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Abstract

We analyze the Abelian gauge fluxes in local F-theory models with Gg =
SU(6) and SO(10). For the case of Gg = SO(10), there is a no-go theorem
which states that for an exotic-free spectrum, there are no solutions for U(1)?
gauge fluxes. We explicitly construct the U(1)? gauge fluxes with an exotic-free
bulk spectrum for the case of Gg = SU(6). We also analyze the conditions for
the curves supporting the given field content and discuss non-minimal spectra
of the MSSM with doublet-triplet splitting.
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1 Introduction

String theory is so far the most promising candidate for a unified theory. Building
realistic models of particle physics to answer fundamental questions is one of the
challenges in string theory. One of the main issues to be addressed from particle
physics is the unification of gauge couplings. The natural solution to this question is
the framework of grand unified theory (GUT). One task for string theory is whether it
can accommodate GUT models. String theory makes contact with four-dimensional
physics through various compactifications. There are two procedures to realize GUTs
in string theory compactifications. The first is the top-down procedure in which
the full compactification is consistent with the global geometry of extra dimensions
and then the spectrum is close to GUT after breaking some symmetries [I]. In the
bottom-up procedure, the gauge breaking can be understood in the decoupling limit
of gravity [2L13], particularly in the framework that D-branes are introduced on the
local regions within the extra dimensions in type IIB compactification [2H4]. In this
case we can neglect the effects from the global geometry for the time being, which
makes the procedure more flexible and efficient. In addition, the construction of the
local models can reveal the requirements for the global geometry. Eventually the local
models need to be embedded into some compact geometry for UV completion.

In SU(5) GUTs, there are two important Yukawa couplings, 10105 and 105y;55.
It is well-known that 10105y is forbidden in perturbative type IIB theory. However,
it was shown in [5,[6] that the Yukawa coupling 10105y can be achieved by intro-
ducing non-perturbative corrections. From this perspective, the non-perturbative
property is intrinsic for GUT model building in type IIB theory. F-theory is a non-
perturbative 12-d theory built on the type IIB framework with an auxiliary two-torus
( [7], see [§] for review). The ordinary string extra dimensions are regarded as a
base manifold and the two-torus is equivalent to an elliptic curve as a fiber on this
base manifold. The modulus of the elliptic curve is identified as axion-dilaton in type
[IB theory. Due to the SL(2,Z) monodromy of the modulus, F-theory is essentially
non-perturbative in type IIB language. There are elegant correspondences between
physical objects in type IIB and geometry in F-theory. The modular parameter of the
elliptical fiber, identified with the axion-dilaton in type IIB, varies over the base. Sin-
gularities develop when the fibers degenerate. The loci of the singular fibers indicate
the locations of the seven-branes in type IIB and the type of the singularity deter-
mines the gauge group of the world-volume theory of the seven-branes [9]. According
to the classification of the singular fibration, there are singularities of types A, D,
and E. The first two types have perturbative descriptions in Type IIB. More pre-
cisely, A-type and D-type singularities correspond to configurations of the D7-branes
and DT7-branes along O-planes, respectively [10]. For the singularity of type E, there
is no perturbative description in type IIB, which means that F-theory captures a
non-perturbative part of the type IIB theory. Under geometric assumptions, the full
F-theory can decouple from gravity [ITHI3|. In this way, one can focus on the gauge
theory descending from world-volume theory of the seven-branes supported by the



