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We discuss fermion masses and mixings in models derived from orbifold grand unified theories such
that gauge coupling unification is achieved without low-energy supersymmetry by utilizing a non-
canonical U(l)y. A gauged U(1)y flavor symmetry plays an essential role, and the Green-Schwarz
mechanism is invoked in anomaly cancellations. Models containing vectorlike particles with masses close

to Mgyt are also discussed.
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I. INTRODUCTION

In some recent papers [1,2], it has been shown that
unification of the standard model (SM) gauge couplings
can be realized without invoking low-energy supersymme-
try (SUSY). The unification scale turns out to be close to
Mgyt ~ 4 X 10'® GeV. Such models are realized from
supersymmetric SU(N) gauge theories in higher dimen-
sions compactified on suitable orbifolds, and showing that
the normalization of U(1)y can be different from the
standard value of 5/3. One well-known example utilizes
a value of 4/3 for the hypercharge normalization, with
SUSY broken at Mgyr. An important extension of these
ideas implements gauge and Yukawa coupling unification
at Mgyt [2]. For instance, with gauge-top quark Yukawa
coupling unification and with SUSY broken at Mgy, the
SM Higgs boson mass turns out to be 135 = 6 GeV [2].
Somewhat larger values for the Higgs mass 144 * 4 GeV
are found with gauge-bottom quark Yukawa coupling uni-
fication [2]. Examples based on split SUSY have also been
discussed [3]. For a discussion of models with low-energy
SUSY and noncanonical normalization of U(1)y, see [4].

Our main goal here is to understand the SM fer-
mion masses and mixings in this framework by employ-
ing a flavor U(1)y symmetry via the Froggatt-Nielsen
(FN) mechanism [5]. The U(1)x symmetry is gauged and
has anomalies that are cancelled by the Green-Schwarz
(GS) mechanism [6]. This avoids potential problems that
may arise if a global U(1)y symmetry is employed to im-
plement the FN mechanism. Because the U(1)y anomaly
cancellations depend on the normalization of U(1)y, and
our models exhibit SUSY at Mgy, some care is required to
realize a consistent framework for the SM-fermion masses
and mixings in our setup. For viable fermion textures, we
follow closely the discussions presented in Refs. [7-9].
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One of the two scenarios includes vectorlike particles
with masses close to Mgyt. Moreover, because SUSY is
broken around the grand unified theory (GUT) scale, we do
have the gauge hierarchy problem in our models. How to
solve the gauge hierarchy problem is an interesting ques-
tion but is out of the scope of our present work. One pos-
sible solution is the following: we embed our models into
the string/M theory with flux compactifications, and then
we might have many metastable string/M theory vacua,
which form the string landscape [10,11]. Interestingly, the
gauge hierarchy problem might be solved in the string
landscape if there exist quite a few SUSY breaking hidden
sectors [10,11].

The paper is organized as follows. In Sec. II, we briefly
review the FN mechanism realized with an anomalous
U(1)y. The simplest models are discussed in Sec. ITI, while
Sec. IV contains models with additional vectorlike parti-
cles. Our conclusions are summarized in Sec. V.

II. FN MECHANISM AND YUKAWA TEXTURES

The SM fermion masses and mixings can be explained
elegantly via the FN mechanism [5], where an additional
flavor dependent global U(1)yx symmetry is introduced. To
stabilize this mechanism against quantum gravity correc-
tions, we consider an anomalous gauged U(1)y symmetry.
In a weakly coupled heterotic string theory, there exists an
anomalous U(1)y gauge symmetry, where the correspond-
ing anomalies are cancelled by the GS mechanism [6]. For
completeness, let us briefly review gauge coupling unifi-
cation and anomaly cancellations in weakly coupled het-
erotic string model building.

