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ABSTRACT: Grand Unified Theories (GUTSs) usually predict wrong Standard Model (SM)
fermion mass relation me /mu = mg/ms toward low energies. To solve this problem, we
consider the Generalized Minimal Supergravity (GmSUGRA) models, which are GUTs
with gravity mediated supersymmetry breaking and higher dimensional operators. Intro-
ducing non-renormalizable terms in the super- and Kéahler potentials, we can obtain the
correct SM fermion mass relations in the SU(5) model with GUT Higgs fields in the 24
and 75 representations, and in the SO(10) model. In the latter case the gauge symmetry
is broken down to SU(3)c x SU(2)p x SU(2)g x U(1)p—_p, to flipped SU(5) x U(1)x, or to
SUBB)e x SU(2)r, x U(1); x U(1)2. Especially, for the first time we generate the realistic
SM fermion mass relation in GUTs by considering the high-dimensional operators in the
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Kahler potential.
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1. Introduction

Supersymmetry naturally solves the gauge hierarchy problem in the Standard Model (SM).
The unification of the SU(3)c x SU(2)r x U(1)y gauge couplings in the supersymmetric
SM (SSM) at about 2 x 106 GeV []] strongly suggests the existence of a Grand Unified
Theory (GUT). In addition, supersymmetric GUTs, such as the SU(5) [F] and SO(10) B
models, give us deep insights into the problems of the SM such as charge quantization, the
origin of many free parameters, the SM fermion masses and mixings, and beyond. Although
supersymmetric GUTs are attractive, it is challenging to test them at the Large Hadron
Collider (LHC), the future International Linear Collider (ILC), or other experiments.

In the traditional SSMs, supersymmetry is broken in the hidden sector, and super-
symmetry breaking effects can be mediated to the observable sector via gravity [, gauge
interactions [, fi], the super-Weyl anomaly [[{, B, f], or other mechanisms. Recently, con-
sidering GUTs with gravity mediated supersymmetry breaking and higher dimensional

operators (B, [0, 1], 3, [, [4, 18, [, [7, [d, [9, pd, 1. 3] and F-theory GUTs with
U(1) fluxes 23, B4, 3, BG, 7, B, B9, B, BI. B3, B3, B4). two of us (LN) proposed the

Generalized Minimal Supregravity (GmSUGRA) scenario and studied the generic gaugino
mass relations as well as defined their indices [B5. We also generalized gauge and anomaly
mediated supersymmetry breaking, and discussed the corresponding gaugino mass relations
and their indices [B4].

It is well known that one of the great successes of GUTs is the prediction of the equal
Yukawa couplings at the GUT scale for the bottom (b) quark and 7 lepton [B7], which yields
the correct mass ratio my/m, ~ 2.7 at the low energy if and only if there are only three
generations [Bg, BJ]. Alas, it is also well known that GUTs with minimal Higgs content
predict the wrong SM fermion mass relation m./m,, = mgq/ms, which is invariant under the
renormalization group equation (RGE) running due to the small Yukawa couplings of the
first two generations. This problem can be solved via the Georgi-Jarlskog mechanism [[(]]
by introducing Higgs fields in higher dimensional representations in SU(5) models (For
generalization for SO(10) models, see Ref. []].), via the Ellis-Gaillard mechanism [[2]
by introducing higher dimensional operators (For generalization in the supersymmetric
models with mass generation for the first two families of the SM fermions, see Ref. [[i].),
or invoking supersymmetric loop effects [@] Based on our previous work on SM fermion
Yukawa couplings in GmSUGRA [[iF], we aim to generate the correct SM fermion mass
relations in the SU(5) and SO(10) models.

In this paper, we briefly review GUTs and consider the general gravity mediated su-
persymmetry breaking. With non-renormalizable terms in the superpotential [, i3] and
Kéhler potential, we can obtain the correct SM fermion mass relations memg/mqgm,, ~ 1/10
in the SU(5) model with GUT Higgs fields in the 24 and 75 representations, and in SO(10)
model where the gauge symmetry is broken down to SU(3)cx SU(2), x SU(2)gxU(1)p—1,
to the flipped SU (5) x U (1)x symmetry [Ed, {7, S, or to SU(3)c x SU(2)r xU (1)1 xU(1)s.
Our approach can be considered as the generalizations of the Georgi-Jarlskog and Ellis-
Gaillard mechanisms. However, we cannot get realistic SM fermion mass relations in
SO(10) models where the gauge symmetry is broken down to the Pati-Salam SU(4)¢ X



SU(2)r, x SU(2)g or to the George-Glashow SU(5) x U(1)" symmetry. In the traditional
Pati-Salam and George-Glashow SU(5) models, we predict m./m, = mgq/ms. We empha-
size that we for the first time use the high-dimensional operators in the Kahler potentail
to derive the realistic SM fermion mass relation in GUTs.

This paper is organized as follows. In Section 2, we briefly review four-dimensional
GUTs. In Section 3, we explain general gravity mediated supersymmetry breaking. With
higher dimensional operators in the super- and Kéahler potential, we study the SM fermion
mass relations in SU(5)-based models in Section 4. We consider SO(10) models with
higher dimensional operators in the super- and Kéhler potential in Section 5 and Section 6,
respectively. Section [] contains our conclusion.

2. A Brief Review of Grand Unified Theories

In this Section we explain our conventions. In supersymmetric SMs, we denote the left-
handed quark doublets, right-handed up-type quarks, right-handed down-type quarks, left-
handed lepton doublets, right-handed neutrinos, and right-handed charged leptons as @,
Uf, Df, L;, N, and EY, respectively. We denote one pair of Higgs doublets as H, and
H,, which give masses to the up-type quarks/neutrinos and the down-type quarks/charged
leptons, respectively. Moreover, we define tan 8 = (H?)/(HY), where v, 4 = (H 2’ 4 are the
Higgs vacuum expectation values (VEVs).

First, we briefly review the SU(5) model. We define the U(1)y hypercharge generator

in SU(5) as follows
) 1 1 111
Ty(1), = diag <_§7_§7_§7 §7§> . (2.1)

Under the SU(3)c x SU(2)r x U(1)y gauge symmetry, the SU(5) representations are
decomposed as follows

=(3,1,-1/3) ® ( 2,1/2) , (2.2)
(3 1 1/3) (1,2,-1/2) , (2.3)
10 = (3,2,1/6) © (3,1,-2/3) ® (1,1,1) , (2.4)
10 = (3,2,-1/6) @ (3,1,2/3) (1,1,-1), (2.5)
24 = (8,1,0)®(1,3,0) ® (1,1,0) @ (3,2,-5/6) © (3,2,5/6) . (2.6)

There are three families of the SM fermions whose quantum numbers under SU(5) are
F/=10, fi=5, Nf=1, (2.7)
where i = 1,2, 3 for three families. The SM particle assignments in F/ and f/ are
= (QuUf B, fi= (Df, L) - (2:8)

To break the SU(5) and electroweak gauge symmetries, we introduce the adjoint Higgs
and another pair of Higgs fields whose quantum numbers under SU(5) are

® =24, W =5, h =5, (2.9)



where &/ and T contain the Higgs doublets H,, and H, respectively.

