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A new SO(10) unified model is proposed based on a one-step breaking of SO(10) to the standard model
gauge group SU(3)- X SU(2); X U(1)y using a single 144 of Higgs. The symmetry breaking occurs when
the SU(5) 24-plet component of 144 develops a vacuum expectation value. Further, it is possible to obtain
from the same 144 a light Higgs doublet necessary for electroweak symmetry breaking using recent ideas
of string vacua landscapes and fine-tuning. Thus the breaking of SO(10) down to SU(3) X U(1),,, can be
accomplished with a single Higgs. We analyze this symmetry breaking pattern in the nonsupersymmetric
as well as in the supersymmetric SO(10) model. In this scenario masses of the quarks and leptons arise via
quartic couplings. We show that the resulting mass pattern is consistent with experimental data, including
neutrino oscillations. The model represents an alternative to the currently popular grand unified scenarios.
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I. INTRODUCTION

In any grand unified theory (GUT) understanding the
Higgs sector is not an easy task. Usually these models
require the existence of more than one Higgs multiplet.
In the minimal SU(5) GUT one employs one adjoint 24-
plet (%) and a fundamental 5-plet to break the GUT sym-
metry down to SU(3)- X U(1),,,- The Yukawa couplings
of the 5-plet Higgs also generate quark and lepton masses.
The Higgs sector becomes somewhat more complicated in
larger GUT structures such as SO(10) [1] since there is a
larger symmetry that needs to be broken. Conventional
SO(10) models employ at least two different Higgs repre-
sentations to break the symmetry down to SU(3)q X
SU@2);, X U(1)y (a 16 or a 126 to change rank, and one
of 45, 54, or a 210 to break the symmetry down further [2]).
To achieve electroweak symmetry breaking and to generate
quark and lepton masses an additional 10-dimensional
representation is also needed. A minimal SO(10) model
studied recently, for example, utilizes one 10, one 126, and
one 210 Higgs representations to achieve symmetry break-
ing and to generate masses for the quarks, leptons, and the
neutrinos [3].

In this paper we discuss the following question: Is it
possible to achieve SO(10) symmetry breaking all the way
down to the SU(3) X U(1),,, with a single Higgs repre-
sentation? We find that this is indeed the case if one
employs a 144-plet of Higgs of SO(10). The 144-plet is
contained in the product 10 X 16, and thus carries one
vector and one spinor index. An interesting property of
the 144-plet which makes such a symmetry breaking chain
possible is that it contains in it an SU(5) adjoint with a U(1)
charge, as well as standard model Higgs doublet fields.
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This can be seen from the following decomposition of 144
under SU(5) X U(1) subgroup of SO(10)

144 = 5(3) + 5(7) + 10(—=1) + 15(=1) + 24(=5)
+40(—1) + 45(3). (1)

It is significant that the SU(5) adjoint 24(—5) above also
carries a U(1) charge. Once the standard model singlet in it
acquires a vacuum expectation value (VEV), it would
change the rank of the group, leading to a one-step break-
ing of SO(10) down to SU(3)¢ X SU(2); X U(1)y. The
submultiplets 5(3), 5(7), and 45(3) all contain fields with
identical quantum numbers as the standard model Higgs
doublet. If one combination of doublets from these sub-
multiplets is made light by fine-tuning, it can be used for
electroweak symmetry breaking. Such fine-tuning is justi-
fied in the context of the multiple vacua of the string
landscapes, which has been widely discussed recently.
Although consistency of the first stage of symmetry break-
ing requires the mass-squared of all the physical Higgs
particles to be positive (including that of the light Higgs
doublet), we show that radiative corrections involving the
Higgs self-couplings can turn the mass-squared of the light
Higgs doublet negative, facilitating the second stage of
symmetry breaking.

Realistic fermion masses can be obtained within this
minimal scenario. Recall that the fermions of each family
belong to the 16-dimensional spinor representation of
SO(10). Under SU(5) X U(1) subgroup the 16 decomposes
as follows

16 = 10(—=1) + 5(3) + 1(=5). 2)
Fermion masses will arise from quartic couplings of the

16,16,(144144) and 16,16; (144*144"). These couplings
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would lead to Dirac masses for all the fermions as well as
large Majorana masses for the right-handed neutrinos.
Since the light Higgs doublet is a linear combination of
doublets from 5 and 45 of SU(5), the resulting mass pattern
is not that of minimal SU(5) and is consistent with experi-
mental data, including neutrino oscillations.

The outline of the rest of the paper is as follows: In
Sec. I we discuss symmetry and mass growth in the
SU(5) X U(1) language. In Sec. III we discuss the tech-
niques of calculation for the analysis of 144 and 144-plet
couplings using the method developed in Ref. [4].! Here
also we discuss the set of couplings (144 X 144), (144 X
144),(144 X 144),, (144 X 144),5(144 X 144),5, and
(144 X 144),,,(144 X 144),,,, where (144 X 144), means
a singlet in the (144 X 144) coupling and (144 X 144), X
(144 X 144), are couplings generated by integrating out
the singlet field, and similarly for couplings with subscripts
45 and 210. These couplings are needed in the computation
of symmetry breaking which is then analyzed. In Sec. IV
Higgs phenomenon and mass growth are analyzed for the
breaking of SO(10). Here it is shown that within the land-
scape scenario with fine-tuning [7,8] one gets a pair of light
Higgs doublets exactly as in the minimal supersymmetric
standard model (MSSM) while the Higgs triplets and other
modes are either absorbed or become super heavy. In
Sec. V couplings of quarks and leptons are discussed and
it is shown that such couplings are quartic in nature. As
an illustration the couplings involving (16 X 16),,(144 X
144),, and (16 X 16),,(144 X 144),, are explicitly dis-
cussed. It is shown that the resulting masses and mixings
are consistent with experimental data. Conclusions are
given in Sec. VL.