local geometry of the discriminant loci in the base manifold of a elliptically fibered
Calabi-Yau fourfold. Recently some local supersymmetric GUT models have been
built in this F-theory context [I1H27|, and some progress has been made in construct-
ing global models [28-33]. Supersymmetry breaking has been discussed in [34H36],
and the application to cosmology has been studied in [37]. It has become more clear
that F-theory provides a very promising framework for model building of supersym-
metric GUTs. To build local SU(5) GUTs in F-theory, one can start with engineering
a Calabi-Yau fold with an A, singularity. To decouple from gravity, it is required that
the volume of S, which is a component of the discriminant locus and is wrapped by
seven-branes is contractible to zero size[] We assume that S can contract to a point
and thus possesses an ample canonical bundle KSTI [ITHI3]. In particular, we focus
on the case that S is a del Pezzo surface wrapped by seven-branes, which engineers
an eight-dimensional supersymmetric gauge theory with gauge group Gg = SU(5)
in R x S. Other components S of the discriminant locus intersect S along the
curves ;. Due to the collision of the singularities, the gauge group Gg will be en-
hanced to Gy, on X; and the matter in the bi-fundamental representations will be
localized on the curves [38]. It was shown in [IIHI3| that the spectrum is given by
the bundle-valued cohomology groups. In [ITHI3], the minimal SU(5) GUT has been
studied. In that case, with non-trivial U(1)y gauge flux, the GUT group is bro-
ken into Gga = SU(3) x SU(2) x U(1)y. Furthermore, one can obtain an exotic-free
spectrum of the minimal supersymmetric Standard Model (MSSM) from those curves
with doublet-triplet splitting but no rapid proton decay. The success of the minimal
SU(5) GUT model motivates us to pursue other local GUT models from higher rank
gauge groups. The next simplest one is gauge group of rank five, namely SO(10)
and SU(6). These two non-minimal SU(5) GUTs have been studied in [24]. For the
latter, one can get an exotic-free spectrum, but due to the lack of an extra U(1) flux,
the GUT group cannot be broken into Ggq. To avoid this difficulty, it is natural to
study local F-theory models of Gg = SU(6) and G = SO(10) with supersymmetric
U(1)? gauge fluxes, which consist of two supersymmetric U(1) gauge fluxes and are
associated with rank two polystable bundles over S. The aim of the present paper
is to construct explicitly the supersymmetric U(1)? gauge fluxes in local F-theory
models of Gg = SU(6) and SO(10) and study the matter spectrum of the MSSM.

For the case of Gg = SO(10), there is a no-go theorem [12] which states that for
an exotic-free spectrum, there are no solutions for U(1)? gauge fluxes. For the case
of Gg = SU(6), we can explicitly construct supersymmetric U(1)? gauge fluxes. It
turns out that each flux configuration contains two fractional lines bundles. One of
the gauge fluxes is universal and has the same U(1)y hypercharge flux as the minimal
SU(5) GUT [IIHI3]. The second one varies along with the configurations of the bulk
zero modes. With suitable supersymmetric U(1)? gauge fluxes, the bulk spectrum
will be exotic-free and the chiral matter will come from the curves. The restriction
of these U(1)? fluxes to the curves induce U(1) fluxes over the curves, which breaks

!There are two ways in which we could take Vg — 0. The first way is by requiring S to contract
to a point, and the second is by requiring S to contract to a curve of singularities. See [29/30] for
the details.



the enhanced gauge group Gy into Ggq X U(1). In this case, the Higgs fields can be
localized on the curves Ygy(7y and Xgoa12). On the Yy (7), non-trivial induced fluxes
break SU(7) into Ggq x U(1). With suitable fluxes, doublet-triplet splitting can
be achieved. However, the situations become more complicated on the curves with
Gy = SO(12). Since the dimension of the adjoint representation of SO(12) is higher
than SU(7), one gets more constraints to solve for given field configurations, which
results in difficulties for doublet-triplet splitting. By explicitly solving the allowed
field configurations, one can find that there are still a few solutions with doublet-
triplet splitting. From the analysis, it is clear that if one engineers the Higgs fields
on the curve Ygy(7) instead of Ygo(12), this is the case. To obtain a complete matter
spectrum of the MSSM, we analyze the case of X in addition to Xy (7) and Xso(12).
It is extremely difficult to obtain the minimal spectrum of the MSSM without exotic
fields. However, we found that in some cases, the exotic fields can form trilinear
couplings with the doublets or triplets on the curves with Gy = SU(7). When
these fields get vacuum expectation values (vevs), the exotic fields will be decoupled
from the low-energy spectrum. A way to do this is that we introduce extra curves
supporting the doublets or triplets, which intersect the curves hosting the exotic fields
to form the couplings. With the help of these doublets or triplets, it turns out that
the non-minimal spectrum of the MSSM without doublet-triplet splitting problem
can be achieved by local F-theory model of G = SU(6) with supersymmetric U(1)?
gauge fluxes.

The organization of the rest of the paper is as follows: in section 2, we briefly
review the construction of local F-theory model and local geometry, in particular the
geometry of the del Pezzo surfaces. In section 3, we include a brief review of the
SU(5) GUTs with Gg = SU(5), SO(10), and SU(6). We also introduce the notion of
stability of the vector bundle, in particular, that of the polystable bundle of rank two
in section 4. In section 5, we review a no-go theorem for the case of Gg = SO(10) and
construct explicitly supersymmetric U(1)? gauge fluxes for the case of G5 = SU(6).
We also give examples for non-minimal spectra of the MSSM with doublet-triplet
splitting. We conclude in section 6.

2 F-theory and Local Geometry

In this section we shall review some important ingredients of the local F-theory models
and local geometry, and in particular the geometry of the del Pezzo surfaces.