Next, we briefly review the flipped SU(5) x U(1) x model [4d, i1, ig]. The gauge group
SU(5) x U(1)x can be embedded into SO(10). We define the generator U(1)y+ in SU(5)
as follows

. 1 1 111
TU(1)Y, = diag <_§7_§7_§7§7§> . (2.10)
The hypercharge is given by
1
Qy = R (Qx — Qy). (2.11)

The quantum numbers of the three SM fermion families under SU(5) x U(1)x are
Fi = (107 1)7 fl = (57 _3)7 l_z = (175)7 (212)

where ¢ = 1,2,3. The particle assignments for the SM fermions are

F, = (Qi, D¢, Nf) , f.=(US L), I =Ef. (2.13)

To break the GUT and electroweak gauge symmetries, we introduce two pairs of Higgs
fields whose quantum numbers under SU(5) x U(1)x are

H=(10,1), H=(10,-1), h=(5,-2), h=(5,2), (2.14)

where h and h contain the Higgs doublets Hy and H,,, respectively. The flipped SU(5) x
U(1)x model can be embedded into SO(10). Under the SU(5) x U(1)x gauge symmetry,
the SO(10) representations are decomposed as follows

10 = (5,-2) 8 (5,2) , (2.15)
16 = (10,1) @ (5,-3) ¢ (1,5) , (2.16)
45 = (24,0) & (1,0) ¢ (10,—4) & (10,4) . (2.17)

Finally, we briefly review the Pati-Salam model. The gauge group is SU(4)c xSU(2) [, x
SU(2)r which can also be embedded into SO(10). The quantum numbers of the three SM
fermion families under SU(4)c x SU(2)r, x SU(2)r are

FF=(4,2)1), F*=4,1,2), (2.18)
where ¢ = 1,2,3. The particle assignments for the SM fermions are

To break the Pati-Salam and electroweak gauge symmetries, we introduce one pair of Higgs
fields and one bi-doublet Higgs field whose quantum numbers under SU(4)¢c x SU(2)p, x
SU(2)g are

¢ =(4,1,2), ®=(4,1,2), H =(1,2,2), (2.20)



where H' contains one pair of the Higgs doublets Hy and H,. The Pati-Salam model can
be embedded into SO(10) as well. Under the SU(4)c x SU(2)r, x SU(2)r gauge symmetry,
the SO(10) representations are decomposed as follows

10 = (6,1,1) @ (1,2,2) , (2.21)
16 = (4,2,1) ® (4,1,2) , (2.22)
45 = (15,1,1) & (1,3,1) & (1,1,3) & (6,2, 2) . (2.23)

3. General Gravity Mediated Supersymmetry Breaking
The supegravity scalar potential can be written as follows [f]
v=¢ GGG - 3] v %Re [(f—l)abf)af)b] , (3.1)
where D-terms are
— GU(T")]¢; = —¢"(T);Gi (3.2)

and the Kahler function G as well as its derivatives and the metric Gg are

G=K+In(W)+In(W") (3.3)

. 0G G ; 82G
=" =" = , 3.4
00 0Py 00700, (34)

where K is the Kahler potential and W is the superpotential.

Since the gaugino masses, supersymmetry breaking scalar masses and trilinear soft
terms have been studied previously [BH], we only consider the SM fermion mass relations
in this paper. We consider the following Kéahler potential

(bT 2gV¢ + CI>¢2 (bT 2gV(I)¢Z S¢z S(bT 2gV¢Z 7 (35)

and superpotential

W= Sy oo+ gadt i (3.6)

where M, is the fundamental scale, ® is the GUT Higgs field, and S is a SM singlet Higgs
field.

After the scalar components of the chiral superfields ® and S acquire vacuum expec-
tation values (VEVs), we get the general superpotential and K&hler potential

bo s,
K = ags,0]¢™" ¢ + 201 (@) o (37)

W = gy i+ gait )

¢]¢k ; (38)



where

S
agy; = 1+ bsy, §W> . (3.9)

Because S is a SM singlet, it can acquire a VEV close to the fundamental scale M, . Thus,
(S)/M, can be close to 1 in principle. In short, the realistic SM fermion mass relations
can be produced via these non-renormalization terms in the superpotential and Kahler
potential [[IJ, [i]. In particular, for the first time we obtain the correct SM fermion mass
relation in GUTs via the high-dimensional operators in the Kéhler potential.

4. SU(5) Models

With non-renormalizable terms in the super- and Kéhler potentials, we generate the suit-
able SM fermion mass ratio mems/m,mq in the SU(5) models. Before discussing the
details, we summarize the realistic SM fermion mass relations at the GUT scale. Us-
ing low energy electroweak data, an effective universal supersymmetry breaking scale of
Mg = 500 GeV, and two-loop RGE running for the SM gauge couplings and Yukawa cou-
plings, we obtain the SM fermion mass ratios at the GUT scale for the down-type quarks
and charged leptons [p(]:

Moy 3Ms L ggg, M

m, my Me

~ 0.83 . (4.1)

Due to the small Yukawa couplings this leads to the following RGE running invariant SM
fermion mass relation for the first two generations

Me 1 my

- ~l08m. (4.2)

For comparison, standard mass ratios at the GUT scale are [i(]
3me = mg, myR3mg, mpRmMy, (4.3)

which gives the RGE running invariant SM fermion mass ratio
Me , Lma (4.4)

my T 9m,
4.1 Non-Renormalizable Terms in the Superpotential
In this subsection, we study new contributions to the SM fermion Yukawa couplings from
higher dimensional operators in the superpotential. To obtain the possible higher dimen-

sional operators for the Yukawa couplings, we need to consider the decompositions of the
tensor products for the SM fermion Yukawa coupling terms [[i]]

1021025 = (5045®50)®5
=(1924)® (240750 126) @ (75 B 175) | (4.5)
10255 =100 (10015) = (1924 ®75) ® (24 ©126) .




Because the Higgs fields in the 126, 126 and 175’ do not have the SU(3)¢c x SU(2),
singlets [49], we do not consider them in the following discussions. Thus, we only consider
the Higgs fields in the 24 and 75 representations.

(A) Higgs Field in the 24 Representation.