II. SYMMETRY BREAKING AND MASS GROWTH
WITH 144 IN THE SU(5) X U(1) LANGUAGE

Analysis of the symmetry breaking and of fermion mass
generation with a 144 of Higgs turns out to be rather
complicated. Before we delve into the full detail in the
SO(10) language, which is presented in the next section,
we analyze here these issues in the simpler SU(5) X U(1)
subgroup language. We will present our analysis in a non-
supersymmetric model. Generalization to supersymmetry
(SUSY) require the addition of a 144 chiral multiplet, so
that the flatness of the D-term potential can be maintained
at the GUT scale, leaving supersymmetry intact at that
scale. The analysis in this section would also hold for
SUSY models with some redefinitions of parameters, pro-
vided that the 144" field is identified with the 144 of the
SUSY SO(10) model.

"For further application of the technique of Ref. [4], see
Ref. [5]. For later works using other techniques for the compu-
tation of SO(10) couplings, see Ref. [6].
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A. One-step GUT symmetry breaking

Since in the SU(5) X U(1) decomposition of SO(10) the
144 contains an SU(5) adjoint carrying a nonzero U(1)
charge (see Eq. (1)), it is instructive to analyze symmetry
breaking of SU(5) X U(1) with a complex adjoint . One
can construct such a representation from two adjoint rep-
resentations of SU(5): 3 = 3| + iX,. Then ¥ is not self-
adjoint, and we denote the conjugate of 3 as 31

The most general SU(5) X U(1) invariant renormaliz-
able potential involving the 3 and 37 fields is

V= —Mu(E3) + %u(yzm + %(tr(zzf))z
+ %u(zz)u(zﬂ) + %tr(EETZET). 3)

Among the possible local minima is the one which pre-
serves the standard model gauge symmetry given by the
vacuum structure

(3) = &ty = vdiag(2, 2,2, —3, —3). (4)

For some range of the parameters of the potential, this
minimum will be the global minimum. Minimization of the
potential gives

M2

2 —
T(ky + K4) + 30(ky + K3)°

v

(&)

Clearly this VEV structure breaks SU(5) down to
SU@B)¢ X SU(2), X U(1)y. Further, since 2 is charged
under the U(1), its VEV breaks this U(1). Thus we see
that the SU(5) X U(1) symmetry is broken down to the SM
gauge symmetry in one step with one complex adjoint
Higgs field. This can also be verified directly by computing
the gauge boson masses. The physical Higgs boson masses
can all be made positive for some range of parameters of
the potential. It is then clear that if an SO(10) representa-
tion contains submultiplets which transform under
SU(5) X U(1) symmetry as an adjoint carrying U(1)
charge, then there is the possibility that this Higgs field
can break SO(10) all the way down to the SM gauge
symmetry in one step. We observe that the 144-plet of
SO(10) is the simplest representation which has this prop-
erty.z. Technical details of this assertion in the SO(10)
language is postponed to the next section.

Identical conclusions can be arrived at for the case of
supersymmetric SU(5) X U(1) model. The potential of
Eq. (3) will become the superpotential (with %* replaced
by a chiral superfield 3), the couplings «; will be non-
renormalizable operators with inverse dimensions of mass,
and the mass term M? will be replaced by M. Thus we
conclude that in SUSY SO(10) a 144 + 144 pair of chiral

>The next simplest possibility is to have a 560 of SO(10),
which contains a 24(=5), 1(—5), as well as 5(3), 45(7), and
45(3) under SU(5) X U(1).
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superfields can break SO(10) in one step down to the
supersymmetric standard model gauge group.

B. Electroweak symmetry breaking

Having recognized that a single 144-plet can break non-
supersymmetric SO(10) down to the SM in one step, we
turn our attention to the subsequent electroweak symmetry
breaking. As noted earlier, the 144-plet also contains fields
which have the same quantum numbers as the SM Higgs
doublet. We explain how these doublet fragments from the
144-plet can be used for the purpose of electroweak sym-
metry breaking, thus making the model very economical.

An immediate question that can be raised is how to
obtain negative mass-squared for the light Higgs doublet
of the SM arising from the 144-plet. Consistency of the
GUT symmetry breaking would require positivity of the
mass-squared of all the physical Higgs bosons, including
that of the light SM doublet. If the surviving symmetry and
spectrum below the GUT scale are corresponding to those
of the SM, there would be no interactions that turn the
Higgs mass-squared negative needed for electroweak sym-
metry breaking. In analogy to the stop squark quartic
couplings turning the Higgs mass-squared negative in the
supersymmetric SM, we observe that the quartic couplings
between the light Higgs doublet and any fragment of the
144-plet with mass an order of magnitude or so below the
GUT scale can turn the Higgs doublet mass-squared nega-
tive.? We illustrate this mechanism with a simple SU(5) toy
model with an adjoint Higgs field below.

Consider a toy model with global SU(5) symmetry
broken spontaneously by an adjoint Higgs field 3. The
most general renormalizable potential for this field is given
by

V = m2Tr(32) + %tr(z‘*) + %(u(y))z + utr(3?).
(6)

One possible VEV structure is as shown in Eq. (4).
Minimization of the potential of Eq. (6) gives

3
m? = —(Tk, + 30k,)v* + 7 b @)

The (3,2, — 5/6) and (3%,2,5/6) components of 2 (under
the surviving SU(3) X SU(2) X U(1) symmetry) are
Goldstone bosons, while the (8,1,0), (1,3,0), and the
(1,1,0) components have masses given, respectively, by

*Yukawa couplings between the Higgs doublet and fermions
cannot turn the Higgs mass-squared negative. Cubic self-
couplings (which are not allowed in the SM Higgs doublet)
and/or quartic/cubic scalar couplings involving other fields are
necessary for this to happen.

