzP:n _ 3[leTpk] klm} ]

kim
Pblm:| H
ijklm Q

1
60
(4.6)

4.4 The (144 x 144 x 10) couplings

The (144 x 144 x 10) couplings in the superpotential are given by

(10)

Wi =g (iul BLT (5, > o (4.7)

where ®,, represents the 10-plet of Higgs field. A computation of the couplings using the
techniques of sections f and [ gives the following result in the SU(5) x U(1) decomposed
form

W0 _ z’hf;;)(“ {[\/11_5 GmnpkET p % Emlmnrpalmnrplfsl;) \f FIMmpT D
+2v2Pg PE — \/ngTPgZ_ H;
QIPiTPBjk \j_PiT ) _2v2 PLP.L + V2P, P
\/_PC};]PMJ Hk} (4.8)
Here and in the rest of the paper we define
e = % <h;; + hé;) (4.9)

where (7) is the specific tensor representation.



4.5 The (144 x 144 x 120) coupling

The (144 x 144 x 120) couplings in the superpotential are given by

1 (120
120
w(120) — s < Tl BULTAINIY (4, > Pupa (4.10)

where ®,,) represents the 120-plet of Higgs field. A computation of the couplings using the

techniques of sections f and [ gives the following result in the SU(5) x U(1) decomposed
form
., (120)(-) 1 S 1
W(IQO):Zh / {|:—3 — ZJlmn,Palmn,Pl;z'lc_3\/— ZJlmn,Palmn,PIS k) 5\/_ ZJklm’Palm7362‘]4:
2 Z]T k /T }
—— Pi + 77@ Pl
\/g V1

ab

2 .
= piTp, 2piTp(5) T pj
_Pa Pir 2\/;7% P - \[Pajpbk HE
1 zglmn k 1 /2 zyk:lm 4 kT ij 2 iTpJ
+| 55 PEPhn T 31 56 PPy — = PATP — 2\ 5P| Hy
4\/— kT 2 kTS ij
o PE Py 4 PETP)
1 1
_ Umnp T _ igmnpplT () Ulmn T 3
+|: 3\/ﬁ Pamnppbk[ 3\/66 Pamnppbkl 5\/3 Pamnpbk[
1 zylmn T (S) 2 Z]T l iTpJ
o PP — S Pl ——_73 Pl | HE
4 2
\/—Pa]d};mplzm_—/P]TPlel _\/7’Pakmpvlm \/_P an Hkl}
(4.11)
4.6 The (144 x 144 x 126) couplings
The (144 x 144 x 126) coupling in the superpotential is
ST 1 . (12s) —
126
W( ) — ghab *Jr)d,u’BP[VFPFUP)\PG]‘T(Jr)l’w > q),/pg)\g (412)

where Eymg represents the 126-plet of Higgs field. A computation of the couplings using

the techniques of sections f] and [J gives the following result in the SU(5) x U (1) decomposed
form

. — 8 )
W) _ T { |:__P§Tfp/':| H
v ab 5\/5 a bi

V2 1 L iTo(S) T i

lT T pt %
\/— azgkpbl + \/—,Pamlpbi: +——= 5\/— asz:|

,10,



1
ijlmnpT pk _ zyklmrp Pblm

+ |:3\/_ ak” flmn 15

2 2 pr ij 2 2 i J

kT kT (S)
[ 5 Pai Pojr ~ ,/_PGZ Pb k] H(S)
1 1 - 1
zgmnp T ; igmnpplT (9) l]lmn T 3
+ [ 356" Pty Pira + 5= Pl Pl — 572" PP

1 lilmnpT (%) 2 ZJT l 1 2 5T J k

T prs \/_ iJ T prs
—? G'Ukpbn - Wpaszbk + _P J P

+

H”k} (4.13)

5. Vector-Spinor Couplings in SO(10) Model Building

In addition to the cubic couplings in the superpotential involving the 144 + 144 multiplets
given in the preceding section, their gauge couplings with vector mutiplets in the singlet
representation and with an adjoint of SO(10) representation are given in the appendix [B-
Also given in the appendices are the quartic self-couplings of the 144 + 144 multiplets
which are needed for spontaneous breaking of SO(10) and couplings of 10-plet of matter
fields with 144 + 144 plet of Higgs which are needed to generate Yukawa couplings and
quark-lepton mass textures. In this section we illustrate the use of vector-spinor couplings
for further development of SO(10) model building discussed in ref. [[J]. In particular, we
discuss the breaking of SO(10) group down to the Standard Model group, doublet-triplet
splitting, mass growth of quarks and leptons, and baryon and lepton violating dimension
five operators. In ref. it was shown that breaking of SO(10) to the Standard Model
gauge group can be accomplished in one step using 160 + 160 multiplet. In the following
we give a simpler illustration of how this comes about. This simpler example includes in
the superpotential just the multiplets 144 x 144 and only three terms, including the mass
term and interaction terms mediated by 45 and 210 so that

W — W(meleH) _|_ W(me144H)45(mH><144H)45 _|_ W(mH><144H)210(mH><144H)210 (51)

Explicit forms of these couplings are

W) — A < X7 IBIY (4
- - Ass
W(144H><144H)45(144H><144H) _ M/ < T* |BZP)\|T +)M > < T* |B2p)\|T +)V
P A .
W(144H><144H)210(144H><144H)210 — ]\241,0 < T \BF[pP FAF&]‘T(JF

Refer to the appendix [J for the complete evaluation of the above quartic interactions in

terms of SU(5) fields.
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5.1 One step breaking of SO(10) GUT symmetry

The terms that contribute to one step breaking of GUT symmetry so that SO(10) —
SU3)c x SU(2), x U(1)y are

W, = MQiP! + o, QP Of Pl + o, Q4 PF O] P! (5.3)
where
1 1 1
o = M <_A45 + 6A210> y Qy = M (_4A45 - A210) (54)

For symmetry breaking we invoke the following vacuum expectation values (VEV’s)

< Q@ >=q diag(2,2,2,-3,-3), <P} >=p diag(2,2,2,-3,-3) (5.5)
and together with the minimization of W, we find
MM’
= 11645 + 4210 (5.6)
ap

The D-flatness condition < 144 >=< 144 > gives ¢ = p. With the above VEV, spontaneous
breaking of SO(10) occurs down to the Standard Model group. We note once again that
in ref. [[J] the gauge symmetry breaking was accomplished by use of 160 + 160 while here
are able to get a full breakdown of SO(10) to the Standard Model gauge group in one step
just with 144 + 144.