The VEVs of the Higgs field ®24 in the adjoint representation can be expressed as the
following 5 x 5 and 10 x 10 matrices

3 1 1 111
Boy) = vy odiag (-2, —= —= = = 4
(©24) ”\/;dlag< 373 3’2’2)’ (4.7)

3 2 2 1 1
Bog) = vy odiag(—=, -, —2, =, 20 1 4.8
( 24> ’U\/; lag( 3’ T3 g e )7 ( )

3 6

which are normalized to ¢ = 1/2 and ¢ = 3/2, respectively.
For the Higgs field ®24 in the 24 representation, we consider the following superpo-
tential for the additional contributions to the SM fermion Yukawa coupling terms

1 : )
W O (hUZEmnpql(F’i/)mn(Fi/)pq(h/)k(q)24)f + h/UZEmnpkl(Fi/)mn(Fi/)pq(h/)k(q>24);]
FRPE ] ) (7 & ) (@2)F B PE (Fn (F 0 B )Ry (@20)7)  (49)

where the subscripts Sym and Asym denote the symmetric and anti-symmetric products
of two 5 representations. After ®o4 acquires a VEV, we obtain the Yukawa coupling terms
in the superpotential

W o

. ) 1 . )
]\Z \/g (—2hUZQiUfHu = WQUEH, — ch'PHQiDiHy — WP LB Hy
5 .
+6hDE’QinHd> : (4.10)

For simplicity, we assume that the masses of the first generation are dominanted by
non-renormalizable terms, while the masses of the second generation are generated as in the
usual GUTs. Then we have the following Yukawa coupling terms for the first generation

1 5
£2 —er(;QuDiHy + Ly BfHa) + 2 xQu D5 Ho (4.10)

where ¢; = \/gh’DEML, and ¢y ~ \/ghDEML. We choose c;ug ~ O(MeV) which is at

the order of the electron and down quark masses. After electroweak symmetry breaking,
choosing ¢y =~ 12¢1, we can obtain the correct RGE running invariant SM fermion mass

ratio at the GUT scale

mems __ba 1 (4.12)
my,my 5co — 1 10




(B) Higgs Field in the 75 Representation.

The VEV of the 75 dimensional Higgs field @E.ilk} can be written as follows [[I(]

ik v i Ak i Ak 1 ik
(@l = e AGAT + 280,87 - 26| (4.13)
where
A. = diag(1, 1, 1, 0, 0), A, = diag(0, 0, 0, 1, 1) . (4.14)

We consider the following superpotential for the additional contributions to the SM fermion
Yukawa coupling terms

W (Bt ) (5 P ] ()5

DFEi - 7/ mn
FRPEE] ) (F)P (R 10 ) (4.15)
After @E-ilk} acquires a VEV, we obtain the Yukawa coupling terms in the superpotential
v 1
W o ——
M, 2/3

Similarly to the Georgi-Jarlskog mechanism [[I(], we can get the realistic SM fermion

(—h/DEiQiD,'cHd + 3h/DEiLiE,~cHd) . (4.16)

mass relation. After imposing some discrete symmetry, we can generate the following
superpotential

W 2 (MY QiDSHy + hyF LiESH, + MY Qo DS Hy + hiyF Ly ESH,)
v 1
M, 2\/3

For not too large tan 8 and h'PF ~ O(1), we have h'PFvv/M, ~ O(10%) MeV. Thus, we
get the following mass matrices for (e, p) and (d, s) after electroweak symmetry breaking

_|_

(—h3FQoDsH, + 3h53" LoESH,) (4.17)

e d s

e 0 a d {0 a (4.18)
I a 3b )’ S ab/’

Diagonalizing these matrices for a < b, we can get approximately the RG invariant SM
fermion mass ratio

Me 1my

~ . 4.19
my 9my ( )

4.2 Non-Renormalizable Terms in the Kahler Potential

In this subsection, we study the new contributions to the SM fermion Yukawa couplings
arising from higher dimensional operators in the Kahler potential. The realistic SM fermion
mass ratios can also be produced by the non-minimal Ké&hler potentials. In order to



construct gauge invariant higher dimensional operators, we need the decompositions of the
following tensor products

5@5=1¢24, (4.20)

10210=16¢24675. (4.21)

Thus, the adjoint Higgs field can give additional contributions to the kinetic terms for both
F! and 72, while the Higgs field in the 75 representation can only give an extra contribution
to the kinetic term of F.

For the non-minimal Kahler potential, the kinetic terms relevant to e, i, d, s are
K 2 70,Q1Qi + Zr, L] Li + Zu: (B (Ef) + Zpe(D§) ! (D5) - (4.22)

With the simple SM fermion Yukawa coupling terms for the charged leptons and down-type
quarks

W =yPPFfih (4.23)
we obtain their masses after electroweak gauge symmetry breaking

mi = _TbE_ i Tbp (4.24)

€ ,/ZLiZEic ’ 1/ZQ1’ZDZ¢ '

Here mé) = yiD E(H,) are universal for the down-type quarks and charged leptons in each
generations. In this work, we assume that each normalization factor Zg is positive.

(A) Higgs Field in the 24 Representation.

The VEVs of the Higgs field ®24 in the adjoint representation are given in Eqs. ([L7)
and ([L.§). Thus, we obtain the following normalizations for the SM fermion kinetic terms

31,

Zq; = a0+ \/;661’ (4.25)
32

ZUi = agp — \/ggell, (4.26)

Zp: = ap+ geil, (4.27)

31 ,
Zpe = ag + \/gge/l, (4.28)

31 ,
Zy, = aj — 556,1, (4.29)

where
(S) i i (P2q)

ag = 1 + bSlO M* s €1 = CPIOT* s (430)



(S) i i (P2a)
ag =1+ ngM* ;€ = by M (4.31)
where 7 is the family index.
Thus, we can obtain the correct SM fermion mass ratio
mMeMs _ (b1+%)(b/1+%)(b2+1)(b/2_ %) -~ i (4 32)
m,mq (b1 +1)(b) — %)(bg + %)(bé + %) 10 '

Here we normalize

3 3
TEE BN (4.39)

with no summation on the family index i. For instance, we can choose by & by, b} # %,
while b}, ~ %

(B) Higgs Field in the 75 Representation.

Next, we consider the Higgs field @,[jl] ]
fields 24 and (IDLZZJ ] belong to the decomposition of the tensor product 10 x 10, their VEVs
must be orthogonal to each other. Thus, we obtain the VEV of <I>Lzlj Vin terms of the 10 x 10

matrix

in the 75 representation. Because the Higgs

v
— diag [ 1,--, 1,-1,---,-1,3] . 4.34
Nt 3 6 (4.34)

(@t =

So we obtain the normalizations for the SM fermion kinetic terms

1 .
ZQ, = ao — 2—\/§6§’n (4.35)

1 .
ZUi ap — 2—\/36?37 (436)

3 .
ZEC = ag + 2—\/3673, (437)
Zpe = Z1; = ag , (4.38)

where
(S) i (Prs)

ag = 1 + bSlO M* s 6% = b31>10 M* s (439)

and ¢ denotes the family index. The realistic SM fermion mass ratio emerges as

mems \/(bl —D(b2+3) 1 (4.40)

my,mgq

(by —1)(by +3) ~ 10~

Here we normalize

1 .
an = bi—el , 4.41
0 2\/3 3 ( )

with no summation on the family index i. For example, we can choose by # 1 while by ~ 1.