PHYSICAL REVIEW D 72, 095011 (2005)

2

5 15
mv + 5K1U2, m3 = —7;/,1) + 20K1v2,

2 __
my =

3
m} = =2 uv + (14K, + 60,02 ®)

For a range of parameters, all three squared-masses can be
chosen positive, establishing the consistency of symmetry
breaking.

It is possible by fine-tuning to make the SU(2); triplet
field to be much lighter than the SU(5) breaking scale,
while keeping the other two components heavy. We wish to
ask if such a finely tuned triplet can subsequently break
SU(2), further down to U(1),. This would, however, re-
quire that m3 turn negative at lower scales even though it
starts off as being positive at the high scale. Consider the
case when «; and u /v are somewhat smaller than 1 (say of
order 0.01), while «;, is of order one. Then m3; and mg are
generically an order of magnitude below the GUT scale v,
while m; is of order v. In the momentum range below v
and above mg, the mass parameters m3 and m3 will evolve,
while the singlet decouples. The renormalization group
equations (RGE) for the running of these mass parameters
are found to be

dm> 1 T15 5
Zs = W[§(M + 4Kv)? + Sl + 262)mg
3 2
+ §K2m3 } ©)

dm3 1 5/1
d—t?’ == W[“-sz% + 5(5 Kl + K2>m§:|,

where ¢t = log(Q), where Q is the renomalization group
scale. With k, being of order one and «;, u/v < 1, we see
from these equations that if m3 at the scale v starts off
being smaller than m3, it can turn negative in going down
from v to the mass scale mg. The mass parameter m3 will
remain positive in this case. This example shows that fine-
tuning of the weak triplet can be done at the scale mg is
such a way that its squared-mass turns negative at lower
energy scales.

In analogy with this example, if any fragment of the 144-
plet of SO(10) remains somewhat lighter than the GUT
scale, then the quartic couplings involving that fragment
and the Higgs doublet would turn the doublet mass-squared
negative.* It is interesting to note that if such fragments
from the 144 that survive below the GUT scale are the
color octet(s) and the weak triplet(s), unification of the
three SM gauge couplings will occur nicely at a scale of
(10'6 — 10'7) GeV [10]. The above analysis and conclu-
sions are in the context of a non-SUSY SO(10) scenario. In
the SUSY SO(10) case the top-stop Yukawa couplings will

“This statement does not contradict Michel-Radicati theorem
[9] as we are using radiative corrections to turn the doublet mass-
squared negative.
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turn the Higgs doublet mass-square negative in the usual
way.

C. Doublet-triplet splitting
We denote the components of the 144 multiplet by Q’s.
As can be seen from Eq. (1) the Higgs fields reside in the
multiplets Q,(5) + Q/(5) + Q;(24) + Qi-‘j(45). Similarly
we denote the components of the 144" multiplet by P’s
|
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and in this case the relevant Higgs multiplets will be
Pi(5) + Pi(5) + Pi(24) + P}/(45). The 5, 5, and 45 repre-
sentations contain SU(2); doublets and SU(3). triplets.
Before studying the doublet-triplet splitting in the full
SO(10) theory, here we analyze this possibility within the
simpler SU(5) X U(1) theory, but with couplings moti-
vated by the full SO(10) theory. The relevant potential
that we consider is given by

Vpr = m*tw(Q;PY) + m*t(Q'P;) + m*u(QLPY) + Mitr(Q:0Ntr(Q4Q)) + Aytr(PP)r(PEP)) + Astr(Q;P))tr(Q%P))

+ AStr(QP)I(Q5PY) + Agtr(QXP(Q P1) + mytr(Q;01010F) + myte(P;PLPLPY) + nstr(Q,PLQLPY)
+ (P, QEPLOY) + matr(QKQLPLP™) + (P PEPTP,,) + mstr(QF,0,010™) + miu(P{ QFPTQ,,)
+ netr(P 0%, Q1P™), (10)

where A; and 7; are dimensionless couplings which represent different types of contractions of indices. It is easily checked
that each term in the potential has an overall zero U(1) quantum number. There are several Higgs doublets and Higgs
triplets and antitriplets in this model. Thus one set of Higgs doublets and triplets and antitriplets arise from Q;, Q', P;, P'.
Specifically the doublets are Q,, Q¢, P,, P, while the triplets (antitriplets) are Q¢, P* (Q,, P,), where a = 1, 2, 3 is the
color index, and & = 1, 2 is the SU(2) index. Additional Higgs doublets, triplets, and antitriplets arise from the 45 of SU(5)
(from the 144-plet) and from the 45 (from the 144-plet). We discuss the decomposition of these below. The 45 of SU(5)
embedded in 144 has the following SU(2) X SU(3) X U(1), decomposition

45 = (2, 1)(3) + (1,3)(—2) + (3,3)(—2) + (1,3)(8) + (2, 3)(—7) + (1, 6)(—2) + (2, 8)(3). (11)

One notices that while there is only one SU(2) Higgs doublet (P®), there is one SU(3) Higgs triplet ¢ and one antitriplet
P,. Similarly, for the 45 embedded in 144 one has one SU(2) Higgs doublet Q,, one SU(3) Higgs triplet Q“, and one
antitriplet Q,. The above analysis shows that the Higgs doublet mass matrix will be 3 X 3 while the Higgs triplet mass
matrix will be 4 X 4. We focus first on the Higgs doublet mass matrix after Q;'. and Pj. develop VEVs. We display the mass
matrix for the Higgs doublets in the basis where the rows are (P,, Q,, h,) and the columns by (P%, Q%, h?)