5.2 Doublet triplet splitting

As discussed in ref. [{]in the scenario with one step breaking of SO(10) both Higgs doublets
and the Higgs triplets will be heavy. However, it is possible to get a pair of light Higgs
doublets by fine tuning, a procedure which is justified in the context of landscape scenarios

as discussed in ref. [f]. Here we illustrate this explicitly for the case of the superpotential of
Eq.(p-1). To this end we collect the relevant terms using mixed SO(10) and SU(5) indices:

1 . A45 . . . X
Wpr =M (QuPu - §QijuPif> o (8QLPquikquf] + QP Qi Pl

A1

+6QuPuQiPiy) + M

2 . o1 .
<—§QLP]‘MQ@'1WP§] - EQLPmijuP]f
_gQuPquPiu - gQuPiquPu (5-7)

when expanded in purely SU(5) indices, we get,

1 1 i i
WDT = |:M + M <6A45 - §A210> < Q:zn >< PZ’L >:| [QZPZ + QZPZ]
8 A210 i m '
3737 < Qn ><Pj' > QP
L L (A — 1A "< Pl bt (shqy - ot
—5 M+ 75 ( Aas = phao <Qp ><P, > Qz‘j"‘Z(z‘QJ‘_jQi)

- 12 —



X [PZ

1 .
+ [ <A45 — —A210> < Qin > P;ﬂ >:| |:Qfl +

(01P7 — 6@P’)}
)

(- otq)]

> = hul»—t

E
[Pl] + - (5kP] - 5]Pl>} (5.8)

Note that in addition to the pairs of doublets: (Qq, P%), (Q%, Po) (o, 5,7 = 4,5) and
pairs of triplets: (Qq, P%), (Q% P,) (a,b,c = 1,2,3) there are also pairs of SU(2) doublets

and SU(3)¢ triplets and anti-triplets that reside in Q and P” We denote them by (Qa,
1~3°‘), (Qa, Pa), (Q”‘7 ~a). The mass matrix of the Higgs doublets is given by

SM+ }C—( 86 Ays — 283 As10) 1,/4 M/ (8/\45 — 2 A210) 0
p? 1 p 5.9
27 (8A45 — *A210) M+ M,( 37A45 + EAzm) 0 (5.9)
0 0 M + %12,(180/\45 — 10/\210)

where the columns are labelled by (Qa, Qn, Pa) and rows by (P, P*, Q%) where these are
normalized fields as defined in appendix [Al. The triplet mass matrix in the basis where the

columns are labelled by (Q,, Q,, Pa, P,) and rows by (P?, Pa, Q. é“) (where the fields are
normalized fields as defined in appendix [4]) is given by

im JTC—( — 28 A210) \/— a7 (8Ma5 — 3 A210) 0 0
%\/g - (8A45— 2A210) —L1M+ Z@I/ (12A45 — 3A210) 0 0
0 0 M + 1‘\’72,(180A45 — 10A210) 0

0 0 0 M+ 22 (—42A45 + A210)

M7
(5.10)

It is clear from the above Higgs mass matrices that one needs to diagonalize in the Higgs
doublet sub-sectors (Qq, P) and (Qu, P*) and in the Higgs triplet subsectors (Qq, P*) and
(Qq,P%). After, diagonalization we have the following pairs of doublets and triplets:

Dy : (Q% Pa), : (Q%,Pa)
Dy : (Q,, P"), (Q;apla)
Dj : (Ng,ﬁ’“), T3: (Q, o' 73/“)
Ty: (9% P,) (5.11)

The prime fields above are expressed in terms of the original ones through the following

transformation matrices

(&7l = [ ][] o
(&3] = [ [ o1

where

1 1 /
tan V1 = g <t2 + V1?2 + t32) , tandp = g <d2 + d22 + d32> (5.14)
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and that

d; = %OM f/[—Z, <4‘% 45 — @Amo)

dy = 1(1)M+ ]]\94—2, <—@A45 16731\210>
\/7M’ <8A45 - A210>

t = EM + ]]\94—2, <@A45 - A210>

to = 1(1)M + ﬁ (—@A% 4@/\210>

t3—-V/_A4/<8 45—-—A2m> (5.15)

The mass eigenvalues are found to be

1
Mo, p; = 5 (dlj—\/d224—d32>
1
My, 1, = 5 <t1 + V122 + t32) (5.16)

and of course
2
MD1 = MT1 M + M (180A45 — 10A210)
1 p?
L= ——M + i (—42A45 + A210) (5.17)

As an illustration we discuss in further detail the implication of the massless-ness condition

M~

for the doublet Dy. Here the condition Mp, = 0 together with the symmetry breaking
condition, Eq. (5.4) gives a relationship among the parameters Ays and Ao

539 1579 2 1489 1409 2 15 2
<?A45 A210> :<— 5 A45 A210> + — 3 <8A45——A210> (5.18)

The two roots to the equations above are

Ao = 8.1A45,  Agio = —67.6A45 (5.19)

Using the roots above the full doublet-triplet Higgs mass spectrum can now be computed.

The results are summarized in the table below.

Massless Doublet Ds. Mp and Myp are in units of M = ]7\’;, Ays

M Aoio
y \ fae \ Mp, \ Mbp, \ M, \ Mr, \ Mr, \ Mr,

148.4 8.1 247.4 | -105.4 | 2474 | 89.47 | —98.4 | —108.1
—154.4 | —67.6 | 701.4 | 1887 | 701.6 | 1207 | 164.9 -32.4

We note that in the above only one pair of Higgs doublets is light while the remaining
doublets and triplets are all heavy. Thus below the GUT scale one recovers the spectrum
of MSSM. Further, one may carry out a similar analysis for the cases when Mp, = 0 and
Mp, = 0.

- 14 —



5.3 Quark, lepton and neutrino masses

As pointed out in ref. [[] the quark, lepton and neutrino masses can arise from the quartic
couplings involving two 16-plets of matter and two 144-plet of Higgs fields. Cubic Yukawa
couplings arise when one of the two 144-plets is replaced by a VEV while mass terms
arise when the remaining Higgs field in the cubic interaction develops a VEV. As an
illustration of how this comes about in a concrete way we will consider the following quartic
coupling for computing the masses of quarks and leptons: (16 x 16)120 (144 x 144)129, (16 %
16)120 (144 x 144) 190, (16 x 16)755(144 x 144)196. However, this subsection is to be treated as
an independent one. That is we do not make use of the results of the previous subsections
here.