— 10 —



5. SO(10) Models with Non-Renormalizable Superpotential Terms

In the SO(10) model, the gauge symmetry can be broken directly down to the Pati-Salam
SU4)e x SU(2)L x SU(2)Rr, the SU3)c x SU(2)r x SU(2)g x U(1)p—r symmetry, the
Geogi-Glashow SU(5) x U(1)’, and the flipped SU(5) x U(1) x symmetry. For the last two
cases, the gauge symmetry can be further reduced to the SU(3)c x SU(2)r x U (1)1 xU(1)2
symmetry. In the Pati-Salam models and Georgi-Glashow SU(5) x U(1)" models without
further gauge symmetry breaking, the masses for the down-type quarks and charged leptons
are the same. Thus, we cannot obtain the correct SM fermion mass relations when we break
the SO(10) gauge symmetry down to the SU(4)c x SU(2)r, x SU(2)g or SU(5) x U(1)’
symmetries. To be concrete, we shall also study these two scenarios in details.

There are several kinds of the renormalizable Yukawa coupling terms for the SM
fermions in the SO(10) models. For example, we can introduce the Higgs fields in the
120 or 126 representation to obtain additional contributions to the SM fermion Yukawa
couplings. In this paper, we only consider the simplest Higgs fields' Hi, (i = 1,2) in the
SO(10) fundamental representation. The renormalizable terms in superpotential give the
tree-level mass relations

Mg = Myei , My = Myi , (5.1)

after the Higgs fields H}, acquire VEVs. Due to the arbitrariness in neutrino sector, we
will not discuss the mass ratios for u’ and v* here. We only consider the SM fermion mass
ratio mems/m,mq.

There are several ways to improve such mass ratio. For example, one can introduce
additional higher representation Higgs fields to generalize the Georgi-Jarlskog mechanism
in SU(5) models (] and Georgi-Nanopoulos mechanism in the SO(10) models [[]]. In this
work, we generate the realistic SM fermion mass ratio in the GmSUGRA, i.e. in the simple
SO(10) model with higher dimensional operators in the super- and Kéhler potentials. In
this Section, we discuss the effects of non-renormalizable terms in the superpotential on
the SM fermion mass relations.

To obtain the non-renormalizable contributions to the SM fermion Yukawa coupling
terms, we need to know the decompositions of the tensor product 16 ® 16 @ 10 [iJ]

16216 = 10 120 & 126 (5.2)
1616 ®10 = (16456 54) & (45 @ 210 & 945) & (210 & 1050) . (5.3)
Because the 945 and 1050 representations do not have SU(5)x U (1) or SU(4)cx SU(2)r, x

SU(2)R singlets [i9], we only consider the Higgs fields in the 45, 54 and 210 representa-
tions.

5.1 The Pati-Salam Model

The SO(10) gauge symmetry can be broken down to the Pati-Salam SU(4)¢c x SU(2)p x
SU(2)r symmetry by giving VEVs to the Higgs fields in the 54 and 210 representations.

1'We use two 10 Higgs to avoid large tan 5.

— 11 —



We can write the VEV of the Higgs field 54 as

<(I)54> d ag( 2 3 3) s (5.4)

2v/15 R/—’ %,—/

which is normalized to ¢ = 1.
To calculate the additional contributions to the Yukawa coupling terms, we consider
the following superpotential

1 .
W D k' (16; © 161)1p(P54)mn 10" . (5.5)

After ®54 acquires a VEV, we obtain the additional contributions to the SM fermion
Yukawa coupling terms

3v
V15M,

Thus, the extra contributions to all the SM fermion Yukawa couplings are the same, and

W o> —h [QiUfH, + LiNfH, + Q;DSHy + L;ESHy] . (5.6)

then we cannot explain the SM fermion mass ratio.
The VEV of the ®51¢9 Higgs field can be written as

(®210) = 5 d1ag( ;1L,-1,- 1) (5.7)

which is normalized to ¢ = 2. We consider the following superpotential

W D

B (161 © 161)750 (9210}t 10" + 1 (161 @ 161) 7567 (9210)mnip 10, - (5.8)

*

It is easy to show that the above superpotential will not contribute to the SM fermion
Yukawa coupling terms.

In short, we cannot obtain the realistic SM fermion mass relation since the Pati-Salam
gauge symmetry is not broken. This problem can be solved by introducing additional
renormalizable Yukawa coupling terms involving the higher representation Higgs fields.

5.2 The SU(3)C X SU(Q)L X SU(Q)R X U(l)B_L Model

The SO(10) gauge symmetry can also be broken down to the SU(3)c x SU(2), x SU(2) g X
U(1)p—r gauge symmetry by giving VEVs to the (15, 1, 1) components of the Higgs fields
in the 45 and 210 representations under SU(4)c x SU(2)r x SU(2)g.

For the Higgs field ®45 in the 45 representation, the VEV can be written as

(Byg) = —=diag(2,---, 2,-2,---,-2, 0,---, 0), (5.9)

\/’ )\ )\ ,

which is normalized as ¢ = 1.
To calculate the additional contributions to the SM fermion Yukawa coupling terms,
we consider the following superpotential

1
WDM

*

[hi(mi ® 164)7 (P )mn10™ + 1 (16; @ 16;)75 (Dus)mn10;] . (5.10)
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However, the above superpotential will not contribute to the SM fermion Yukawa coupling
terms.
For the Higgs field ®21¢ in the 210 representation, the VEV is

(Pa10) = ——diag( 1, 1, 1,-3) , (5.11)
——

2V6

with normalization ¢ = 2. We consider the following superpotential

WS — M hi(16; © 16)78 (B 210) g 10F + 1 (16; @ 16;)7547 (@zlo)mnlpm] (5.12)

*

After @519 acquires a VEV, we obtain the additional contributions to the SM fermion
Yukawa coupling terms

W o h’i\/gLM [Q:UCH, — 3L;N¢H, + Q;DSHy — 3L;EH,] . (5.13)

Similar to the Georgi-Jarlskog mechanism in SU(5) models [i(] and Georgi-Nanopoulos

mechanism in SO(10) models [, we can explain the SM fermion mass ratio. After
imposing some discrete symmetries, we can generate the following superpotential

WD (h12EQ1D2Hd + WP LV ESH, + hF QoD{Hy + hiyF Lo ESHY)
1
+ M* 7

Again, with not too large tan 8 and WP ~ O(1), we have h5Ev v /M, ~ O(10%) MeV.
Thus, we get the mass matrices for (e, u) and (d, s) after electroweak symmetry breaking

(hs " QeD5Hy — 3hiyy " Ly ESHy) . (5.14)

e u d s

e [0 a d {0 a (5.15)
I a 3b) "’ S ab]’

Diagonalizing the mass matrices for a < b, we can get approximately the RGE running
invarian SM fermion mass ratio

e 1
e 21 (5.16)
my 9my

5.3 The Georgi-Glashow SU(5) x U(1)" Model

The SO(10) gauge symmetry can be broken down to the Georgi-Glashow SU(5) x U(1)’
symmetry by giving VEVs to the Higgs fields in the 45 and 210 representations.