The generic four-dimensional Lagrangian in the Ein-
stein metric from four-dimensional string theories can be
written as

k k
LD f d*x / d205{7€TrC[WgWCa]+7WTrW[WVaVWWa]

k k k
+LWEWy o + S WEWy g +§

1 ; W?WXQ}-FH.C., (1)
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where we neglect the overall constant here. The last term is
the gauge kinetic mixing term between U(1)y and U(1)y,
which is important for the anomaly cancellations in the
following discussions. k¢, ky, ky, kx, and kyy are the Kac-
Moody levels for the gauge symmetries SU(3)¢, SU(2);,
U(1l)y, U(1)y, and the U(1)y X U(1)y gauge kinetic mix-
ing term, respectively. k- and ky, are positive integers, ky
and ky are positive rational numbers, and kyy is a rational
number. Also, the generators for the non-Abelian gauge
groups are normalized to 1/2 for the fundamental repre-
sentation. With g2 denoting the vacuum expectation value
(VEV) of the real part of S, the gauge coupling unification
[12,13] is given by

kcgzc = kwg%v = kyg%/ = kxgi = kXYgng = gé, ()

where gc, gw, &y, &x, and gxy are the gauge couplings for
SU®B)¢, SUQR);, U(1)y, U(1)x gauge symmetries, and the
U(1)y X U(1)y gauge kinetic mixing term, respectively. In
addition, there exist the following terms for the imaginary
part of S (Im(S)) and the gauge field strengths

£o j d4x1m(s){%c Tro[Fe A Fo] + %W Try[Fu A Fy]

k k k
+ZYFYAFY+ZXFXAFX+¥FXAFY}

+ Hec. 3)

The Neveu-Schwarz (NS-NS) twoform field B, in four
dimensions can couple to the Fy as follows:

£ D) /d4)CCOB/\Fx, (4)

where c is a constant. Because B, and Im(S) are dual to
each other in four dimensions, we obtain that Egs. (3) and
(4) can contribute to the gauge anomalies after we contract
B, and Im(S). Therefore, the total anomaly cancellations
give us the following constraints: [12,13]

ﬂCCX — AWWX — ﬂYYX — leXXX — *ﬂYXX
ke [ ky 3ky Kyx
ﬂGGX
=222 5
24 ©)

where A ccx, Awwx> Avyx> Axxx, and Ayxy are the
gauge anomalies from the chiral fermions, and A g5y is
the gauge-gravity mixed anomaly from the chiral fermions.
The last equality is required to cancel the gauge-gravity
mixed anomaly.

We follow the standard notation for the SM left-handed
quark doublets, right-handed up-type quarks, right-handed
down-type quarks, left-handed lepton doublets, right-
handed neutrinos, and right-handed leptons by denoting
them as g;, uf, df, [;, v, and ef, respectively. To reproduce
the observed neutrino masses and mixings, we need at least
two, or even three right-handed neutrinos for the seesaw
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mechanism [14]. In the former case, one of the left-handed
neutrinos will remain massless, which is consistent with
the known data. To be concrete, we will consider three
right-handed neutrinos in this paper. Moreover, since we
consider GUT-scale SUSY breaking, there is one pair of
Higgs doublets H, and H, close to the string scale.

To break the U(l)y gauge symmetry, we introduce a
flavon field A with U(1)y charge —1. To preserve SUSY
close to the string scale, A can acquire a VEV so that the
U(1)yx D flatness can be realized. It was shown [7,8] that

_w
Pl

0.171 =€ =0.221, (6)
where Mp, is the reduced Planck scale. Interestingly, € is
about the size of the Cabibbo angle. Note that the X
charges of the SM fermions and the Higgs fields are
denoted by appropriate subscripts.

With SUSY broken around Mgyr, the SM fermion
Yukawa couplings arising from the holomorphic super-
potential at the string scale are given by

A \XYUj; i A \XYD; .
- L= y?j(—) ‘quSH, + yﬁ(—) 'q,dSH,

Mp Mp
A \XYE; A \XYN;; .
+ y5<—> liede + y{\]/(_> ll'V;Hu,
Mp My
(7)

where yZ, yg, yl’?}, and yfj’- are order-one Yukawa couplings,

and XYU;;, XYD;;, XYE;;, and XYN;; are non-negative

ijs ijs
integers

ijs
XYUIJ = Xqi + Xuj + XH,,’

®)
XYDU = Xq[ + de + XHJ’

XYEU = Xl,- + Xe; + XHzI’

)
XYNU = Xl,- + X,,; + XHu'

Our goal is to generate Yukawa textures that can explain
the SM fermion masses and mixings. The quark textures A,
B, and Cin Table I, with € = 0.2, as copied from [7-9], can
reproduce the SM quark Yukawa couplings and the
Cabibbo-Kobayashi-Maskawa (CKM) quark mixing
matrix.