The relevant terms in Eqgs. (139), (141) and (144) that gives mass growth to quarks

and leptons are

(120) 20— [ 4 T rkn 2 T plm i T\ rknplT-pm
Wmass :Sdl’),éd’ |:_§61]klde M' _Pén P' - Eljklde M Pcnpd

4
3v5

6M”TM PAPS — 16MTM PPk

3 3 dj
32

—=MTIM,PITP, + =MEIM, PP

-3 f 5P Pyt PP

_ 4 16
CL('L})QZ;’( ) |: eljklmM”TMkl QnT Qm + — MT M]k QZT Qm

3 3
16 16
3 MEMYQETQF + MM QT 0,

16 T
T kT T T
—i—VM M OEFQ — 5 MIM, Q] %} (5.20)

and

(126,126) (126,126)(+) | 4 5T 4kl AnT ~m
mass ab,ed |:1562]klmM M Q Q

1
T IT Hk T ~k

MUT <2chkQ§l + TQ Qk >

32 16
MM, QLT Q! —MTM iTo . 21
FEMIMLO Q) + L MIM 0T O (521)

For completeness we identify the Standard Model particles as follows:

+15

Md = V([:/a’ﬁ Maa - DLaou Maﬁ = EOCBW/ULUVY’ Md4 - EZd
Mi® =Uf;;  Mgs=vig;  M*=D%; MY =E}, (5.22)

where o, 3,7 = 1,2, 3 are color indices and the superscript ¢ denotes charge conjugation.

We adopt the convention that all particles are left handed(L).
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We now single out the terms that are candidates for Majorana and Dirac neutrinos,
Type II see-saw mechanism, down-type and up-type quarks and charged leptons.
Candidates for MAJORANA NEUTRINOS:

16 (126,726)(+) .
MsM { [m%,écz ] Qé%} (5.23)

Candidates for DIRAC NEUTRINOS:
8  (120(—) i 16 20y (- ij k
MdiMé{[ﬁgdé,c’d’ }Pépd’j—i_ 3 Sabed | PenPd;
32 (126,126)(+) 16 _(120)(-) § i
+[§9dz;¢d' + 5 b e ]Qé% (5.24)
Candidates for TYPE II SEE-SAW MECHANISM:

32 (120)(-) s
MMy, [—1—5%@ ]P;P;, (5.25)

Candidates for DOWN-TYPE QUARKS and CHARGED LEPTONS:
i 16  (120)(-) L
]
Mg Méj{[— 3 Sibed | PeiPn

1 (126,726) (+) 8 (120(-)
+ [

k
BvElibdd T3 Rt }Qék%

2 (126,126)(+) 16 (120)(—) 1 k
+ [1_5%13,54 ~ 5 Sabed } Qein 4y
P 1 4 (126,126)(+) 16 (120)(—)
ML, i - .. OF
+MEMy, { /5 [15 /5 Cabéd *3 \/ggdé,éd’ Qi Ly

4 (1261)(+) 16  (120)(~) I &
+ [_ﬁgal},éd’ + 3 Sab,ed Qi g (5.26)
Candidates for UP-TYPE QUARKS:
MMM 4 (126,ﬁ><+>+§ (1200 | o gm
€ijktm™NLG N | 15 ab,ed 3 5ab,cd ¢ Zdn

4 - 4 -
4 20 )] Pgnp,lj? " [ (120)( )] Pénp,?} (5.27)

g inp Ik
+€Z]k‘lde MI; {|:3£dl;,éci 3\/5 dl;,éci

Next we identify the SU(3)¢ X U(1)en, conserving VEVs:

< QL. > )
( 2 ) - <qc>diag(2,2,2, —3,-3)
<P > Dé
1 /3 1
< Qs >= 5\/; < Qs > (Z‘;f _555;‘1>

<pis=L S ms (301 - oot (5.25)
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To make further progress, we define the following mass parameters

(120)(—

120) (120)( ) ~ 120
o2 =13\ 2T < Qs > o) = - < i > gy

1 ab
(120) _ i , , (126) _ 11 (126126)(+) , ,
N 35 ab 16§abcd < P& > Pg, Y ab T T v %bed < Qe > g,
126) _ 11 (%)) _ 5 ,
Y a6 = " 20v6%ib,cd < Qs >4,
120 120)(— 120) (120)(-)
gab)_ —16¢.; )()<Q5>qdf, a;b_——\/—g < P! >py
,(120 e ~ (126) _ 33 (12, Lt 5
3b_3\/§§bd <P¢ >4 Cab T 75 %bed < Q>4

We now compute the down quark (M9%“") charged lepton (Me€ecron) up quark
(M), Dirac neutrino (MP7ae¢ V) RR type neutrino (M) and LL type neutrino (M*+)

mass matrices in terms of the mass parameters defined above.

MgZ"" = (A+ B)y,

M = (A= 3B) (5.29)
where
59 (120) 7 o (120) (120) , 16 (126) 29 £, (126)
A =2 5.30
7T (1200 5 (20 , 5 (26 , 1 (126)
B, = [5—2041 + 502 + e + 2792 p (5.31)

and for the up quark and Dirac neutrino masses one has

Msf _ [agmm n agm) n a§120) i a(lQG)} y (5.32)
) 1
MPBirac v = [_agwm — a4 gag}%) - ga(l%)] , (5.33)
ab

Majorana masses of RR and LL type for the neutrinos is given by

16 (126,126)(+)
RR _ 5 ,
ab 15\/59d67éd < Qi >< Qd5 > (5.34)

LL 32 (120)()

5 5
i = TpSabed <Pe><Pgi> (5.35)

For real model building one may now consider one at a time each of the doublets (Q4q, P ),

(9%, Psa)s (Qaa, <) massless and find the corresponding contribution to quark and lepton

masses.
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5.4 Baryon and lepton number violating dimension five operators

In supesymmetric theories with R parity the dominant proton decay arises from dimension
five operators [[[3—[[J]. Here we look for baryon and lepton number violating dimension five
operators in' (16 x 16),, (144 x 144) 4, (16 x 16), (144 x 144) ; and (16 x 16)755(144 X
144)196. We first collect all the terms from the three quartic couplings which contribute to

baryon and lepton violating interactions. These are

1 (126 126) (+) 8 o))

15\/5 abcd + \/gcabcd
2 (126,736)(+) (10)(+)
—{—[—Q,/,f +16<ab éd ] Qlc’z‘k< Q§1>}

(10)(+)

W:M?Méj{[16§bd]<77fz>77dk+[ ]Qck<Q
15 ~dab,éd

4 (126,726)(+)