2.1 F-theory

Consider F-theory compactified on an elliptically fibred Calabi-Yau fourfold, 7% —
X — B with sections, which can be realized in the Weierstrass form,

Yy =2+ fr+g, (2.1)

where x and y are the complex coordinates on the fiber, f and ¢ are sections of the
suitable line bundles over the base manifold B. The degrees of f and g are determined
by the Calabi-Yau condition, ¢;(X) = 0. The degenerate locus of fibers is given by
the discriminant A = 43+ 27¢% = 0, which is in general a codimension one reducible
subvariety in the base B. For local models, we focus on one component S of the
discriminant locus A = 0, which will be wrapped by a stack of the seven-branes and
supports the GUT model. In order to decouple from the gravitational sector, the
anti-canonical bundle Kg' of the surface S is assumed to be ample. According to
the classification theorem of algebraic surfaces, the surface S is a del Pezzo surface
and birational to the complex projective plane P? . There are ten del Pezzo surfaces:
P! x P, P? and dPy, k = 1,2, ...,8, which are blow-ups of & generic points on P2. In
this paper we shall focus on the case of S = dP;, 2 < k < 8 with (—2) 2—Cyclesﬁ. In
the vicinity of S, the geometry of X may be regarded approximately an ALE fibration
over S. The singularity of the ALE fiberation determines the gauge group Gg of 8d
N = 1 super-Yang-Mills theory. After compacifying on S and partially twisting, the
resulting effective theory is 4d NV = 1 super-Yang-Mills theory whose gauge group
is the commutant of structure group of the vector bundle over S in Gg [TTHI3]. Let
V' be a holomorphic vector bundle over S. The unbroken gauge group in 4d is the
commutant I's of Hg in Gg, where Hg is the structure group of the bundle V. In
order to preserve supersymmetry, the bundle V' has to admit a hermitian connection

A satisfying the Donaldson-Uhlenbeck-Yau (DUY) equation [1]

where ¢, is a Kéahler metric on S, and F' is the curvature of the connection A. It
was shown in [39,/40] that a bundle admitting a hermitian connection solving Eq.
(22) is equivalent to a (semi) stable bundle, which is guaranteed by the Donaldson-
Uhlebecker-Yau theorem. We shall in the next section define the stability of vector
bundles and briefly review some facts about the equivalence. The spectrum from the
bulk is given by the bundle-valued cohomology groups H%(S, Ry) and their duals,
where R, = V, A*V, or EndV. The spectrum of the bulk transforms in the adjoint
representation of Gg. The decomposition of adGg into representations of I'g X Hg is

adGs = P pr ® Ry, (2.3)
k

where p;, and R, are representations of I'g and Hyg, respectively. The matter fields are
determined by the zero modes of the Dirac operator on S. It was shown in [12]13] that

ZA (—2) 2-cycle is a 2-cycle with self-intersection number —2.
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the chiral and anti-chiral spectrum is determined by the bundle-valued cohomology
groups
H{j(S, RY)Y & Hy(S, Re) ® Hy (S, RY)" (2.4)

and

respectively, where V stands for the dual bundle and Ry is the vector bundle on S
whose sections transform in the representation Ry of the structure group Hg. By
the vanishing theorem of del Pezzo surfaces [12], the number of chiral fields p; and
anti-chiral fields pj can be calculated by

and
NPZ = _X(S> R?f/)a (27)

respectively. In particular, when V = L; @ Ly with structure group U(1) x U(1),
according to Eq. (2.6), the chiral spectrum of p, ; is determined by

Npr,s = _X(S> LlT ® L§)> (28)

where 7 and s correspond respectively to the U(1); and U(1)s charges of the repre-
sentations in the group theory decomposition. In order to preserve supersymmetry,
the gauge bundle V has to obey the DUY equation (2.2]), which is equivalent to the
polystability conditions, namely

Js ANei(Ly) = Js Aei(Ly) = 0, (2.9)

where Jg is the Kéhler form on S. We will discuss the polystability conditions in
more detail in section 4.