And the following lepton textures can reproduce the
neutrino masses and Pontecorvo-Maki-Nakagata-Saki
(PMNS) neutrino mixing matrix

e e €
YE~el € € €], (10)
e e €
(H e € €
M, ~— e e € €}, (11)
M el & €
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TABLE 1.
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The three quark textures.

Yukawa A B C
Yv e & € e e € e € €
e € € e €t € e € €
e e € e e € e e €
YP e e & e e € e e €
el e e € 1 €2 € € el e e €
el € € e € € e € €

where ¢ is either 0, 1, 2 or 3, and tanB = (H,)/(H )
satisfies € ~ €3 tan3. This neutrino texture requires some
amount of fine-tuning as it generically predicts

sinf, ~ €,

Am?}, ~ Am3,. (12)
Interestingly, with € as large as 0.2, the amount of fine-
tuning needed is not that huge, and this is shown in the
computer simulations of [7-9] with random values for the
coefficients. Although the authors considered the super-
symmetric models in Refs. [7-9], we still use their GUT-
scale Yukawa textures. The reason is that at the GUT-scale,
the CKM quark mixing matrices are roughly the same, and
the differences for the quark and lepton masses are generi-
cally smaller than about 20% for the SM and minimal
supersymmetric standard model (MSSM) [15].

To obtain the desired textures, the X charge assignments
for the SM fermions and Higgs fields satisfy the following
equations:

Xy, + X, + Xy = 0, (13a)
X, — X, =2 (13b)
X, — X, =342, (13¢)
Xye = X =2, (13d)
Xur Xu% = 5, 4, 6, (136)
XHd+X(13 +th3 =, (]3f)
Xa; — Xa: =0, (13g)
ng - ng = 1, 0, 2, (13h)
XH(I + Xl3 + Xeg = C, (131)
X, — X, =0, (13j)
X, — X, =1 (13k)

Finally, regardless of whether we use texture A, B, or C, the
following equations always hold:

SXHu + Z[Xq,- + Xu‘.'] = 12) (143.)
3Xnu, + D[X, + Xy ]=6+3c, (14b)
3Xu, + D [X;, + X1 =6+ 3c. (14c)

III. MODELS WITHOUT EXTRA
VECTORLIKE PARTICLES

In this paper, we assume that k- = ky, = 1 because the
semirealistic string models have so far only been con-
structed at the Kac-Moody level one for the non-Abelian
gauge factors. Because of the GUT-scale SUSY breaking,
we only have the SM as the effective theory below Mgyr. It
has been shown [1] that gauge coupling unification can be
achieved if we choose

Thus, we shall work with k- = ky, = 1.

Before we calculate the gauge anomalies, let us explain
our conventions. We define the anomalous contributions of
the chiral fermions as follows:

A ABC — %Trmatter[TATBTC] (16)
for Abelian symmetries A, B, and C, and
Tr [T¢T2] 1
A ane " = 2 Tl T{TT] - (17)

for a non-Abelian symmetry A and an Abelian symmetry
C, where Tr, is the trace over a fundamental representation
of A. More specifically, the anomalies are given as follows:

‘;ZLCCX = Z[ZX% + Xu: + Xd;']r (183.)
i
Awwx = D [3X, + X, 1+ Xy, + Xy, (18b)
i
A =Z[1X Sy 1 2x, 1 x, ox ]
YYx i 3 q; 3 ug 3 ds I; el
+ X, + Xu, (18c)
Ayxx = D [X5, = 2X% + X5 — X7 + X2]
+X3 — X3, (18d)
A — 3 3 3 3 3 3 1 3 1 3
Xxx = Z 3XG, 5 X X0 T X A S XE X
1
+X,3,u—xi,d—§+..., (18e)
(181)

Acex = ZXd»
¢
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where A yxx and A ;gx also receive contributions from
the flavinos and possibly other superfields as well.