. 4 (126,126)( k y k
+M31]Mbk { |:—Q,’ . :| Qc] < Q >+ |: 15Qab,cd :| chj < le

15\/3 ab,éd
. 4
kl (126,126)( (10)(4) (10)(4)
+ €5kt My {[1—5@&5@ + 2044 4 ] Q¢ < QY > 42 [5 ih,6d } <Pg>Pp"
1 (10)(+)
7 [%c,d, } <P Pg} (5.36)

Expanding and collecting the relevant terms and inserting the triplet mass terms respon-
sible for proton decay we find
Wier = Jn)aP" + Ky Qa + M(g, pe) QP
+J@2)aP® + Kby Qa + Mg, oy QuP”
+J&)P + K(3 Q% + M(ga,p,)Q"P
1a Q" + M 5. 5, Q“P (5.37)

where we have defined

2 ao)

Ja)a = [—%pfdé

(10)(+)
e [10\[ e ] i MM

J&) _ [ 39 5(10)(+)}

i gkl
] €aijiiMg M

M M}

16 10)(+) 2 126,726)(+
(10)( ( ) MdaMga

K= [ e+ g

16 oy 2 (126 126)(+) ba
+ |: qub 3\/— :| Mdle’)

(10)(+) (126,726) (+) aa
A

2 o) 2 2 (126,126)(+) ba
+ 80\/;1(&1; + 15\ 399 ]MdbMé

!For a complete analysis see ref. [E]
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a0+ 8 (126,126)(+) g
K(3)a = [4q(,6 + qudé ] €aijklM?M’gl

42 (126T38)(+)
Ky = [_1_5(1% MdaMgﬁeag (5.38)

Integrating out the Higgs triplet fields in Eq.(p.37) and expanding the results in Standard
Model particle states, we get

. 1 50 10)(+) .(10)(+)
Wdlm 5 _ 128 . s
B&L Pq { (E)M(thpa) + 3M( )) é.ab Ccd

Qa,Pe
4 a0+ 2 (126T2)(+) \ L(10)(+)
Mge o) <Cd13 + 15 %ab )5&5 }
_ c c
< eanUgaDY; (B UG+ vieD; ) + 26U, B DS, US|
16 {( 1 n 2 )g(m)(ﬂ (126,@)(«#)}
— g o 0.
3 5M(Qa,7’“) 3M(éa,ﬁa) ab éd
X [eabc 7D (EgéUCL S vrD cz> — 2¢U§, BF DG, US d’J (5.39)

The above analysis shows that there are different varieties of contributions to the dimension
five operator than one encounters in the minimal SO(10) model. Specifically, here one has
contributions from the HIggs triplets and anti-triplets arising from the 45 and 45 SU(5)
components of 144 and 144. The above raises the possibility of cancellations among various

contributions allowing for the enhancement of the proton lifetime [A.

6. Conclusions

In this paper we have given an analysis of the couplings of the 144 + 144 multiplets. The
144 multiplet is interesting since it allows for the breaking of SO(10) symmetry in a single
step down to the Standard Model gauge group symmetry SU(3)c x SU(2)r, x U(1)y. The
144 multiplet is a vector-spinor representation of SO(10) with a constraint. The constraint
is needed to reduce the components of the vector-spinor from 160 down to 144. These
features make the analysis of the couplings of 144 and of 144 more complex than the
couplings of ordinary spinors and tensor representations of SO(10). In this paper we have
utilized the techniques of the basic theorem to compute a variety of couplings involving
the constrained vector-spinors: cubic couplings involving vector-spinors and tensors, self-
couplings of the vector-spinors, and couplings of the vector-spinors with the 16 and 16
spinor representations of SO(10). These couplings all enter in model building involving
the spinors. Of course, the full set of couplings involving the vector-spinors are even larger,
but these can also be computed using the techniques discussed here. We have shown how
the breaking of SO(10) to the Standard Model gauge group can occur in a single step
just one one pair of 144 + 144 plet of Higgs. We have also given illustrative examples
of how Yukawa couplings, quark-lepton masses, and Dirac and Majorana neutrino masses
arise from the couplings involving the 144 plet of Higgs. Finally we have exhibited how
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the baryon and lepton number violating interactions arise from the matter and 144 -plet
couplings. The computations of the couplings given in section {f, and in appendices B-G
and well as the analysis of section [J] constitute the new results of this paper. It is hoped
that the techniques and the results presented here will be helpful in further development
of model building involving the vector-spinor representation.
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A. Irreducible decompositions, normalization conditions, and notation

In this appendix we discuss the SU(5) irreducible decomposition of the fields in 160 + 160
plets, normalize the SU(5) fields contained in 144 + 144 plets, few remarks about the
notation used in the paper and finally give the SU(2) x SU(3) decomposition of the 45
and 45 SU(5) multiplets. The SU(5) fields in 160 + 160 plets (see Eqs. (11) and (12)) are
extracted from the reducible fields appearing in eqs. (B.1) and (B.2) as follows:

N ik ol
100 =50+50: P = (ngk Pl ) = (RW] R )
T0N0 =) _ k
T00 =50 +50 1 Quij = (Qijers Qije,) = <s[m,s[,ﬂk
50=25+25: P, = (P, Psz)= <R’? R,
50=25+25: Q= (QL, i)z<§;,sik

Ck

10

5450 Qu=(Qq.Qs) = (Q"Q

iy N S .
50=45+5: R =P+ (6]P' - 5P/

)
)
)
10=5+5: P,=(P,.,Ps)= <Pk,Pk)
)
)
)

o . 1 .
50=45+5: S{=Qj+7 (%Qj - 6;Q,
50 = 40 + 10 : R[U}k _ EijlmnPécmn + 6ijklmi:\)lm
50 =40+10: S = €ijimnQE"™ + €ijkm Q™

) A
25=24+1: Rj=Pi+-0P
. 1
25-20+1: Si=Qi+ 00

o 1
5=T0+15: Rij:E(PijJrng))
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1, g
— . 1y _ ? )
25=10+15: S = (@7+ Q) (A1)

To normalize the SU(5) fields contained in the tensor, |Y (), >, we carry out a field
redefinition

— . 2 . __ 6
Gh: P=p. () P= 2Pl (W) Py,

V5
_ . . - 1
(15): P =v2pl), {24}: Pi=7Pi, {i0}: Pl = 673ka
{45} : P =Py (A.2)

B} Q=0 (5}: Q=—20. {10} Qiﬂ‘:\ﬁgia‘

ﬁ 3
{15} : Q) =v2Q%, {24}: Qj=09;, {40}: Q7 =—-g/"
{5} Q=9 (A.3)

In terms of the normalized fields, the kinetic energy of the 144 and 144:
— < A (4),|0Y (1), > takes the form

i 1 .
Lkt = —04P10"P; — 04P]0"Pi — S04PVT0" P

1 ijt aA(S it 9A ] ijkt nA
—510AP(0 P — aPoAP! — a 73/ fo PW

k

Uik = 040107 Q" 0,010 Q: — ;04 0];0* Q"
—ﬂaAQz(‘jS)TaA QZS’) —04Q 04 Q) — aAngaA Qi

where A =0, 1,2, 3 represents the Lorentz index.