For the Higgs field ®45 in the 45 representation, we can write the VEV in terms of
the 10 x 10 matrix

(Pa5) = \/leag( , L =1, 1), (5.17)

— 13 -



where the normalization is ¢ = 1. Using the conventions in [p1] we obtain the non-zero
components

(Pa5)12 = (Pas5)34 = (Pas)s6 = (Pas)7s = (Pas)oo = (5.18)

3l-
(@)

To calculate the additional contributions to the SM fermion Yukawa couplings, we consider
the following superpotential

W o [hi(16i ® 16:)7 (D5 )y 10" + 11 (16 @ 16;)T0 (Bu5)mn10;| . (5.19)

M,

Note that 120 is anti-symmetric representation, the A’ term will not contribute to the SM
fermion Yukawa couplings. After ®45 acquires a VEV, we obtain the additional contribu-
tions to the Yukawa couplings

2v
V10M,

These terms are the same for the down-type quarks and charged leptons, so we cannot

W ok

[QZUZCHH + L;N;H, — Q;D{H; — LiEZ-cHd] . (5.20)

realize the correct SM fermion mass ratio.
For the Higgs field ®21¢ in the 210 representation, we can write the VEV in terms of
the 16 x 16 matrix as follows
v

(P210) = Wi

diag( 1,---, 1,—1,---,—1,5) , (5.21)
10

where the normalization is ¢ = 2. This VEV can be written in components as follows

(®210)1234 = (P210)1256 = (P210)1278 = (P210)1290 = (P210)3456 = (P210)3478
v
= (® = (® = (® = (® = ——. 5.22
(®210)3490 = (P210)5678 = (P210)5690 = (P210)7890 Wi (5.22)

We consider the following superpotential

1 . .
WD oo W (16 @ 16;) 75 (D210 )ik 10F + 1/ (16; @ 16i)T2’g””’(c1>210)mnlk1op] (5.23)

*

After ®519 acquires a VEV, we obtain the additional contributions to the SM fermion
Yukawa couplings

v

V5 M,

In summary, we cannot obtain the realistic SM fermion mass relations in this case

W o Kt

[BL;N¢H, — Q;UCH,] . (5.24)

since the SU(5) gauge symmetry is not broken. This problem can be solved by introducing
additional renormalizable Yukawa coupling terms involving the higher representation Higgs
fields.
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5.4 The Flipped SU(5) x U(1)x Model
The discussion for the flipped SU(5) x U (1) x model is similar to that of the Georgi-Glashow
SU(5) x U(1)" model except that we make the following transformations

QiHQZ’, Uf(—)ch, L; < L;, Nf(—)Elc, H;+ H, . (5.25)

Therefore, for the Higgs field in the 45 representation, we obtain the additional con-
tributions to the SM fermion Yukawa couplins
2v
V10M,

These contributions are the same for the down-type quarks and charged leptons, we cannot

W o K

(QiD{Hy+ LiE{Hy — QUSH, — LiNSH,) . (5.26)

realize the correct SM fermion mass ratio.
For the Higgs field in the 210 representation, we have
v

V5 M,

Similarly to the Georgi-Jarlskog and Georgi-Nanopoulos mechanisms or to our previous

W o k'

[BLiE{Hy — Q:DiH4| - (5.27)

discussion, we can generate the following correct SM fermion mass ratio

me , 1ma (5.28)
my,  9mg '

5.5 The SU(3)c x SU(2) x U(1); x U(1)2 Model
The SO(10) gauge symmetry can be broken down to the SU(3)c x SU(2)r, x U(1)1 x U(1)2
symmetry by giving VEVs to the (24,0) component of the Higgs fields in the 45, 54

and 210 representations under SU(5) x U(1), or to the (75,0) component of the Higgs
field in the 210 representation. In this subsection, we will study the SM fermion Yukawa

couplings in the SO(10) model where the gauge symmetry is broken down to the SU(3)¢ x
SU(2)r x U(1)y x U(1) symmetry via the Georgi-Glashow SU(5) x U(1)" symmetry. We
also comment on the SM fermion Yukawa couplings in the SO(10) model where the gauge
symmetry is broken down to the SU(3)cx SU(2) xU(1)y xU(1)" symmetry via the flipped
SU(5) x U(1)x symmetry, which can be obtained from the Georgi-Glashow SU(5) x U(1)’
case by making the replacements in Eq. (p.2).

First, for the Higgs field ®45 in the 45 representation, we can write the VEV in terms
of the 10 x 10 matrix as follows

3 111 1 1 1 1 1 11
d = —di — =, o, ——, ——y —— — =, =, — 5.29
( 45> U\/; lag( 37 37 37 27 9’ 37 37 37 9’ 2)7 ( )
which is normalized to ¢ = 1. It can also be written in components as follows

3(Pa5)12 = 3(Pa5)34 = 3(Pus)s6 = —2(Pys5)78 = —2(Pas)o0 = U\/g : (5.30)

To calculate the additional contributions to the SM fermion Yukawa couplings, we consider
the following superpotential

1
WDM

*

[hi(mi ® 164)7%(P45)mn 10" + 1/ (16; ® 16;)721 (q>45)mn1o,} . (5.31)
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After ®45 acquires a VEV, we obtain additional contributions to the SM fermion Yukawa
couplings

W o k'

v 3
o \/; (QuUEH, + LiNf Hy — QiDf Ha — LiF{Hy] (5.32)

Since these terms are universal, we cannot obtain the correct SM fermion mass ratio, and
the same result holds for the intermediate flipped SU(5) x U(1)x model.

Second, for the Higgs field ®54 in the 54 representation, we can write the VEV in the
10 x 10 matrix form as follows

3 1 11 1 1 1 1 1 1
Dgq) = vy/odiag( =, =y =y —my—my =y 5.33
( 54> U\/; lag( 37 37 37 27 27 37 37 37 27 2)7 ( )

which is normalized to ¢ = 1. We consider the following superpotential
1 .
W D < h'(16; © 16:){5 (P54)mn 10" (5.34)

After ®54 acquires a VEV, we obtain the additional contributions to the SM fermion
Yukawa couplings

v
2M,

; 3
W o —h' \/g QiU Hy + LiN{Hy, + Qi Di Hy + L; E{ Hyg) (5.35)
Once again, we cannot get the realistic SM fermion mass ratio, and the same result holds
for the intermediate flipped SU(5) x U(1)x model.