The gauge and gauge-gravity mixed anomalies can be
cancelled by the GS mechanism, as discussed in the pre-
vious section. We will not consider Ayxyy and A ;gyx,
since these anomalies can always be cancelled by introduc-
ing additional SM singlet superfields, which are charged
under U(1)y. These extra superfields can be decoupled
from the SM after U(1)y breaking, which is why we may
neglect them. However, we would like to point out that to
explain the SM fermion masses and mixings via the FN
mechanism in U(1)y models, the anomalies A yyy and
A s6x are typically on the order of a thousand (O(1000))!
To cancel these anomalies, we have to introduce literally
hundreds of SM singlets with suitable U(1)y charges. It
remains to be seen whether such U(1)y models can arise
from string theory.

We will now combine Eq. (5) with above equations to
solve for the X charges. First, we can derive the following
equations:

Acex = —3(Xpy, + Xp,) + {3XHM + X, + Xu’;]}

+ {3XHd + Z[Xqi + Xd;-]}

= —3(Xy, + Xp,) + 18+ 3¢, (19)

5 8
(kY - g)ﬂccx = Aywx + Ayyx — gdqccx

= 2(XHu + XHd) + Z[_Zqu - 2’de
+2X), + 2X,c]

=2(Xy +Xpy,)+ {3XHd +3[x, + Xe;.]}
_ {3XHd + X, + de]}

= 2(XH“ + XHd)’ (20)

5
(ky - g){_3(XH,, + Xp,) + 18 + 3¢}

=2(Xy, + Xg,),

B

ky —1

XHu + XHd =

Awwx = J’ZLCCXy

Xy, + Xy, + D [3X, + X, 1= —3(Xy, + Xy,) + 18 + 3¢,
i

(—ky + 13—1)<6 + c) .

ky_l ’

Z[3Xqi +X,]1=
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ﬂccx = _3(XH,4 + XHd) + 18 + 3¢

(ky—g)(m(;)
= -3 +18+3
ky — 1 ¢

6+c
ky_l‘

=2

(23)

Equation (23) tells us that unless ky = 1, which is incon-
sistent with gauge coupling unification, we will have con-
tributions to the gauge anomalies from the chiral fermions.
This explains why the GS mechanism is necessary in the
first place.

Assuming that all the neutrino Dirac and Majorana
matrices are holomorphic due to SUSY, the ia entry of
the Dirac coupling behaves as

Ybiracia ~ O X150, (24)

while the ab entry of the Majorana coupling goes as

X,c+X,c
Mpgap ~ M,O(€"4 %), (25)
From the seesaw relation [14]
My, = (H,)*YpMgiY}, (26)
we find
<H >2 Xy +X;. +X ¢ —X,c—Xc
MLLl] ~ Wu_ln}gx[@(e Hy T A V{,)@(E a b)
% @(exHﬁxfjeryz)]
_(H? O(m XXy, 27)

M1

Combining this with the neutrino mass texture ansatz in
Eq. (11), we obtain

ZXHU + 2Xll = _3, (283)
2Xy +2X, = -5, (28b)
2X, +2X, = 5. (28¢)

The only constraints on the X charges of the right-
handed neutrinos coming from the previous analysis are

XHM + Xli + XVZ =

X,; + X,. = nonnegative integer

(29a)
(29b)

nonnegative integer,

for all i, a, and b. This tells us that the X charges of ¢ are
all odd multiples of a half and that they are all at least 5/2.
As the right-handed neutrinos are SM singlets, they do not
contribute to .ﬂ.ccx, ./,lewx, ﬂYYX? or ﬂyxx. We will
only need to know their actual X charges if we wish to
compute A yxy and A gix-
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A. Embedded matter parity

In accordance with [7-9], we will assume that matter
parity is embedded in the X charges, although this is not
necessary in our models. The even matter parity superfields
have integral X charges, and the odd matter parity super-
fields have X charges, which are odd multiples of 1/2. The
flavon and the SUSY breaking sector all have even matter
parity. This simplifies our analysis appreciably, because it
prevents Higgsino-lepton and axino-flavino-right-handed
neutrino mixings. Matter parity also protects the zero VEV
of the right-handed sneutrinos.' Without it, we will have to
come up with more convoluted explanations for each of
these inconvenient details. Embedding matter parity within
U(1)y in this manner circumvents problems with the non-
conservation of global symmetries in quantum gravity. By
making all even matter superfields have X charges that are
even, and all odd matter superfields have X charges that are
odd after being multiplied by 2m will also give rise to
matter parity for a positive integer m. This is because we
can identify matter parity with the parity of the X charge
multiplied by 2m. Equation (28) tells us that m has to be
odd. One consequence of our previous requirement is that