For ease of reference we give below the notations that will be used in much of the
paper(i) The set of indices (U,U")...(Z,2") run over several Higgs representations of the
same kind, (ii) MO represents mass matrices hl-) f( f g() g(~); kO, kO 10
1) are constants, (ili) An antisymmetric product of four I'’s for example, is represented
by T Loy = 4 2 p(= 1P Thpy Tupoy Dopgay Papgey With Y- p denoting the sum over all
permutations and dp takes on the value 0 and 1 for even and odd permutations respectively.

We discuss now the SU(2) x SU(3) decomposition of the 45 and 45 SU(5) multiplets
used in model building in section [l We denote the doublets that arise from these (Qa,

f’o‘), and the triplets by (Qa, f’“), ((NQ“, f’a) We exhibit the decompositions below.

Qp, = -Qj, = Qq, P)*=-P}"=P°
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Qll;a = _an = Qaa Pga = —Pga = f)a
~ 1~ ~ 1~ ~ ~
Qo = Qha + 35 Qa, PR™ =Pi* + 26/P%, Qp, = 0=P*
~ 1~ ~ 1 ~ o~ ~
an - an - §5§Qa7 Pg{b = Pga - 5551)0,’ gb =0= Pgb
~ 1 ~ ~ ~ 1 ~ ~ ~ ~
Q. = Qg+ 5 (9Qe —02Qy) , PP =P - (9P — 4P, ), Qp=0= Py
Q5 = Qg + (05Qs - 55Q,) . P =B + (9P —59Py), Qg =0=PY’
Qip = capQ’, P27 =P, (A6)
The kinetic energy of the 45 and 45 fields is given by
~04QN0' Q)] — 4P P = —040,0 Q) — 91,0 Q] — 040"0" Q"
—9aPOAP — 9aPUOAPY — OaPL 0P — ... (ALT)

so that the doublet and triplet fields are normalized according to
q.-1fle. a-fle. @- Lo
(o (0%) a — 2 a - \/5
po — \[pa fw:\ﬁﬁa b, L5 (A8)
2 2 9 a \/5 a .

B. The gauge couplings of vector-spinors

In this appendix we compute the interactions of the 144 and 144 with gauge tensors 1 and
45.

B.1 The 144' x 144 x 1 couplings
These couplings are given by

1)

1 A
L&l =49, ab T(-f—)du"YOfY ‘T(-i—)I;M > (bAPU (Bl)

where y4(A, B = 0 — 3) spans the Clifford algebra associated with the Lorentz group. An
explicit analysis in the SU(5) x U(1) basis gives

W [ [ , s) 1=k ij
Litlzr = Yab { [de’YAP;n’ + P Apsz T 7)(S)a Plgi )+ _PdiJVApéfc

PPl + PafyAPb,+ Lt Y'P | Ga (B.2)

B.2 The 144" x 144 x 1 couplings

These couplings are given by

1 ,(1)
LY =g < TOanh ™y 1T g > Page (B.3)
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An explicit analysis in the SU(5) x U(1) basis gives

L(_l)_—‘(l){[Qﬂz xe +QmﬂAQ’f+ Qw Aol 1@ YAk

bij

+04v 19y + = QamA Qi + = QawmA QU G (B.4)

B.3 The 144' x 144 x 45 couplings

These couplings are defined by

45y 11 <45>
LS--F) = o194 < Tenyauh® Epo|T You = Papo (B.5)

An expansion in the SU(5) x U(1) basis using the Basic Theorem gives

— 7
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The barred matter fields are defined so that fﬂk = ngT 0 etc..

B.4 The 144" x 144 x 45 couplings

These gauge couplings are defined by
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L(45) _ 11 _@s

S =20 < TOwh Sl T g > Pap (B.7)
An analysis in the SU(5) x U(1) basis using the Basic Theorem gives
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C. Higgs sector quartic couplings

We discuss now the quartic couplings involving four vector-spinors. We will discuss specif-
ically the quartic couplings that arise from the cubic couplings discussed in section fl by
elimination of the 1, 45 and 210 fields assuming they are heavy in the 144 x 144 couplings
and by elimination of 10, 120 and 126 + 126 assuming they are heavy for the 144 x 144
couplings. We first discuss the quartic couplings that arise from the elimination of 1, 10,
45. In this case we start with the superpotenial

1)

W(1,45,210) _ h < T* |B|T > k <1>X + = q)XMXX’q)X/

—)ap
L, @) (45) (45)
+§hdé )GM|B2PU|T > k (Dpoy + (bpo—yMyyl(bpo-yl
(210) (210)
4lhab ?f)du|BF[vFPFJFA]|T(+)5u >k, Pyporz

(210)

1
+- q)upa)\ZMZZ/ q)upaAZ’ (Cl)

— 24 —



We then eliminate ®x, ®,5y, ®,, o1z assuming they are superheavy using the F-flatness

conditions
W (1,45,210) W (1,45,210) W (1,45,210)

= —_— —_— = .2
6<I>X O’ 8q)pay O’ 8q)yp0)\g (C )

We discuss now the individual contribution arising from the elimination of 1, 45 and 210

separately.

C.1 The (144 X m)l (144 X m)l couplings

The (144 x 144) (144 x 144) | couplings gotten by the singlet mediation are given by

Wi 5 =200 < Tiau BIT (i >< Tial BIT 4y > (C.3)
where
* 3 T iT ijT 4T p
< T )au|B|T >: 1 {deﬂ?b + Qd sz + Q] Pbl] Q(‘?Sv Yé bz]

+Qir Pl — Q’J’“Tpgmk——g’;gpgi} (C4)

Explicit evaluation of the above quantities gives
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where we have defined

)\(1/) h(l)h(l)k(l) [M‘“(l) {M(l)M(l) }] k:(l)

db,cd xXx! X/’
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Here and in the rest of the paper, we define

T1-1
MY = [M“” +(mM™) } (C.7)
where (k) denotes the specific tensor representation.