Third, we consider that the (24,0) component of the Higgs field @%‘110 in the 210
representation obtains a VEV. We can write its VEV in the 16 x 16 matrix as follows

3 3 1 1 2 2 2

$24)) = Ldiag(—1,-1,-1, 2, 2, Z ..., — 2 2 21 0 5.36
( 210> \/5 lag( 9 ) ) 27 27 67 ) 67 37 37 37 ) )7 ( )

6

which is normalized to ¢ = 2. In components we have

6(P310)1278 = 6(P310)3478 = 6(P310)5678 = 6(P310)1200
3
= 6(P370)3100 = 6(P310)5600 = —§(¢§%o)1234
= —§(‘I>§%o)1256 = —§(¢§%o)3456 — (@3%)7800 = —= - (5.37)
2 2 NG

We consider the following superpotential

L 1., .
WO RH(16; ® 163) 798 (D2%0) mnik10F + 1/1(16; @ 16i)?2’gpq(q>§;10)mnlp1oq] (5.38)
After 21, acquires a VEV, the additional contributions to the SM fermion Yukawa cou-
plings are

v 1

W o R ———
M, 6v/5

[—3QiUZ~CHu + 9LZ’NZ-CHH — 5QiDl-cHd + 15LiEZ-CHd] . (5.39)
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Thus, similarly to the Georgi-Jarlskog mechanism, we can realize the correct SM fermion
mass ratio. The same result holds for the intermediate flipped SU(5) x U(1)x model.

Finally, we consider that the (75,0) component of the Higgs field CIDE?O in the 210
representation obtains a VEV. We can write this VEV in the 16 x 16 matrix form as
follows

HI5) = gdia 0,0000-1,---,—-1,1, 1, 1, 3, 0), 5.40
< 210) 3 g( y ) ( )

which is normalized to ¢ = 2. In components we have

(T50) 1278 = (P530)3478 = (D550)5678 = (P230)1200

= (®330)3190 = (PT30)5600 = —(P230)1234
1 )
= —(P530)1256 = —(®Z30) 3456 = —g(q’g?o)mo =-3- (5.41)

We consider the following superpotential

1 . )
W D | (16; @ 161) 750 (P5T0)mnir 10" + 1" (16; © 169?2’3”‘1(@;5’0)%@104 (5.42)

*

After ®23, acquires a VEV, we obtain the additional contributions to the Yukawa couplings

v

W h/i
- 3M.

[~Q;D{Hy + 3L, E{Hy) . (5.43)

Again, similar to the Georgi-Jarlskog and Georgi-Nanopoulos mechanisms, we can obtain
the correct SM fermion mass ratio. However, in this case, we cannot get the realistic SM
fermion mass ratio in the intermediate flipped SU(5) x U(1)x model.

6. SO(10) Models with Non-Renormalizable Terms in the Kéihler Potential

In this Section, we shall study the new contributions to the SM fermion Yukawa couplings
from higher dimensional operators in the Kéahler potential in the SO(10) model. Normal-
izing the Yukawa couplings

2
W= 3" yig"(16)(16)°(10;) , (6.1)
ab,i=1

we obtain the masses for the charged leptons and down-type quarks after electroweak
symmetry breaking, which are given in Eq. ({.24).

In order to construct gauge invariant higher dimensional operators in the Kéahler po-
tential, we need to decompose the tensor product of 16 ® 16 as follows

16©16 =1 @45 210 . (6.2)

Thus, we only need to consider Higgs fields in the 45 and 210 representations. The
SO(10) gauge symmetry can be broken down to the Pati-Salam SU(4)c x SU(2)r x SU(2)r
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symmetry by the VEV of the Higgs field in the 210 representation, and can be further
broken to the SU(3)cxSU(2), xSU(2)gxU (1) p—r, symmetry by the VEVs of the (15,1,1)
components of the Higgs fields in the 45 and 210 representations under SU (4)c x SU(2) 1, X
SU(2)g. In addition, the SO(10) gauge symmetry can be broken down to the Georgi-
Glashow SU(5)xU(1)" and flipped SU(5) x U (1) x symmetries by Higgs fields in the 45 and
210 representations, and can be further broken to the SU(3)c x SU(2)r x U(1)1 x U(1)2
gauge symmetries by the VEV of the (24,0) component of the Higgs field in the 45
representation under SU(5) x U(1), or by the VEVs of the (24,0) and (75,0) components
of the Higgs fields in the 210 representation. Thus, in the following, we consider all these
gauge symmetry breaking chains.

6.1 The Pati-Salam Model

Decomposing the 16 ® 16 tensor product of spinor representations under the SU(4)¢ X
SU(2)r x SU(2)r gauge symmetry, we obtain the VEV for the (1,1,1) component of the
210 dimensional Higgs field ®21¢ in terms of the 16 x 16 matrix

v

P = diag( 1,---, 1,—1,---,—1), 6.3
< 210> 2\/5 g( . . ) ( )
with the normalization ¢ = 2. This leads to the wave function normalization of the SM
fermions
1 )
Z =a + = ph " ,
Qi 0 2\/55210M*
1 )
Z c = qp — —— o7 ,
vp = 0 = o oy
1 v
Zpe = ag — —= 50— s
B = 0 = o o
1 v
Z c = qp — —— 17 —
p; = a0~ o Pnogy
Zi, = ap+ ——ali =" (6.4)
Yo R VA '

From these, we cannot obtain the suitable SM fermion mass ratio.

6.2 The SU(3)C X SU(Q)L X SU(Q)R X U(l)B_L Model

The SO(10) gauge symmetry can be broken down to the SU(3)c x SU(2)r x SU(2)gr x
U(1)p—r symmetry by giving VEVSs to the (15,1,1) components of the Higgs fields in the
45 and 210 representations under SU(4)c x SU(2)r x SU(2)g. The decomposition of 16
under the SU(3)c x SU(2)r x SU(2)r x U(1) p—r, symmetry is

16 = (3,2,1,1/6) ® (1,2,1,-1/2)® (3,1,2,-1/6) & (1,1,2,1/2) . (6.5)

First, we consider the Higgs field ®45 in the 45 representation. The VEV of ®45 can

be written in terms of the 16 x 16 matrix as follows
(Pg5) =

v

diag( 1, 1, 1,-3,-1,-1,-1, 3), 6.6
g ine ) (6.6

2 2
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which is normalized as ¢ = 2. Then, the wave function normalization for the SM fermions
is

1 .

Z =aq + - 11 —

Qi 0 9 \/6545 M,

U

Zie = ag — —=flie—
U ao 2\/6545 M,
3 ;v
Z ¢ = + v 11, —
E¢ ao 2\/6545 M,
Z c = QAN — ——— /i L s
pe = ao 2\/6545 M.
3 ;v
Zp, = ag — ——=Bhg—— 6.7
L; 0 2\/6545 M, (6.7)
Thus, we can obtain the correct SM fermion mass ratio
MeMMs _ (by — 1)(by + 1)(b2 — 3)(ba + 3) N i (6.8)
mymq (b1 + 3)(b1 — 3)(b2 + 1)(b2 -1) 10 ° ’
Here we normalize
ag = (69)

2\/_/845M

with no summation on the family index 4. For example, we can choose b; # 3 and by # 1
while by ~ 3.