300,02 + 9,02 m?* + 30A5v? + 9niv? vzngc
m? + 30A;02 + 9302 30A,v2 + 97,02 v? ’75 , (12)
v2n4c v2nsc m? + 301,07 + & pev?

where ¢ = — 1~5\/§ /2~/2. Next, we display the mass matrix for the Higgs triplets in the basis where the rows are labeled
(P, Qg Q,, P,) and the columns by (P4, Q¢, P, O%). In this basis the Higgs triplet mass matrix is

300,07 + 4,02 m? + 30A50% + 4nlv? ényv? 0

m? + 30A302 + 4nz0? 30A,v2 + 4n,0? éntv? 0 (13)
Engv? énsv? m? + 30A,v2 + 2n40° 0 ’
0 0 0 m? + 30A,02 + 9ngv?

[

where & = 5+/2. Equation (12) has several arbitrary pa-
rameters A;, Ay, 1, 75, etc., and one can utilize these to
make the determinant of Eq. (12) vanish, while the deter-
minant of Eq. (13) is nonvanishing. Because of this, and the
fact that the Clebsch coefficients are different in Eq. (12)
compared to Eq. (13), one can arrange for a pair of light
Higgs doublets while keeping the Higgs triplets heavy. As
will be shown in Egs. (50) and (51) from the full SO(10)
analysis, we can identify one of the superposition of the
doublet fragments as the SM Higgs doublet while keeping

the Higgs color triplets fragments all super heavy. It is true
that one must fine-tune in order to have the Higgs doublet
light, but we find it very interesting that with a single 144-
plet complete breaking of the SO(10) symmetry down
to the residual SU(3)- X U(1),,, can be achieved.

D. Fermion mass growth

For the fermion masses we have the following quartic
coupling allowed by gauge invariance, in terms of
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SU(5) X U(1) decomposition

h .
W= Ml €:jun 10710837 O™

h y hy o
+ Mzeijknmloluoklzygm + +M3 1095,37P,,

+ % 1075,3!P;, (14)
where 107/ and 5; are the 10-plet and 5-plet of quark-lepton
fields and M is the super heavy mass introduced in Eq. (3).
From Eq. (14) we see that it is possible to realize Georgi-
Jarlskog type relations with appropriate choice of the #;
couplings even without the 45 of SU(5) acquiring electro-
weak VEV. In general, there are additional terms involving
the 45 of SU(5), which would provide additional freedom
since the Higgs doublet will now be a linear combination of
5 and 45.

III. CALCULATIONAL TECHNIQUES FOR THE
FULL SO(10) ANALYSIS

In this section we discuss the breaking of SO(10) down
to SU3)¢ X U(1),,, in a single step by a single pair of
144 + 144. Our analysis will be valid for the supersym-
metric SO(10) model as well as for the nonsupersymmetric
model. In the latter case one simply identifies 144 with the
144" field. However, for formal reasons we consider a
single pair of 160 + 160 where the additional 16 + 16
that reside in 160 + 160 are needed for consistency as
we will see below. The analysis involving the 144 + 144
is rather intricate and we use the techniques developed
recently in Refs. [4] based on the oscillator method of
Refs. [11,12] to compute the desired couplings. There are
no cubic couplings of quarks and leptons with the 144 +
144 of Higgs and one needs quartic couplings to grow
quark and lepton masses in this scheme. We discuss now
the basic ingredients of the model. We begin by displaying
the particle content of 144 + 144 in multiplets of SU(5).
For 144-plet one has

144 = 5(P,)) + 5(P)) + T0(P;;) + 15(PY)) + 24(Pi)

+40(PL,) + 45(P)), (15)

where the subscripts and superscripts i, j, k, ... are SU(5)

indices which take on the values 1, ..., 5. Similarly, for 144
we find

144 = 5(Q") +5(Q,) + 10(QY) + 15(Q %) + 24(Q%)
+40(Q7°) + 45(Q1)). (16)

To make progress we need a field theoretic description of
the 144 and 144-plet of fields. Possible candidates are the
vector-spinors I‘P(t) M). However, an unconstrained vector-
spinor has 16 X 10 = 160 independent components and is
reducible. Thus irreducible vector-spinors with dimension-
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ality 144 must be gotten by removing 16 of the 160
components of the unconstrained vector-spinor. We define
the 144-dimensional constrained vector-spinors | Y ) u) by
imposition of the constraint

F’u,lY(i),u> = 07 (17)
where I, satisfy a rank-10 Clifford algebra
{r,r,}=25,, (18)

and where u, v are the SO(10) indices and take on the
values 1, ..., 10.
We discuss now further the relationship of |¥.,,) and

|Y (+),)- We begin by writing the 160 and 160 component
spinor:

1 i
W14 = 10)Pgye + 5 bIDIIONPG,

1 .
n ﬂEuklmb;rbl’gb;fb:f,l|0)Pém, (19)

W 50 = bfb;rbgblb;fIO)Q,m

1. i
" Eeljklmbzb;bL|O>Qbfij,u + bJIO)Q;;#,
(20)

where the Latin letters i, j, k, [, m, ... are SU(5) indices and
the Greek letters u, v, p, ... represent SO(10) indices. The
Latin subscripts d, b, ¢, é’(z 1,2, 3) are reserved for gen-
eration indices. The reducible fields appearing in Egs. (19)
and (20) can be identified in SU(5) notation as follows [4]:

10=5+5: P,=(P,P;) = (PP, o
10=5+5: Q,=(Q.. Q) =(Q%Qy,
100 =50 +50: P = (P, PY) = (RIVK R
100 =50 +50: Qi = (Qijc,, Qiz,) = (S][(i‘,']’ Stiji)s
.. .. 1 a3 gt
50=45+5: RUI=pJ+ 4 (OIF' = 5iP),
50 =40 + 10 RUK = glitmnpk Eijklml’slw
50=40+10: Sy = €jm Q" + eijklmélm:

— . . 1 .~ A
50=45+5: S{,;=Qj+ Z(c‘isz — 05Qu),
(22)

where [ij] stands for anticommutation in ij, i.e., [ij] =

—Ljil,
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50=25+25: P, = (P, Pz)=(RERy),
50=25+25: Q) =(QL, Q) =SS,

. . 1 .-~
25=24+1: Rj=P;+_5P
3% _ T4 T 1
25=10+15: Ry E(P +Pf-f)), (23)

25=24+1: S =Q +15".6,
25=10+15: Sii= —(Q’J + Q).

Further, b;r and b;r (i=1,2,...,5) are the fermionic cre-
ation and annihilation operators and obey the anticommu-
tation rules [11]

{bibly =08l  {pub}=0. {plol}=0 (9

and the SU(5) singlet state |0) satisfies b;|0) = 0. SO(10)
invariance requires the following constraints in general

F,L.Ll\P(+)/_L> = |'\Pé_)>’ (25)

rlu,l\:[}(*)y) = |\I}E+)>: (26)
where
~ 1 .
|w;_)) = bIpIpInlnlI00P + E.slﬂdmb,ib,*b,*n|0>

X (P, + 6P;)) + bI0)(P + P'), Q27

W(,)) = )P + 2 bfb110XQY + 6Q")

1 . A
+ g€ fb{b[bLI0YQ; + Q). (28)
We note in passing that to get the 144 and 144 spinors,
IY(i) ,_L>, we need to impose Eq. (17). This constrain will
require setting |W(,,) = 0 and thus require the following

constraints
P=0, P =-p p——1p
- Y - ’ 1] - 6 ij)
Nij | R, (29)

Q=0 Q--Q. Q'--¢0V
Thus we have

|Y(i)p.> = (l\P(i),u.»constraint of Eq.(29)- (30)

However, as we stated already we will be dealing with the
full 160 + 160 multiplets.

To normalize the SU(5) fields contained in the tensor,
|W(+),), we carry out a field redefinition
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(}: P=5P7, {5: P,=7,

5y: pi=P P =27

ij

=

J— 1 ”~
{Is}: PY= ﬁ:f)<.5.>, 4y Pi=7,

{40} : Pfjk— fPfjk,

{as}: P/ =P}

1}: Q=+59, {5: Q=9
{§} Q= Q,i’ 61‘ = ZIQ\i’

i ~ij 1 =ij
{10}: Q7=+v29;, Q'= W2 g (32)
{15} : Qg =+29%,  {24: Q=2
o Qf-zo @ Q- ;;..

In terms of the normalized fields, the kinetic energy of the
160 and 160, i.e., —(34V(+),10*¥(),), where A is the
Lorentz index, takes the form

L 160 — —9,P 0, P - aA:PTaA? — 9, PitoAPI

— o, PP - S0, Plarp,
1 A St Ap(S)
— 570 0. PLAP, —aA? PP
— 0, PToAPL— 0, PloAPL,
— 570 :P”*aA?'g, (33)

—~t_ - . .
Lif0 = —9,9 9,9 — aAQlTaAQl — 04 QjaAQi
~0,0/049, - —6A Qiitor Qi
lJT i j
—aAQ 9" —aAng QU
- 0400}~ 10, Q4 O}
——aAQ forQf, (34)

IV. SYMMETRY BREAKING

In this section we discuss how SO(10) breaks to
SU@3)c X SU(Q2);, X U(1)y. For this purpose we consider
a superpotential of the form
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_ A —
W = M(160, X 160,) + ﬁl,(mof, X 1604),
_ Aje —
X (1605 X 160y), + ﬁ(mo,, X 160g) 45

N A R
X (160 X 1604)45 + ﬁ(]6OH X 1605)210

X (1605 X 1604)51. (35)

There are of course many more terms that one can add to
Eq. (35) but we consider only the terms displayed in
Eq. (35) for simplicity. The relevant terms in the super-
potential that accomplish symmetry breaking are

Wp = MQ,P;, + alQLPiMQ{’PjV + aZQLPf/‘Q{’Pj”’
(36)
where

1 1
a; = M<_2)\1 — A5 T g)\210>,
37

1
a = — W(4)‘45 + Aa10)-
Expanding into the irreducible components we find

W=MQiP+a QiPIQSPL + a,Qi P QP!

+ MO P +2<a1 + §a2>g,k?,ig P
4100l QP P+ Lo PIPE 0
+<a1 +éa2>IQ\’j’IQ\’:f\’. (38)

In the minimization we look for solutions of the type

(Qi) = q diag(2,2,2, =3, -3),

) (39
(Piy = p diag(2,2,2, =3, —3).