C.2 The (144 X m)45 (144 X M)45 couplings

The (144 x 144) ;. (144 x 144) ,, couplings gotten by the 45 plet mediation are given by

45 45) : :

(+)dxr =
+4 < T, \Bb b ]T ()b =< T CA\Bb b; ]T

—4< T* be bn \T Yo > < T alBIT

(+)dr =~
(+H)dx =~

+5 < T el BIT (5 >< Tl BIT (i >] (C.8)

where the explicit evaluation in SU(5) x U(1) decomposition gives
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1 1 /3
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where

(45) (45) . (45) , (45) 45) 45) (45) (45)
N = o B ey [M {M M }]W K (C.13)

C.3 The (144 x 144),,, (144 x 144),, , couplings
The (144 X M)mo (144 X M)mo couplings are gotten by 210 mediation and are given by
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We carry out now an SU(5) x U(1) decomposition of these and get
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1 L A kmT k AImT 1 3
t3 <5 Qi —0i Q4 ) 3Pbmi =\ 5P(s)img
1 k ~lmT L A kmT 1 3
+5 (BT =BT | 3Pim — \ 5Pisyim
_{_1 (61 kaT 5]6 leT —P,
92 1=(S)a bm] (S)bmj
1 k ~lm 1 k:m
+§ (61 Q(ST 5 Q T bmz B )bmz
k AHIT | AkT m 1 AkT k AIT pm
_(5dem_5dem>P6i_<5Q —otoi ) Py

+15 Q’;’Tpéij} (C.17)

* - 3 ijklm ~An'T 1 zklm nT ()
<7 )W|Bbbbkbl|T+)6M>—z{—\/1O JKmonTp, 7 shim QuTps).

2 .
+ﬁewklmQ§n7>gm} (C.18)

< T(—)éﬂBbTbTbTb T (i >=1 {\/ 1—O€z‘jkzmQé TP, + ﬁezgklmQ(s TPdn

2
+— eljklQOTPn} (Clg)

V5
* T2t . i ki + ki
T i ) iklT pm
QCJPd - 2_051 Q Q Pd]kl
_ _62 lemTrPn _ Qz]ngPlgl _ leTPz

dklm \/3— ¢ T \/— djkl
19 SikT 49 i AKIT ikT(5)
+ 30 Qc’ P ix; + 30 5] Qe Py — \/79 Pdkj
3 /3 kT ikT (S) i AkIT (S)
+§\/;Q(S)épd’kj 2 dek ) 5 & dekl

—3QT Pk +351Q1F } (C.20)
< T | BbLbabib | T L sy QTR 39]“73@ + QTP
(=)éx n“n“vj (+)dx —— 15 (s dk 15 é

,29,



1 /3 . 1 [3 u
10\/7U " #Pam + 3\ 10° QP

1
+2\/§ z]klanT O(l;i)n} (C21)

. tot [2 kT kT KT pl
< T BUBOLbIT )y >=1 { 159 Pir; —\/ 15 S0Py + TP,
3 KT m 1 /3 knT plm

10\/76@]klmQ P 5 1—06ijklmQé P

knT plm
2\/_EzjklmQ S)Pb }(0.22)

* i ij T ij T S)
< T(—)6A|Bb;rnbj1bnbm|r(+)d’>\ >=1 {12Q PJ —|— QJ Pdl] + 6Q{S’)c P

Cct) dk

_QkTpU _ _Qsz _ _Q’JkT } (C.23)
where
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PP Sl A SR Y Rl 1V Rl V R | k (C.24)
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C.4 The (144 x 144),, (144 x 144) , couplings

Here we consider the quartic interactions that arise from mediation by the 10 plet of Higgs.
We begin by considering the superpotential

/ (10) ¢! o>
w0y — —<I>,,u/\/luu,<1>,,u/ +h (yinl BUAT (i, > K,

(10)
ab

(0)

(10)

+h,, < T4l BT |T u > k, ®uu (C.25)

Elimination of the ®,;; as a superheavy field using the F-flatness condition

aw(lo)’
0D,y

=0 (C.26)

leads to the quartic interaction generated by 10 mediation.

(144x144)10(144x144) 19 (10) N
=2\ . dhid < T |BF,,|T < T CV|BF,)|“I’ >
(10) *
=8, 4 < T(Jr iyl Bbi ]T Vi > < Y4 \Bb T (4)dv >

_ 4A(f,°“,+’ <8PT P/PL P, ejklmnPT pY PlePmn> (C.27)

ab,éd AT py, QY ap™ f
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C.5 The (144 x 144),, (144 x 144),, couplings

An analysis similar to the above gives in this case the following
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where
< (10)(+) —(10)(+) = (10)(+) =~ (10) [ 7(10) (10) (10) —(10)
Nwi =hay el RS (MMM 1)) (C.30)

C.6 The (144 x 144),, (144 x 144),, couplings

An analysis similar to above gives
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where

((lllj)c(dﬂ _ h;II;O)(H h(lo)(+) k‘(w) M‘“Z(;z{)/k(lo) (032)

Further details of the decomposition of the couplings generated by 10 mediation are given
in appendix [H.

C.7 The (144 x 144) 144 x 144) couplings

120 ( 120

We begin by considering the superpotenial
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Eliminating ®,,)y using the I flatness condition
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we obtain
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C.8 The (144 x 144),,, (144 x 144),,, couplings

An analysis similar to the above gives
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C.9 The (144 x 144),, (144 x 144),,, couplings

120 (
Starting with cubic couplings involving the 120-plet of fields and following the same pro-

cedure as above one gets the following
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where
(120)(7) (120)(7) 7(120)( ) (120) ’V(IQO) (120)

The SU(5) x U(1) decomposition of the quartic couplings can be carried out using the

results given in appendix .

C.10 The (144 x 144)-- (144 x 144),,4 couplings

126(

Here we begin by considering the superpotential
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Eliminating ®, o 0w, 5,,pa yow through the F flatness conditions
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gives the quartic interaction below
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C.11 The (144 x 144)— (16 x 16)_,, couplings

126 ( 126

The analysis here follows a very similar approach as above and one gets
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where

(126,126)(+) h(m)m (126)(+){126) —~(126,126) . (126)

Sab,ed =l Tud Mww "k, (C.47)

Further decomposition in the SU(5) x U(1) basis can be carried out using the results in
appendix [3.

D. Matter-Higgs couplings

In this appendix we evaluate the quartic couplings involving two semi-spinors of matter
fields, i.e., the 16 plets of matter fields and two vector-spinor fields. We will utilize the
analysis of section W to compute these quartic couplings. Thus the couplings would arise
by mediation from 10, 120 and 126 + 126 between the matter sector and the Higgs sector.
We discuss now these computations in detail below.