Second, we consider the Higgs field ®21¢ in the 210 representation. The VEV of ®21¢
in terms of a 16 x 16 matrix is

v
o = ——diag( 1, 1, 1,-3), 6.10
(P210) 2\/5 g( ) ( )

which is normalized as ¢ = 2. Thus, the wave function normalization for the SM fermions
is

1 v
Zo, = ag+ —=L%10— »
Qi 0 2\/65210M*
1 )
Z c=a + = ph " ,
Us 0 2\/65210M*
.
Z c = = B
E¢ ag 2\/65210M* )
1 )
Z c=a + = ph " ,
D 0 2\/65210M*
.
Zy;, = ap— ﬁﬂgloﬁ (6.11)
So we can obtain the realistic SM fermion mass ratio
mems (b1 + 1)2(b2 — 3)2 - 1 (6 12)
muymg  \| (by —3)2(b2 +1)2 " 10 ° ‘
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Here we normalize

1 )
bi 5 9
2/ 0N

with no summation on the family index . For instance, we can choose b; # 3 while by ~ 3.

ag = (6.13)

6.3 The Georgi-Glashow SU(5) x U(1)" and Flipped SU(5) x U(1)x Models

The SO(10) gauge symmetry can also be broken down to the SU(5) x U(1) symmetry by
the VEVs of the 45 and 210 dimensional Higgs fields ®45 and ®319. The decomposition
of the 16 spinor representation under SU(5) x U(1) is

16 =(10, 1)® (5, —3)® (1, 5) . (6.14)

(A) Higgs Field in the 45 Representation.

First, we consider the Higgs field ®45. From Eq. (p.14), we obtain the VEV of ®45 in
terms of the 16 x 16 matrix

() = 3,1,---,1,5), 6.15
(®ys) ) (6.15)

v
——diag(—3, -, —

which is normalized as ¢ = 2. Consequently, we obtain the wave function normalization in
the Georgi-Glashow SU(5) x U(1)" and flipped SU(5) x U(1)x models:

e The Georgi-Glashow SU(5) x U(1)" Model

10

20F) = ap + Blp
( z) ag /8452\/EM*
Z(F) = an — 380 % :
(fz) ao 5452\/EM*
, v
Z(NE) = ag + 585 ———— . 6.16
( ) ao B452\/EM* ( )

We cannot obtain the correct SM fermion mass relation in the symmetry breaking
chain from SO(10) down to the Georgi-Glashow SU(5) x U(1)" gauge symmetry since
SU(5) is not broken.

e The Flipped SU(5) x U(1)x Model

- v
Z(F;) = ao+ Bis——— ,
( ) 0 5452\/EM*
— . v
Z(f;) = ao — 3B4s——s— ,
(fz) 0 5452\/EM*
— . U
Z(1;) = ag+ 50y —— . 6.17
() 0 5452\/EM* ( )

In the symmetry breaking chain from SO(10) to the flipped SU(5) x U(1)x gauge
symmetry, we can get the realistic SM fermion mass ratio

mem, \/(b1 +1)2(b—3)(b2+5) _ 1

mumg — \[ (b2 + 1201 = 3)(b +5) ~ 10 (6.18)
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Here we normalize

- v
ag = by —— |
0 = bilas S AEar

with no summation on the family index i. We can choose b; # 3 while by = 3.

(6.19)

(B) Higgs Field in the 210 Representation.

We consider the ®21¢ Higgs field, the VEV of which is orthogonal to that of the ®45

v
) = ——diag( 1,---, 1,—-1,---,—1, 5), 6.20
= el Lol 9 (6:20)
and is normalized as ¢ = 2. So we obtain the wave function normalizations for the SM

fermions in the Georgi-Glashow SU(5) x U(1)’ and flipped SU(5) x U(1)x models:

e The Georgi-Glashow SU(5) x U(1)" Model

v

Z(F!) = ap — Blijo—m— |,
() 0 2102\/5M*

(2

27 = ao+ Bro—t—
(f) 0 /82102\/5]\44<
, v
Z(NE) = ap + 58— . 6.21
( ) 0 52102\/5M* ( )

Thus, we cannot obtain the suitable SM fermion mass relation in the symmetry break-
ing chain from the SO(10) gauge symmetry down to the Georgi-Glashow SU(5) x
U(1)" gauge symmetry since the SU(5) gauge symmetry is not broken.

e The Flipped SU(5) x U(1)x Model

~ . v
ZE = an — 17, _
( ) 0 2102\/3M*
~ . v
Z(F;) = a0+ Biros 7= -
(f) 0 /82102\/5]\4»<
= . v
Z(l;) = ag + 5B510—=— - 6.22
(1) = a0+ 5010 (6:22)

In the symmetry breaking chain from the SO(10) gauge symmetry down to the flipped
SU((5) x U(1)x gauge symmetry, we can realize the correct SM fermion mass ratio

MeMg (b1 — 1)2(b2 + 1)(b2 + 5) 1
= 5 N — . (6.23)
mymq (b2 — 1) (b1 + 1)(b1 + 5) 10
Here we normalize
— b B —e 6.24
ao 5210 2\/5M* ( )

with no summation on the family index i. For instance, we can choose by # 1 while by ~ 1.
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6.4 The SU(3)C X SU(Q)L X U(l)l X U(l)g Model

The SO(10) gauge symmetry can also be broken down to the SU(3)¢ x SU(2)r x U(1); x
U(1)2 symmetry by the VEV of the (24,0) component of the Higgs field in the 45 repre-
sentation under SU(5) x U(1), or by the VEVs of the (24,0) and (75,0) components of
the Higgs fields in the 210 representation.

(A) Higgs Field in the (24,0) Component of the 45 Representation.

First, we consider the Higgs field @ﬁ‘é in the 45 representation whose (24, 0) component
acquires the following VEV

3 1 1
P24y — \/j i -
< 45> v 5dlag( 37 37

which is normalized to ¢ = 2.

1 2 2 2

—2, -2, 1,0 6.25
37 37 ) )7 ( )

)

W] =
bl =
bl =
il
o
«,

From this, we obtain the wave function normalizations for the SM fermions in the
Georgi-Glashow SU(5) x U(1)" and flipped SU(5) x U(1)x models:

e The Georgi-Glashow SU(5) x U(1)" Model

3 oal v
Za, =0\ 5
3 o042 U
Z ¢ — _ e /224_
U ao \/;@15 30,
i 5745 M,
3 oal v
ZDf = a0+\/;ﬁi§4§M* 5
3 oal v
Zr. = ag — (| =B34 = . 6.26
L; ao \/;@15 2 M, ( )

In the symmetry breaking chain from the SO(10) gauge symmetry via Georgi-Glashow
SU(5) x U(1) down to the SU(3)c x SU(2)p x U(1); x U(1)2 symmetry, we can get
the correct SM fermion mass ratio

MM (b1 + %) (b1 + ) (b2 — ) (b2 + 1) 1
— — 3 TR (6.27)
myumq (b1 5)(b1 +1)(b2 + 3)(b2 + 5)
Here we normalize
ap = b3 |3 (6.28)

5M, "’

with no summation on the family index i. For instance, we can choose b; # % while
1

b2%2.
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e The Flipped SU(5) x U(1)x Model

3 jioal W
a = w0\

3 o4l W
Zug = ao + \/;62345 T (6.29)
Zpe = ao ,
3 oa2 U
ZD;': = ap — \/%52§4§ M* 5
3 o4l W
21, = ao — \/;62345 i (6.30)

In the symmetry breaking chain from the SO(10) gauge symmetry via flipped SU(5) x
U(1)x down to the SU(3)c x SU(2)r x U(1); x U(1) gauge symmetry, we can obtain the
realistic SM fermion mass ratio

mems _ [(b1 =)0+ g)ba—g)h 1 (6.31)
m,mq (b1 — %)bl(bg — %)(bg + %) 10 ° )
Here we normalize
, 3 v
— bz 1724 [ < 32
with no summation on the family index ¢. For example, we can choose by # % and by # %
while b; ~ % and/or by ~ %

(B) Higgs Field in the (24,0) Component of the 210 Representation.