Xp, + Xy, has to be an integral multiple of - - 1 and accord-

ing to Eq. (21), this can only happen if M

integral.? In addition, Eq. (22) tells us that

— Xy, + Xy,) =1 mod3. (30)
Refs. [7-9] did not have to deal with this additional
constraint even though they assumed that ky =% and
Xp, + Xy, = 0, because they did not always insist upon
the texture given in Eq. (10). We present some possible
values of ky between 1 and 5/3 in Table II, where the
previous two conditions are satisfied.

With matter parity and a huge M3,, the lightest SUSY
particle (LSP) is both stable and extremely heavy. This
may also give us SUSY dark matter. However, the LSP
would overclose the Universe if they were in thermal
equilibrium. Thus, if the LSP does contribute to the dark
matter density, it must be produced nonthermally.

B. Solution

We now have enough information to arrive at the X
charge assignments in Table III with ky = 3 and ¢ = 1.

Other solutions are obtained by adding arbitrary non-
negative integers to the right-handed neutrinos’ X charges
and adding some multiples of the corresponding particles’
hypercharges to their X charges. Only the above solutions
are physical, while the other solutions only amount to a

'A nonzero VEV that is not too tiny will lead to appreciable
H1§g51n0 lepton mixings.

This constraint will definitely have to be modified if we add
additional superfields, which are charged under the SM as in
Sec. IV.

PHYSICAL REVIEW D 78, 015024 (2008)

TABLE II. Permissible values for
with matter parity.

ky which are consistent

C kY

1171752313298

7°5°1324219° 1172577 °°
19 47 4 65 37 83 46 101

1273337512307 69392 877 """
43 13 61 35 79 11 97 33

277 9745° 27> 63> 981245 " "
8 19 1T 25 14 31 17 37

513> 8219’ 11°25”14°31” """

W = O

redefinition of X as hypercharge is itself another gauge
symmetry.

Let us note that in order to have Ayyxy = 0, we will find
irrational U(1)y charges for the SM fermions and Higgs
fields, since we have a quadratic equation for U(l)y
charges. Ayxxy = 0 can be realized for rational U(1)y
charges of the SM fermions and Higgs fields if we intro-
duce extra vectorlike particles.

C. Supersymmetry breaking

Let us assume that a chiral superfield Z is responsible for
the GUT-scale SUSY breaking and that the soft SUSY
breaking corrections to the other superfields arise from
their direct couplings to Z. This means that the VEV of
F component of Z has to be nonzero (F) ~ Mp M5,
where M3, is comparable to the GUT scale. While Z is
neutral under the SM gauge group, it may or may not be
neutral under U(1)y. If Z is neutral under U(1)y, it could be
identified with the dilaton field S.

To obtain the SM as the effective theory below the
GUT scale, one linear combination of H, and H has
mass around the weak scale, while the orthogonal linear
combination of H, and H;, gauginos, sfermions, and
Higgsinos should have masses around the GUT scale.
Thus, we must make sure that these masses can be gen-
erated at the correct scales.

If Z is neutral under U(1)y, we have the following
Kahler potential

Z
[ d*x d20420(M2 (H,H, + HeH) + 2

Pl
A —Xn, —Xxy 77
X|— ‘H,H, +—
Mp, M,
A —Xn, —Xxy
X|— ‘H,H;)+ H.c., 3D
MP]

where we do not display the order one coefficients, the
third term gives us the w term, and the rest of the terms
give us the scalar Higgs masses. Then we obtain the
following ‘“‘bare’ scalar Higgs mass matrix:

H} H,
H, ( 2/2) (9( X~ XHsz/z) (32)
HY O mXmm3 ) OM3),)
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TABLE III. The X charge assignments for ky, = ‘3—‘ and ¢ = 1 in models without additional vectorlike particles.
H, H; Q1 0, Q3 Uj U5 Us DY D5 D5 Ly L, Ly E{ E5 E§ Ni Nj (N Acex Ayxx kyx
_ — 9 5 17 1 7 1 1 _1 9 17 7 3 1 3 =5 =5 =3 101 101
A 6 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 T2 T2 T2 42 2 84
_ — 9 5 13 9 5 1 1 1 75 3 7 5 1 =5 =5 =5 165 55
B 5 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 T2 T2 T2 42 2 28
_ 9 9 5 21 13 9 1 3 3 1un 9 9 1 _3 _71 =5 =5 =5 85 85
¢ 7 0 2 2 2 2 ) 2 2 2 2 2 2 2 2 2 T2 T3 T2 42 2 84

Note that for =Xy — Xy, = 7, we cannot have one linear
combination of H, and H) with mass around the weak
scale.

To solve this problem, we assume that the U(1)y charge
for Z is equal to X + Xj,. We also assume that (Fg) ~
Mp M5 ;. Then the Kihler potential is given by

ZZ SS
f d4xd20d20(< . )(H H,+ H,H,)
My Mj,
zZ VA
+—Hqu+—2Hqu)+HC (33)
Mp, M,
And the scalar Higgs mass matrix becomes
H H,;
H, OWM3,) OM;,). (34)

HY OM3,) OM2),)
Thus, we can fine-tune the SUSY breaking soft Higgs
masses so that one linear combination of H, and H), has
mass around the weak scale. We emphasize that the fine-
tuning of the SUSY breaking soft Higgs masses has to be
very precise and is a manifestation of the gauge hierarchy
problem. In addition, we can show that the nonholomor-
phic contributions to the SM Yukawa couplings can be
neglected.

The gaugino masses can be generated via Eq. (1), while
the squark, slepton, and the sneutrino masses can be gen-
erated via the Kihler potential

7z
f d*xd*0d*0 (

(35)
M,

Ml%l)q’)(ﬁ + H.c,

where ¢ denotes the SM fermion superfields.

IV. MODELS WITH ADDITIONAL
SM VECTOR SUPERFIELDS

If there is a single superfield Z that breaks SUSY and is
neutral under U(1)y, to obtain one linear combination of
H, and H}; with mass around the weak scale, we find that

Xy, + Xy, = 2. (36)

The soft SUSY breaking mass-squared terms for H,H; are
generated from the superpotential term ZA*H, H,;/M3,.

As shown above, to cancel anomalies via the GS mecha-
nism, we now have to introduce additional superfields,
which are vectorlike under the SM but not under U(1)y.
In this case, we can also have the rational solutions with
Ayxx = 0. However, the price for adding these new super-
fields is that Eq. (18) will have to be modified and all of the
equations that follow from them, as well as the charge
assignments of Table III in general. To give a concrete
example, let us introduce the new superfields H|, and H/,
with the SM charges (1, 2); and (1, 2)_,, respectively. To
prevent Yukawa couplings with the SM matter superfields,
we may set their X charges to some nonintegral value. The
modified anomalies are now

ﬂccx = Z[ZX% + Xulc + Xdlq], (373)
Aywwx = Xy, + Xy,) + Xy + Xu)
- Z[3xqi +X,1 (37b)
8
Ayrx = Xy, + Xy,) + Xy + Xpr) + 2[3}(% + 3X ¢
2
+ gxd{- + X, +2X, ] (37¢)
Ayxx = X%lu - X%ld + X%I; - X%{jj
+ Z[Xgi —2Xp + X5 —X; +Xi] (37d)
( )ﬂccx Awwx T Ayyx — Jqccx:
(kY - g){—S(XHu + Xp,) + 18 + 3¢}
3ky — 3
XH{; + XH;, = — (XH“ + XHd)
3ky — 5
+2r 26+ ). (38)