D.1 The (16 x 16),, (144 x 144) , couplings

For the computation of the (16 x 16),, (m X M) 10 couplings arising from the 10 media-
tion we consider the superpotential

(10)

W(lo)” = —q)l,u./\/luu/(byu/ —|— h

(10)
<Y anl BLT (> Ky s
(10)

(1 0) (10) (10)
+de;

0l BUY 5 > 1, ®ur + Ry < Y70, BUY (g, > Ky, @y (D)

Eliminating ®,;; using F flatness condition we get

(16x16) 10 (144x144) 1 (10) . .
= —2§ab o <Y \BF,,\\I/ % >< Ty \Fp\T L >
(10)

—4€ ., db.éd |:< 4 ’Bb ’\Ij )b >< T(—i— cu’BbT’T (+)dv >

+ < \Ij* ‘Bb ’\Ij b >< T(Jr cy‘Bb ‘T(Jr dv >]

(10)(+)

- 5dé,c’d’ < JklmnMTszjPlc?lTPm" — 8MdTiMl]PT P

Gt dy
ek METM P P — SMEMPE PY ) (D.2)
where
é.c(;:i(de) _ f;:’)(Jr)héldO)(vL) (IO)MZ(;Z{)/k(m) (D3)

D.2 The (16 x 16),, (144 x 144),, couplings

An analysis similar to the above gives

(16x16)10(144x144) 1 (10) *
= 2500 < Yl BLolY ()5 >< T(L)a [BLo[T ()4, >
(10)
= —4<dl;é +)a|Bb |\II b >< T* )CV|BbT|T >
+ <, ’Bb @45 >< T BbilT (4, >
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(10) +)

o iT
M” Mlecklquwu "‘M” Mleczkqu'jlu
T 1kl L
_M” M; chlqu'jku +e mMT bQCJkMQcilmu
+62]klmMZJTMle Qdﬂ) (D4)

where
(10)(+) (10)(+) (10)(+) (10) 1(10) +(10)

To obtain the reduction of the results of sections m and @ in the SU(5) x U(1) basis
we use the results of appendix [H.

D.3 The (16 x 16),,, (144 x 144)_, couplings

120

Here we begin by considering the superpotential

" (120) (120) (120)
W(120) — _q)up)\VMVV’ (I)pVAV’ + 3|hab +)au|BF[VF F)\]|T > ]C yp)xV

1 (120 (120)
g ab < \I/* ‘BF[VP F)\H\I/( b > lV q),/p)\v
(120) " —(120)
3|hab < T ‘BF[VF P)\]‘T > kv q),/p)\v (DG)

Eliminating ®,,)y by the F flatness condition we get

(16X 16) 190 (T44x T44) 1 9 1 (120

__ngaé,éd’ +)dyBr[Vr,,rM\sz(+)b><T(+ a|BLT FM\T( Vv >

_ _%5;1;“; [< Coal BTLT,TAY g >< Yoy [BULDDAY g, >
~28 < Wi, BTV g >< T}, 0 |BLIT >]

- _g ;1;0;[ (0 BUibibE W g >< T4 |BUIDILIT g, >

—6 < W4 )4|Bbi|¥ ) >< T(+ CV\Bb |T (4)dv >
+3 <V, be]\I/ b><T(+cybebbyT Vv >
+3 < WP, BT )y >< Y746 | BB by T dy >

+3 < W, |Bb bk|\11 i >< T(+ CV|Bb bib; |T +)JV>

—6 < T(Jr W\Bb T i >< iy ]Bb \\I/
+3 < T4 [BbIT ()5, >< U7, |Bb bubil¥ .,
+3 < Y al BUIT (5, >< ¥, ¢/ Bblb hbal ¥,

+3 < T | BOIDIORIT g, >< W BELbiDI >]

4 (120(-) [

= ¢ lAMEM, P”TP L+ AaMITMPE P
3ab,éd

b divt djv
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T i iiT T
—4M; MuPZ,] PUijV — 4M2] MéjPéuPcZiu

iiTn rknpT plm T A rlmpii Tpkn
_eijk‘lde M PcnyP eijkldenMé Péy Pd'l/:| (D?)
where

() 0200()

(120)(—) (120) ——(120) , (120)
5aé,éal’ - fdé éd

Mk, (D.8)

D.4 The (16 x 16),5, (144 x 144),,, couplings

An analysis similar to the above gives

(16X16) 190 (144 % 144) 1 50 1 20
——1_8<d6,éci \\ +)dLBI‘[l,I’pF>\”\I/(+)5>< T?f)éy|BF[quFA}|T(,)d’U >
1 (120
- Ecdé,éd'{ Upal BELT DA (s >< Ty [BTLE,EATY g, >
—28 < \IJ* ‘BF ]\IJ )% >< T* BTy ‘T
4 (120
- _§<d6,éci |: +)d|Bbe]bk|\Il( b >< T* —)év

—6 < Wi, Bb| Ly >< TT 0 | BUIT g,
+3 < Wi, BUI W Ly >< T |Bb*b bil T
+3 < \I/(+ | Bb;| ¥ (4 >< T, \Bb I ]T Sy >

il
|BbTbTbT|T iy >
>
L >

+3 <V, ]Bb bk]\If (4 >< T* \Bb bib; ]T Sy >
+ < Ty [ BT _yj, >< \11* | BUlbbL
—6 < Y74 | BUIT Ly, >< Wy BO]W
+3 < YTy, | BOI|Y yp, >< W7, \Bb byb; \\I/
+3 < Y735 [BU|Y _, >< W1, BUbba |

+3 < TP |Bb T0| Y ()5, >< WE, )| BOLbib; | ]

—)av

4 20 T\ T\ j
3 ab,¢d |:4M bQCZ]MQ(ju_4M b]Q Q

T kel i'T kl
—AMY T MQE,Q g, — SMET M QT Qi

B 13T\ rkl m iGkImNAT N,
"’Q]klmM M Q Q —4de M’M' CJkqulmu

jk
+8MTMbZQCﬂQ’ +AMEME QI Qi

~AMEIMPQETQ | (D9)

where
(120)(—) (120)(—) 7 (120)(-) (120) T(120) 7 (120)

Sabei = Jab e Myvik,, (D-10)

Further reduction of the above to the SU(5) x U(1) basis can be achieved by using ap-
pendix [{.
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D.5 The (16 x 16)54 (144 x 144),,4 couplings

Finally we consider the matter-Higgs couplings via 126 + 126 mediation. Here we begin by
considering the superpotential

126,1726 " 1 (126,126) —
w( ) = §(I)Vp0'>\19WMWW/ Qpuorow:

126) —
+)d|BF[VFpFUF)\F79]|\II( )% > l (I)l/pO')\’ﬁW

(126)

f
(126)

T@)duwr[yrpromrﬁ]|TH5M >k, ®yporow (D.11)

15(126)
5 ab
Eliminating ®, 5 9w, Eypoww, by use of F flatness gives

(16x16)755(144x144) 196 1 (126,126)

= %Qdééd ,’BP F FO—F)\Fﬁ]’\IJ
><<T* P09 WA I Y T U

W

2 (126,126)

T T
- 1_5Qd6,éd' 2M; lvlbQ Qdu ZMg M”Q deu
+2MTMbJQ QJ +48M7 My, Q7 Q

ij k ij T T
5Ty rkl iJ T\ rkl AT
+O6M T MF' Q1 Qg — 30MY T M QL Qi

T kil Klmp g T
+oMZ M chlqu]/wJFQ MMM szQC]kHlemu

T
+2€ijklmM2J Mngéu du (D.12)

where
(126,126)

Csbed

(126) (126) (126) —~(126,126) ,(126)

W/

A further reduction of the quartic interactions to the SU(5)x U (1) basis can be achieved
by use of appendix [G|

The quartic couplings discussed in appendices [d, [ are obtained by integrating out
the intermediate fields which belong to the set of tensor representations 1, 45, 210, 10, 120,
126+126. The analysis given in the paper is quite general allowing for an arbitrary number
of such intermediate tensor set. The results, however, can be simplified if one assumes just
a single tensor field for each term in the set listed above. In this case the couplings show
a factorization. This case can be gotten from the analysis of the paper by the following

*(4)71(4)

diwc"i and similarly for other couplings.

ENTS
>

simple algorithm of replacemen 5\22 b

E. Details of couplings from 10-plet mediation

In this appendix we expand the SO(10) coupling structures that enter in 10-plet mediation
in section 4 and appendicies [(J and [D| in a SU(5) x U(1) basis. We list these structures
below
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(10)(+) 5T a0 [ V6 r e ()T ok kT
hei PP, = hy _P #Pd T \/77)@19 P+ Pé Pd’k] (E.1)
h(lO)(+) ) pETpmn _ h(lo)(+) quTPr 4 PT pra _ 4\/_7)pr’ - 2)
ed  CoRmnTas B, = Ny dpqj épa” ¢ Fdpj (E.
A0 pif Tkl _ 3 10H) 1 ijpgrpsT kl 1 klpar ijT s
héf) P; wa - hdl; [6 Papqrp 6 Pas ,Pbpqr
1
_ - qur kT pl klpgr piT Vi
+12\/5 Pipar P = 12v/5 a 7)bpqr
1
__—  (ipgrplT k ckipar JT i
12 \/g Papqrpb 19 \/— Pa Pbpqr
. 1
_ ijlpgpT k_ = klzpq JT
+1O\/66 apq’ p 10\/— Pd Pbpq
1
_ UkPQ’PT Pl - kl]quzTP
10v6 apa 10\/6 bpg
1 d 1
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Q Qb@]ﬂ a |: \/— jklankalen— 6\/_€]klank§;£len
1
+g€ikmn Q6 Q" + Qik Dy \fg’;;fgbk} (E-4)

(10)(+)Q13Qd1, _ h(lo)(+) [\/_Q]kTQdk \/79(?1‘ Qdk + Q Qk]

el Q=i [4%}; Q" — 4 \/7 QrTQl - 4\/—
h;bm CZJdeklu - ;150)”) [ée”pqupquQZkl ¢ Chtpar QZ}; qur
12\/_ 1o/ e qurT Qg — ﬁeklm of} QZ')}] '
_12\/— querquQz;k 12\/—€klpqua] qur
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F. Details of couplings from 120-plet mediation

In this appendix we expand the SO(10) coupling structures that enter in 120-plet mediation
in section 4 and appendicies [(J and D] in a SU(5) x U(1) basis. We list these structures

below

(120)( ) pT plm _ 1200 1 ijklm T P 1 cIklmpT 1.
1 zyklm (S)T P zgklm (ST
+6\/§ 7)cnp dijk - 2— /ﬁ Pcnl dek
+PiT P+ —fpg Pi =3 \/_PQ;TPZ] (F.1)
(120)(=) 5T p,020) [ 3 kT /3 kT
hdé PawaJu a [ Pal ijk P Pblk
+V2PETP) — aPsr Pl (F.2)
(120)(=) 134§ T _ o) | 2 i T k 5T i
1 1
_|_6 Uklmpcklmpdn 30 zyklmrpckl’]),m] (F3)
(120)(<) 5 T azo-) | V6, 2, iT(S) T i
hag PanPriy = Dy [ Pa" Poi + \/;Pd Piij + PPy (F.4)

U2 BT him)( ) [szsz n P]TPZ

éd cp T djp 2\/— é
L ik L ik (S)
+2\/% € mnpclmnpdkp+ 6\/5 € mnpclmnpdk
- zklmn T ()

e PcmnPdkl] (F.5)

(120)(=) ikl (120)(— qlmT ~p T Aplm l pmT ~[
h ZJ QO]uQéan ha’,l; [ Q Q +7Q Q +4 Q prn

\/7 QplTQZ;n \/> ar sz

i, (mropy - a.0)
/(e - e o

L2 (0 apmT e AplTY .
+g\/;(5nQ§ _611 Qd >pr] (F6)
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(120)() npT ~ijk 1 niT ~jk
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niT ij
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+ Gﬁewklmg S)é
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Q lem 2\/_ Qdm_ 2\/—Qcm le:| (F7)
(120) Q QJ o (120) / Q Q]k / Q sz
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(120) (120)( ) 2 QkTQ 2QTQ
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(120)(-) P e T ~ij ST A
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G. Details of couplings from 126 + 126-plet mediation

In this appendix we expand the SO(10) coupling structures that enter in 126 + 126-plet
mediation in section 4 and appendicies [J and [J in a SU(5) x U(1) basis. We list these
structures below

(26)(+) 5 T @+ | 4
fw o PauPi, =Ty [ﬁpé 7’61} (G.1)
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The above concludes our analysis of the interactions of the vector-spinors with Hig-
gs multiplets in tensor representations, self-couplings of the vector-spinors, and of the
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couplings of the vector-spinors with the matter in the spinor 16-plet representations.

These couplings are of considerable value in the analysis of spontaneous breaking of the

SO(10)gauge symmetry, in the analysis of proton life time, and in the analysis of quark-

lepton textures and in the study of neutrino masses.
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