Second, we consider the Higgs field @%‘110 in the 210 representation whose (24,0)
component acquires a VEV as follows

3 3 1 1 2 2 2
24)) = Ldiag(—1,-1,-1, 2, 2, Z ..., — —2 2 21 0 6.33
( 210> \/5 lag( 9 9 9 27 27 67 9 67 37 37 37 ) )7 ( )

which is normalized to ¢ = 2. In this case the wave function normalizations for the SM
fermions via the Georgi-Glashow SU(5) x U(1)" and the flipped SU(5) x U(1)x models

are:

e The Georgi-Glashow SU(5) x U(1)" Model

1 o1 v
Zg, = ao + ﬁﬂg%éﬁ ;

1 o2 v
Zug = ag — ﬁﬁgfggﬁ ;
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1 o4 v
Z PR— = 1124
Ei ap + \/55210 ]\44< 9
1 o4 v
Z ¢ — o /Z24_
Di ap \/55210 ]\44< 9
1 543 v
Zr, = —_phE s — 6.34
L; = aog+ \/552102M* (6.34)

In the symmetry breaking chain from the SO(10) gauge symmetry via Georgi-Glashow
SU(5) x U(1)" down to the SU(3)c x SU(2)p x U(1); x U(1)2 symmetry, we can get
the realistic SM fermion mass ratio

Mmems (b1 — 1) (b1 + (b2 + )b +1) 1
= 3 T N — . (6.35)
mymgq (b1 + 5)(1)1 +1)(be + 6)(b2 -1) 10
Here we normalize
o4 1 U
ap = biByze—=— , 6.36
0 B210 /5 M. (6.36)
with no summation on the family index i. For example, we can choose by # 1 while
b1 ~ 1.
e The Flipped SU(5) x U(1)x Model
1 _oql v
ZqQ; = ap + ﬁﬁé%ﬁlgﬁ* ;
1 v
ZC—CL o /124_’
U 0 \/55210 L
Zp: = ag ,
1 042 v
Zps = ao = ﬁﬂéfggM* ;
1 043 v
Zr; = ao+ ﬁﬁé%gﬁ* : (6.37)

In the symmetry breaking chain from the SO(10) gauge symmetry via flipped SU(5) x
U(1)x down to the SU(3)c x SU(2)r x U(1); x U(1)y symmetry, we can obtain the correct
SM fermion mass ratio

mems _ (b1 + )b = b2+ 9 1 (6.38)
m,mg (b1 + 3)b1(b2 + §)(b2 — 3) 10
Here we normalize
) 1 v
ag = biﬁlzllzg%ﬁ : (6:39)

with no summation on the family index i. For instance, we can choose by # % while b; ~ %
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(C) Higgs Field in the (75,0) Component of the 210 Representation.

Third, we consider the Higgs field ®23, in the 210 representation whose (75,0) com-
ponent acquires the following VEV

v
o = —diag( 0, 0, 0, 0, 0,—-1,---,—1, 1, 1, 1, 3, 0), 6.40
< 210> 3 g( y ) ( )

which is normalized to ¢ = 2. Thus, we obtain the following wave function normalizations
for the SM fermions via the Georgi-Glashow SU(5) x U(1)’ and the flipped SU(5) x U(1) x
models:

e The Georgi-Glashow SU(5) x U(1)" Model

Z = 1375 v
Qi 5210M )
Trre — ~ pnr75 v
Ug = ag + 3/8210 M
T e — 175 _Y
Be = ao + B210 M.
Zps = ap ,
ZLi = agp . (6.41)

In the symmetry breaking chain from the SO(10) gauge symmetry via Georgi-Glashow
SU(5) x U(1) down to the SU(3)c x SU(2), x U(1); x U(1)g symmetry, we can
obtain the correct SM fermion mass ratio

mems (b —=1)(ba+3) 1
g \/ Bt 3)ba—1) 10 (642)

Here we normalize

1 _,ms v
a0 = biz 310 3 - (6.:43)

with no summation on the family index 7. For instance, we can choose by # 1 while
bl ~ 1.

e The Flipped SU(5) x U(1)x Model

1 . v
Zg, = a0 — = P41

[3 3 210 ]\4>’< )
Zye = ag ,
Zpe = ag ,
1 . v
Zps = ao + 55/22173 M,
ZLi = agp . (6.44)
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In the symmetry breaking chain from the SO(10) gauge symmetry via flipped SU(5) x
U(1)x down to the SU(3)¢c x SU(2)r, x U(1); x U(1)2 symmetry, we can get the realistic
SM fermion mass ratio

mems (b1 — 1) (b1 + 1)b3 1 (6.45)
mymq b%(bg — 1)(52 + 1) 10 ° )
Here we normalize
1 ,ms v
ag = bigﬁlzfgﬁ* ; (6.46)

with no summation on the family index i. For instance, we can choose by # 1 while by ~ 1.

7. Conclusion

Grand Unified Theories (GUTSs) usually predict wrong Standard Model (SM) fermion mass
relations, such as m./m, = mg/mg, toward low energies. Based on our previous work on
the SM fermion Yukawa couplings in the GmSUGRA scenario with the higher dimensional
operators containing the GUT Higgs fields, we studied the SM fermion mass relations.
Considering non-renormalizable terms in the super- and Kéhler potentials, we can obtain
the correct SM fermion mass relations in the SU(5) model with GUT Higgs fields in the
24 and 75 representations, and in the SO(10) model where the gauge symmetry is broken
down to SU(3)c x SU(2)r x SU(2)gr x U(1)p—r, to the flipped SU(5) x U(1)x symmetry,
or to SU(3)c x SU(2)r, x U(1); x U(1)2. However, we cannot improve the SM fermion
mass relations in the SO(10) model if the gauge symmetry is only broken down to the
Pati-Salam SU(4)c x SU(2) x SU(2)g or the George-Glashow SU(5) x U(1) symmetry.
In particular, for the first time we generate the realistic SM fermion mass relation in GUTs
by considering the high-dimensional operators in the Kahler potential.
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