If 1<ky<5/3 and X, + Xy, is non-negative, then
Xp, + X H! is negative. If we want the scalar H' and its

superpartner to get a mass from the flavon VEV, we would
also want Xp + X m, to be integral. Since Z is neutral

under U(1)y, the H'-ino mass comes from the Kihler

015024-6
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—-X

term Zt AT ¥ X, H!,H!,. This is of order M3, e N, Accx =
which is low enough ( ~ €*M; /2) to modify somewhat the
gauge coupling unification. In essence, what we have done Awwx =
is to shift the problem from the Higgs to the Higgs'. So,
we have
Ayyx =
Awwx = Accx +
Z[sx +X, 1= 7(XH + Xp,)
Ayxx =
3ky — 11
-6+ (39)
2
We present the solutions with Ayxy = 0 to these equa- A cex

tions in Table IV.

On the other hand, if we arrange to add full < SU(5)”
multiplet superfield pairs and make their masses of order
e*M, /2> the GUT scale is almost the same, but the unified
gauge coupling becomes strong. Let us call the additional
superfields XL, XD¢, XL, and XD¢ with the SM quantum
numbers (1,2)_1, (3, 1)a/3, (1,2), and (3, 1)_,3, respec-

_5>
Y3

= Z(XHH + XHd) + 2(XXL + Xﬁ)
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(Xxpe + Xzp¢) + Z[ZX% + X, + Xyl (40)

Xy, + Xy,) + Xy, + X57)

+ Z[sxqi +X,1 (40b)
Xy + Xy,) + Xy, + Xgp) + 5 (XXD( + Xzp¢)

8 2
Z[i Xy X + 53X + X, 42X, ] (40¢c)
Xy — Xy, — X3y + X2+ Xipe — X2,
+ 3 [X2 —2X2 + X3 - X} +X%]  (40d)
i ' l '

= (XXD” + XEL) - 3(XHu + XH(I) + 18 + 3C,
(4D
[((Xxpe + Xzpe) — 3(Xp, + Xp,) + 18 + 3¢]

8
- §(XXDC + Xﬁc),

tively. The anomalies are now (42)
TABLE IV. The X charge assignments for ky =4/3, Ayxx =0, and ¢ = 0 and 2 in models with H}, and H),.
Field A A B B C C
c=0 c=2 c=0 c=2 c=0 c=2
_1u _ 2 _5 _ 19 _ 17 _ 31
HM 3(1 3 3a 3 3a 5 30 3 3(1 G 3(1 3
H, —3a+% —3a-|-ﬂ —Sa+% —3a-i-3—1 —3a+% —3a+%
/ 169 _ 19 2 121 _ 107 2,20 9] 2 41 _ 2,20 420 2 2 463 _ 179 2,2
H), 75 —3a+t8a S0 T 54 TE % —za+38a % 3a+ =5 a+ 8a* + 8a % satTE
_ 457 .19, _ @2 571 107 32 2 ’585 1 Q.2 _ 409 32 .2 _ 709 4 37, _ Q.2 912 179 _32.2
H, -2 +2a—8a + sa > +3a—8a 90+3a sa Z+t3a—8a + sa
q, a+3 a+3 a+4 a+4 a+?2 a+2
q a+?2 a+?2 a+?2 a+?2 a+?2 a+?2
q3 a a a a a a
u —4a + % —4a + % —4a + % —4a + % —4a + % —4a + %
us —4a + % —4a + % —4a + % —4a + % —4a + % —4a + %
u§ —4a +4 —4a +% —4a +2 —4a + 2 —4a + 4 —4a + 3L
- _ 17 _19 _ 17 _19 _ 17 _19
d(l‘ 2(1 3 2[1 3 2(1 6 2[1 6 2a 3 2a G
ds 2a—% 2a—%5 2a—% 2a—% 2a—% 2a—%
- 23 25 17 19 29 31
d(3 2(17? 2a*€ 2617? 2a*F 2617? 207?
I —3a +1 —3a+8 —3a -2 —3a+3 —3a +% —3a+4
I —3a — 3 —3a +3 —3a —3 —3a +3% —3a +1 —3a +%
I3 —3a—% —3a+% —3a—§ —3a+% —3a+% —Sa-l-%
: _1 _17 11 _5 _13 _29
ef 6a — ¢ 6a — ¢ 6a + ¢ 6a — 2 6a —¢ 6a — %
es 661—% 6a—2‘?3 6a+% 6a—% 6a—% 6a—%
19 35 7 23 31 47
eg 6L1_€ 6a—€ 661_6 66!_? 6(1_F 6a—€
Ve =35 > 35 >3 >3 =35 >3
1 =2 =2 =2 =2 =2 =2
Ve =3 =3 =3 =3 =3 =3
2 =2 =2 =2 =2 =2 =2
Ve =3 =3 =3 >3 =3 >3
3 =2 =2 =2 =2 =2 =2
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TABLE V. The X charge assignments for ky = 4/3 in the
models with XL, XL, XD¢, and XD°.