One finds the following results from the minimization of
the potential

2
Mp + 2p2q(30a1 + 7&2) + 2<a1 + gdz)onPO

1 26
+ —a,qgPi+ —a +2gPy)p =0, (40
75 ©24F0 575 2(pQo + 29Py)p (40)

2
Mgq +2¢°p(30a, + Ta,) + 2<a1 + §a2>qQOP0

1 26
+ —a,pQ} + ——=ay(gPy +2 =0, (41
75 20 0% 575 2(gPy + 2pQo)q 41)

PHYSICAL REVIEW D 72, 095011 (2005)

2 2 156
|:6O<CV1 + 5“2)419 + M}Po + gazszo + fazpzq

1

and

2 2 156
[6()(“1 + §a2>qp + M}Qo + gazquo + fazpqz

1

where O, = (Q) and P, = (P). The D-flatness condition
(144) = (144) gives ¢ = p. With the above vacuum ex-
pectation value, spontaneous breaking occurs so that
SO(10) — SU3) X SU(2); X U(1)y. We note that the
VEVs Qg and P, do not play a role in the above breakdown
as this breakdown will occur even when Qy = 0 = Py,

V. HIGGS PHENOMENON AND MASS GROWTH

We outline here the Higgs phenomenon and the mass
growth associated with the spontaneous breaking given by
Egs. (40)—(43). The fields that participate in the Higgs
phenomenon include the 45 vector super multiplet that
belongs to the adjoint representation of SO(10) and the
144 + 144 chiral superfields. For the analysis of the Higgs
phenomenon it is useful to decompose the 45-plet of
SO(10) in multiplets of SU(5) so that

45 =1+ 10+ 10 + 24. (44)

After spontaneous symmetry breaking the 10,5 massless
vector super multiplet absorbs the 10,44 chiral multiplet to
become a 1045 massive vector super multiplet with spins
(1, % 0). Similarly, the 1045 vector super multiplet absorbs

the 107 chiral multiplet to become the 10,5 massive
vector super multiplet. Now the 24-plet of SU(5) decom-
poses under SU(3) X SU(2), as follows

24=8,1)+(3,2)+(3,2)+(1,3)+(1,1). (495

After spontaneous breaking the super vector multiplets
with the quantum numbers (3, 2) + (3, 2) absorb one linear
combination of the chiral multiplets ((3, 2) + (3, 2));44 and
((3,2) + (3, 2))7zz becoming a massive (3,2) + (3,2) vec-
tor super multiplets while the orthogonal linear combina-
tion of ((3,2) + (3,2)),44 and ((3,2) + (3, 2))7zz Which is
not absorbed becomes massive. The vector super multiplets
corresponding to (8, 1) + (1, 3) + (1, 1) remain massless.
The chiral super multiplets corresponding to (8, 1) + (1, 3)
become massive. (The (1,1) components of 24,44 and 247
require special treatment and we return to it below). Thus
we have accounted for the mass growth of the 10 + 10
vector super multiplet and the mass growth of the 12
components (3, 2) + (3, 2) of the 24-plet vector super mul-
tiplet. This leaves us to discuss mass growth of the singlet
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vector super multiplet in Eq. (44). This mass growth comes
about by absorption of the chiral superfield combination
(%EZ - %Eg) where the repeated indices are summed (a is
the color index which takes on values 1, 2, 3 and « is the
SU(2) index and takes on values 4, 5), and Ei is a linear
combination of Q’ and ’P’ Since X is traceless the above
equals 34 = —Z"‘ Thus the singlet vector super multiplet
absorbs a linear combination of % and Q¢ becoming a
singlet massive vector super multiplet while the orthogonal
combination of the chiral superfields ¢ and Q¢ becomes
massive. Thus after the symmetry breaking and Higgs
phenomenon only the (1, 8) + (1, 3) + (1, 1) vector super-
|

1 1 . .
Winass = |:M + W<_4Al + 645 — §A210><S21R;’111>i|(gi?l + Q'P) — [—

1 2 ~ "
+ [W <8A45 - §A210><SL1R;”>}Sfm]R[ :
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multiplet remains massless and the remaining components
of 45 of the vector super multiplet become massive.
Similarly, all the unabsorbed components of the 144 +
144 become massive. At this stage the gauge group
SO(10) has broken down to SU(3)- X SU(2); X U(1)y.
To accomplish the breaking of the electroweak symmetry
we need a pair of Higgs doublets. Such a possibility arises
for Q ., P*.

To exhibit this we need to compute masses for Ql, ’P’ It
is also instructive to compute masses for Q, P, Q,, ,
Q' x> and P; J The relevant terms in the superpotential are

8 A210

3 SR |07

1 1 ;
[ M+ <2A1+)\45 8/\210><SﬁR;’n>}SﬁﬂR[’] (46)

Equation (46) makes it apparent why for technical reasons we need to keep the 160 + 160 multiplet. To see this let us set all
the couphngs A to zero in Eq. (46) so that the only terms surviving are proportional to M. Next suppose we impose on Skj]
and R}, li7) the constraint of Eq. (29) so that we are strictly considering only the 144 + 144 multiplet. Then we see that the
last llne of Eq. (46) contributes an additional mass term — Q P! while there is no such term for ’P This additional
term is clearly not desired and the reason for its appearance 1s that we are identifying the 5-plet in R ! with P and 5- -plet
in S"U with @; because of Eq. (29) which feeds in the undesired additional term. Thus for book keepmg we must not

impose the constraint of Eq. (29) in the beginning. Returning to Eq. (46), the corresponding mass terms in the Lagrangian

are given by

L . I aWIH?:\SS l anass | anass ‘ anZlSS I aWIIldSS ‘ anZlSS (47)
09, P! 09! P, aS{), R
Explicitly we have
L=|ol2(P,P] + Q1 9i) + |0 + 0, BR(P*Pt + Q,00) + |0 + w,BR(P Pt + Q,0))
1 1 2 ~a~at -~ =t 1 2
w3 lp — 0+ 3]0 0+ 0y | BT+ QR + [lo —wirk + [ o 5w 0y |]
X (PP + 9,9, +lp — @ yP(PPPFT + 94, 080) + 1p — w0,y (PP PPT + 9K, 04)
1 2 1 2
+2 l p— 5(601 + wy)y ‘ (TZ“?Z‘” + 0k, 0 + [ IP - E(wl + wy)y ‘ —lp — w17|2}
aaA“T a ot 1 2 2 ozal\wr a At
X (PP + Q¢ O +Hce)+| |p— E(wl + w)y| —lp — wyy|? (PHP + Q4,9+ Hc), (48)

where
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1 Py0O
- M + ﬁ( 4)\1 + 6)l45 - §A210><30 + ;q()),
1 qp 1 Py0O
p = _EM + W(2A1 + )\45 - 6/\210)(30 + ;q0>,
_ 3 Po Qo 1 Py 0y
1= 9~ 55 "5 )
(49)
= qp[ﬂi(#%’) gl
1 2
Y = —,<8/\45 - 5)1210),
8 Az10
P="3w