Another way to obtain chiral matter is from intersecting seven-branes along a
curve, which is a Riemann surface. Let S and S’ be two components of the discrim-
inant locus A with gauge groups Gg and Gy, respectively. The gauge group on the
curve % will be enhanced to Gy, where Gy, D Gg X Gg. Therefore, chiral matter
appears as the bi-fundamental representations in the decomposition of adGy,

adGy = adGs ® adGg Py, (Uk ® U,k). (2.10)

As mentioned above, the presence of Hg and Hg will break GgxGs/ to the commutant
subgroup when non-trivial gauge bundles on S and S” with structure groups Hg and
Hg are turned on. Let I' = I'g x I's» and H = Hg X Hg/, the decomposition of U @ U’
into irreducible representation is

UU = @k(vk,]}k), (2.11)

where vy, and Vj, are representations of I" and H, respectively. The light chiral fermions
in the representation vy are determined by the zero modes of the Dirac operator on
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Y. It is shown in [I2I[I3] that the net number of chiral fields v, and anti-chiral fields
vy is given by

Ny, = Np: = x(B, Ky @ V), (2.12)

where V), is the vector bundle whose sections transform in the representation V), of
the structure group H. In particular, if Hg and Hg are U(1) x U(1) and U(1),
respectively, Gy, can be broken into Gy, x U(1) x U(1) x U(1) C G x U(1). In this
case, the bi-fundamental representations in Eq. (2I0) will be decomposed into

@(O_j)Tj,sjﬂ“;7 (2'13)
j
where r;, s; and r} correspond to the U(1) charges of the representations in the
group theory decomposition and o; are representations in Gps. The representations
(aj)%sj,r;_ are localized on ¥ [12[1338] and as shown in [I2][13], the generation number
of the representations (aj)rj,sj,,é and (5']-)_”,_3].7_,13 can be calculated by

1/2 7 s T
r'jvsjﬂ“; - h0(2> KE/ ® Lle ® L2JE ® L/E) (2'14)

N(Jj)

and )
 =R(S KoL @ Ly @ L'y, (2.15)

ST TS T

N(5j)

where L1y, = Lyl|x, Los, = Lo|s, and L'y, = L'|y are the restrictions of the line bundles
Ly, Ly and L’ to the curve 3, respectively. Note that from Eq. (Z20) below, if
l(Lg@Lyg®@LY) =0, then Ny =N,y =0. Her(Lg@LgoLs) #
0, then only one of them is non—vanis}]ling. Using these properties, we can solve the
doublet-triplet splitting problem with suitable line bundles. In addition to the analysis
of the spectrum, the pattern of Yukawa couplings also has been studied [ITHI3L32].
By the vanishing theorem of del Pezzo surfaces [12l[13], Yukawa couplings can form in
two different ways. In the first way, the coupling comes from the interaction between
two fields on the curves and one field on the bulk S. In the second way, all three
fields are localized on the curves which intersect at a point where the gauge group
G, is further enhanced by two ranks. Recently, flavor physics in F-theory models has
been studied in [15H20,26,27.32,33]. When one turns on bulk three-form fluxes, the
structure of the Yukawa couplings will be distorted and non-commutative geometry
will emerge [27]. The case of rk(V) = 1 and minimal SU(5) GUT model has been
studied in [ITHI3]. In this article, we shall focus on the case that V' is a polystable
bundle of rank two. We will study non-minimal cases, namely Gg = SU(6) and
SO(10) with these rank two polystable bundles and the spectrum of the MSSM.

2.2 Local Geometry

To make the present paper self-contained, in this section we include a brief review
of the geometry of the del Pezzo surfaces, curves on the surfaces and some useful
formulae.



2.2.1 Del Pezzo Surfaces

As mentioned in the previous section, in local models we require that the anti-
canonical bundle Kg U of the surface S wrapped by the seven-branes be ample. An
algebraic surface with ample anti-canonical bundle is called a del Pezzo surface. It
was shown that there are ten families of del Pezzo surfaces: P! x P!, P? and the
blow-ups of P? at k generical points, where 1 < k < 8. [42,143]. In what follows, we
shall briefly review the geometry of the del Pezzo surfaces.