A B C
H, 1-c¢ 2—-c —c
H, 1+c¢ c d
XL d d d
XL 24 +3¢c—d 24 +3c—d 24 +3¢c—d
XD¢ e e e
XD¢ 24 +3c—e 24 +3c—e 24 +3c—e
o 3 2 3
0 ; ; ;
U§ I+c I+c Y+e
Us I+c —1+c I+c
U§ -3+c -3+c¢ —-1+c
i -4 - -
D3 -3 -
D§ -3 ~3 -3
L, —%-i—c —%-i—c —%-i—c
L, —I+c —3+c —3+c¢
Ly -I+c —5+¢c —3+c
E{ %—c %—c %—c
ES %—c '2—3—c %—c
ES %—c %—c %—C
N¢ = = =3
NS =3 =3 =3
(N$) =3 =3 =3
A cex 36 + 6c¢ 36 + 6¢ 36 + 6¢

Awwx = Acex

S3x,, +X,]1= —4(Xy, + Xpy,) — Xy + Xg7)

+ (Xxpe + Xzpe) + 18 + 3c. (43)

To ensure that the fermionic superpartners of XL and
XD¢ have masses of the same order of magnitude, we
require that

XXL + Xﬁ = XXD" + XE(», (44)

XXL + Xﬁ = XXD" + XEL
3k -5
ky — 1

(6 +c)+3(Xy, +Xy,) (45)

The sum is actually positive for the range of values of
ky and Xy + Xp, that we are interested in. This makes
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a significant difference as the superpotential coupling
AXaT X XL XL and AX"XXDXD° are actually al-
lowed provided that the sum is an integer. Unfortunately,
the suppression factor is way too large, as the sum is
typically between 24 and 33. We list the concrete X charge
assignments in Table V.

V. DISCUSSION AND CONCLUSIONS

Gauge coupling unification is a powerful tool for con-
structing realistic models. We have considered the SM
fermion masses and mixings in theories obtainable from
higher dimensional models, in which the SM gauge cou-
plings unify without invoking the low energy SUSY at
scales of order 10° GeV. Because any global symmetry
could, in principle, be broken by nonrenormalizable terms
induced by quantum gravity effects, we considered an
anomalous gauged flavor U(1)y symmetry, which plays
an essential role in our analysis. Although low energy
SUSY is absent in our case, the latter does play an essential
role at Mgyr.

We analyzed three kinds of models. All of these models
can be made compatible not only with the observed
SM fermion mass hierarchies and mixings by employing
the FN mechanism, but also with the U(1)y anomaly
cancellations via the GS mechanism. And matter parity
can be embedded as well. In the first class of models, we do
not introduce vectorlike particles, and the anomaly Ayyy
is not zero, otherwise the SM fermions and Higgs fields
will have irrational U(1)y charges. To fine-tune the SUSY
breaking soft masses for the Higgs doublet fields so that
one linear combination of H, and H; has weak-scale mass,
we need to introduce a SUSY breaking chiral superfield
with nonzero U(1)y charge. Interestingly, the nonholomor-
phic contributions to the SM Yukawa couplings can be
neglected. In the second and third class of models, we
introduce new vectorlike particles. In these models, the
anomaly Ayyy can be made zero for rational U(1)y charges
of the SM fermions and Higgs fields. Also, we can have
one light scalar Higgs doublet via fine-tuning without
introducing a SUSY breaking chiral superfield with non-
zero U(1)y charge. Finally, in class three models, gauge
coupling unification can be preserved, while it is somewhat
modified in models in the second class.
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