The masses for the fields P/, Q;, 9/, P,, f] and P/ can
be computed from Eqgs. (40)—(43) and (48). It is easily
checked that the masses vanish unless one has a nonvan-
ishing A45 or Ayjp. A scrutiny of the mass growth above
shows that the masses of the Higgs doublets Q ,, P are
split from the Higgs triplets Q ,, . Indeed this allows one
to fine-tune the masses of the Higgs doublets to zero by the
condition

MM’ 1P
+ (—120A, + 180A45)<1 +— °Q°>
qp 30 pg
Qo 13 PoQo}
+A 3+ —(—= — =0. (50
210[ \/§<p q) 15 pq 0

With this constraint one finds that the Higgs doublets Q ,,
P are massless while the Higgs triplets Q ,, P? are
massive. Thus the Higgs triplet mass My, of the fields
Q ., P4, under the constraint that the Higgs doublet Q ,,
P« be massless is given by

_4gpr, 1 [
I R M

We note that it is not possible to achieve a doublet-triplet
splitting for the multiplets @ and P;. Thus the doublet-
triplet splitting we are considering is unique. Further, we
find that Q7, P, develop a mass

qpr 1 ( Qo) 1 POQ0i|

Mgip =245 11— +— Ator
o M’[ 35 q) 45 pg J7°
(52)

In the above Q, and P, are crucial in getting a pair of light
Higgs doublets. Thus suppose we have Q, =0 = P, in
Egs. (40)—(43). In this case one finds an additional con-
straint. Thus from Egs. (42) and (43) one finds that Q, =
0 = P, imply that @, = 0. Under this constraint Eq. (50) is
not consistent with Egs. (40) and (41). i.e., one cannot find
a pair of light Higgs doublets. We note that this result is a
consequence of considering only a limited number of
couplings in Eq. (35). Inclusion of a larger set of couplings
should allow one to get consistent solutions without inclu-
sion of the singlet VEVs.
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To summarize the results thus far we have here a com-
plete breaking of SO(10) to SU(3)¢ X SU(2), X U(1)y. To
get a pair of light Higgs we need to invoke a string land-
scape scenario which has been extensively discussed re-
cently [7,8]. Effectively in this framework we use a fine-
tuning to keep one pair of Higgs doublets light while
keeping the Higgs triplets heavy. With the usual radiative
electroweak symmetry breaking mechanism, the light dou-
blets of Higgs can develop VEVs breaking the SU(2); X
U(1)y symmetry down to U(1),,,. Thus with the above
mechanism one can break SO(10) down to SU(3), X
U(1),,, with just one pair of 144 + 144 of Higgs. A similar
analysis shows that one gets masses for the remaining parts
of the 144 + 144 chiral multiplets not absorbed by the
vector bosons which become heavy. The heavy spectrum
of this model differs significantly from the standard SU(5)
and the standard SO(10) models. It consists of several
parts: (i) the super heavy lepto-quarks associated with the
breaking of the SO(10) — SU3), X SU(2), X U(1)y,
(ii) the super heavy Higgs triplet field, (iii) the components
of 24-plet fields P}, Q; which are unabsorbed by the Higgs
phenomenon and become super heavy, (iv) the remaining
components of 144 + 144, aside from a 24-plets of SU(5)
each in 144 and 144 discussed in (iii) and excluding the
Higgs doublets @ ,, P*, which become super heavy, and
(v) 16 + 16-plet of super heavy fields. Gauge coupling
unification will require a careful analysis of contribution
of each of the above. We do not address this question
further here.

We discuss briefly the issue of split vs nonsplit super-
symmetry breaking. Equation (50) is a tree-level relation
and its imposition to achieve light Higgs doublets pre-
sumes that the loop corrections to the Higgs masses are
small. Specifically it requires that the scale of supersym-
metry breaking is not high, e.g., the masses of squarks are
at the electroweak scale and not at the GUT scale. An
alternative possibility is that one may impose Eq. (50) but
with loop correction included. In this case we can allow for
split supersymmetry scenario where the masses of the
squarks are superheavy while gaugino masses may lie at
the electroweak scale. Thus the model we are considering
can accommodate a split or a nonsplit supersymmetry
breaking scenario.

VI. COUPLINGS OF QUARKS AND LEPTONS
WITH 144 AND 144 OF HIGGS

The 144 and 144-plets of Higgs have no SO(10) invari-
ant trilinear coupling with the 16-plet of matter. However
one can write quartic couplings of the type (1/Mp)(16 X
16)(144 X 144) and (1/Mp)(16 X 16)(144 X 144), where
M is a super heavy mass. These interactions will generate
effective cubic couplings with the light Higgs doublets
Q ., P* after spontaneous breaking of SO(10) discussed
in Secs. III and IV. The size of these couplings is
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O(Mg/Mp), where M; is the grand unification scale. The
most general set of quartic couplings involving quarks and
leptons are’

(16 X 16),(144 X 144),,, (16 X 16),0(144 X 144),,,
(16 X 16)75:(144 X 144) 54,
(16 X 16)75:(144 X 144) 4.

(33)

The couplings (16 X 16),0(144 X 144),, and (16 X
16),0(144 X 144),, arise from the following structures

1
W0 = —<byu3\42‘l°{l,q>yu,
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tations of the same kind, M9 represents the mass matrix
and f19 k10 k(10 "and /19 are constants. B is the usual
SO(10) charge conjugation operator defined by B =
[Tu=odal - The semispinors W) transform as a
16(16)-dimensional irreducible representation of SO(10)
and contain 1 + 5 + 10(1 + 5 + 10) in its SU(5) decom-
position. [W ;) is given by

I ’
|Wa) = [0OM,; + zb;rbﬂ(»Md]

1,
+og € Ib{b[bLIOM. (55

+ h(10)<Y(+)w| BFV|Y(+);;#>1€%O)¢VU Eﬂi;itl;lglslsat(i:gzdci)tfi Otlllleg isvuelzelr heavy fields ® ¢, using the F-
f(10>(‘1’(+)a|BFV|\I’(+);;>Z(111O)¢M WEIIO)f — W6X16),0(144X 144) 15 4 \£\(16X16)10(T4XTA)
+ AUOCYT L IBTLIY () 0k @y (54) " (56)
where the indices ‘U, ‘U’ run over several Higgs represen- where
|
W(16x16)10(mxm)10 _ 5(10) <\P(+)a|BF |\I’(+)h><Y(+)CV|F |Y(+)JV>
= 40 LW BB W XY T 1 |BBTIY () + (W BTV XY, BB Y ()]
=26 € juamMEMPETP — SMEMIPY, P, + €500, METMY P P
— 8M{, M, P P! ] (57)
and
W11 — 20 (WE BT W XY IBEIY )
= =44 VL BOIW XY IBBTIY Cg,) + (U IBBTIW )Y IBBIY (4,)]
= 25(,19),(+,)[8M,.MZQ’C€£Q dein — SMEM,QIQ,, — ’JTM"’QLMMQdW + M”TM“QWQ it
- M MYQY, Qi + €7 MEMQ ., Qi + €M M QETQ, ) (58)

and where

(10)  _ £(10) (10) (10) 7(10) . (10)
érabcd f h l My ku”

We note that f(lg)c(;) and ¢ (10)(;) are the same as defined
by Eq. (59), provided we replace h’s, Ir’s, f’s by h(")’s,
h*)s, frs, respectively, where ( + ) indicates that the

couplings are symmetric, i.e., hf;g)(i) = %(h(,l(,)) + 19,
The above couplings produce quark and lepton masses
after GUT symmetry breaking followed by spontaneous
breaking of the electroweak symmetry. A preliminary

analysis shows that the relation on Yukawa couplings

>We have not included the (16 X 16)50(144 X 144)5, and
(16 X 16),59(144 X 144),5, couplings here since these couplings
are antisymmetric in the generation indices and vanish with only
a single 144 + 144.

g(lo) _f(IO)h(IO)l(IO)MUO) k(m)

27(10) -
wo M =M+ (MO (59)

[
such as h; = h,; does not hold. It would be interesting to
study the quark-lepton textures [13—15] in this framework.
Further, the preliminary analysis shows that baryon and
lepton number violating dimension five operators in this
theory are rather different than what one has in the usual
SU(5) and SO(10) models [16—20]. Thus, for example, in
SU(5) unified models the baryon and lepton number vio-
lating dimension five operators arise from the Higgs triplet
exchange from pairs of 5 + 5. In the present model there
are several sources of baryon and lepton number violations,
including Higgs triplets from 5 and 5 and from the ex-
change of 45 + 45 present in 144 + 144 of Higgs. A full
analysis of this issue involves additional couplings where
the mediation occurs via 120, 126, etc. and is beyond the
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scope of this paper. An analysis of this will be given else-
where [21]. We note here that if in Eq. (53) only couplings
involving 144 are kept, the resulting fermion mass matrices
will have the same structure as in [3] with a single 10 and
one 126 coupling to fermions. Such matrices are fully
consistent with experimental data.

VII. CONCLUSION

In conclusion we have investigated a new class of
SO(10) models where the breaking of SO(10) down to
SU@3)c X SUQ2);, X U(1)y can occur in a single step.
Further, it is possible to achieve with fine-tuning, a pair
of light Higgs doublets which is justifiable within a string
based landscaped scenario (see also Ref. [22]). The light
Higgs doublets allow one to break the electroweak sym-
metry SU(2); X U(1)y down to U(1),,, and thus SO(10)
can break to SU(3), X U(1),,,. The cubic interactions of
the light Higgs doublets with quarks and leptons arise from
quartic interactions of the type (16.16)(144.144) and
(16.16)(144.144) after spontaneous breaking of SO(10).
In this scenario the baryon and lepton number violating
dimension five operators receive contributions not just
from the conventional Higgs triplet fields but also from

PHYSICAL REVIEW D 72, 095011 (2005)

the exchange of 45 + 45 components of 144 + 144. The
above feature distinguishes the above scenario from the
conventional models and would lead to different estimates
on the proton lifetime and in conventional GUTSs. A more
detailed analysis of the quark-lepton masses as well as of
the proton life time is outside the scope of this paper and
will be dealt with elsewhere [21]. Finally we note that
above the GUT scale one has a large number of degrees
of freedom and the renormalization group evolution is very
rapid and thus the theory becomes nonperturbative. We
view this theory as descending directly from a theory of
quantum gravity where the scale of quantum gravity (e.g.,
string scale) may lie close to the GUT scale.
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