The del Pezzo surface S is an algebraic surface with ample anti-canonical bundle,
namely Kg' > 0. It follows that h'(S,Og) = h?(S,Og) = H and that X(S,0s) =
S22 (=1)hi(S,05) = 1. According to the classification theorem of algebraic sur-
faces, these surfaces are birational to the complex projective plane P2, It was shown
in [TIHI3] that to obtain an exotic-free bulk spectrum, the gauge fluxes have to cor-
respond to the dual of (—2) 2-cycle in S. The Picard group of P? is generated by
hyperplane divisor H with intersection number H - H = 1. Thus there is no (—2)
2-cycle in P2, Let us turn to the case of dP,. The Picard group of dP, is generated
by the hyperplane divisor H, which is inherited from P? and the exceptional divisors
E;, 1=1,2,.. k from the blow-ups with intersection numbers H-H =1, H - E; = 0,
and E; - E; = —6;;, YV i,j. It is easy to see that dP; contains no (—2) 2-cycles. It
follows that the candidates of the del Pezzo surfaces containing (—2) 2-cycles are dPy
with 2 < k£ < 8. In what follows, I shall focus on the del Pezzo surfaces dP, with
2 < k < 8. The canonical divisor of dP;, is K¢ = —3H + Ei+,...,+FE). The first
term comes from Kp2 = —3H and the rest comes from the blow-ups, which lead to
the exceptional divisors Fy, Es, ..., E}. For local models in F-theory, the curves sup-
porting matter fields are required to be effective. Next we shall define effective curves
and the Mori cone. Consider a complex surface Y and its homology group Hs(Y,Z).
Let C be a holomorphic curve in Y. Then [C] € Hy(Y,Z) is called an effective class
if [C] is equivalent to C'. The Mori cone NE(Y) is spanned by a countable number of
generators of the effective classes [44L[45]. The Mori cones NE(dP,) of the del Pezzo
surfaces dPy are all finitely generated [42]. To be concrete, we list the generators of
the Mori cones of dP,, 2 < k < 8 in Table [l

With the Mori cone, one can easily check that the anti canonical divisor —Kg
is ampleﬂ The dual of the Mori cone is the ample cone, denoted by Amp(dF;),
which is defined by Amp(dP;) = {w € Hy(dP,R)| w-¢ > 0, V¢ € NE(dP,)}.
Each ample divisor w in the ample cone is associated with a Kéhler class Jg. In
this article we choose “large volume polarization”, namely w = AH — Zle apE) with
A > ap > 0 [IIL12]. Tt is easy to check that w is ample. For the del Pezzo surfaces S
and a line bundle £ over S, there are two useful theorems. One is the Riemann-Roch

3Tt can be easily seen by the Kodaira vanishing theorem which states that for any ample line
bundle £, hi(S, Ks ® L) = 0, Vi > 0.

4Here we can apply the Nakai-Moishezon criterion which states that for any divisor D, D is ample
if and only if D- D >0 and D - C, > 0, where C\, are generators of the Mori cone.



Mori Cone Generators Number

NE(dP,) E;, H—FE, — B, 3
NE(dPy) E, H-Y_, Ez-m 6
NE(dP,) E, H-Y7_, 10
NE(dP;) E, H-Y>_|E;, B 2H — zn B, 16
NE(dP;) E, H-Y> B  2H-Y"_E; 27
NE(dP;) | E;, Z 1E,m 2H — Y | E,, 3H—-2E,—Y " | E 56

2H — Y | E;,, 3H —2E; =50 | E; .| 240
=1 zq - Zr:l Eiw S5H — Qlel u E, — E,
7
6H — 3E; —25! _ | E;,

Table 1: The generators of the Mori cone NE(dP;) for k = 2,...8, where all indices
are distinct.

theorem [44145], which says that

1 1
X(S, L) =1+ 5cl(ﬁ)2 — 5cl(ﬁ) K. (2.16)
Another one is the vanishing theorem ( [II], also see [46]), which states that for a
non-trivial holomorphic vector bundle V over S satisfying the DUY equation (2.2)),

HY(S,V) = H3(S,V) = 0. (2.17)

These two theorems simplify the calculation of the spectrum. Note that the vanishing
theorem (2.I7) holds when V is a line bundle. It follows from Eq. (2I6) and Eq.
(2I7) that h'(S, L) = —x(S, L) = —=(1 — 3c1(L£) - Ks + 5¢1(£)?). The number of zero

modes will be determined by the intersection numbers ¢;(£) - Kg and ¢;(£)?.

For local models, we require that all curves be effective. That is, the homological
classes of the curves in Hy(S,Z) can be written as non-negative integral combinations
of the generators of the Mori cone, namely ¥ = Z nzCg with ng € Z>Oﬁ To calculate
the genus of the curve, we can apply the adJunctlon formula, which says that for a
smooth, irreducible curve of genus g, the following equation holds

Y- (2 + Kg) =29 —2. (2.18)

In the present paper, we shall choose genus zero curves to support the matter in the
GUTs or MSSM, which means that all matter curves satisfy the equation ¥-(X+Kg) =
—2. To calculate the spectrum from the curves, we also need the Rieman-Roch

5By abuse of notation, we use ¥ to denote the homological class of the curve X.



theorem [441[45] for the algebraic curves. For the case of the algebraic curve X, the
Rieman-Roch theorem states that for a line bundle £ over X,

RS, L) — h (S, L) =1—g+ci.(L). (2.19)
In particular, for the case of g = 0, we have

a(l), ifa(L)=0

0, if e1(£) < 0, (2.20)

W3, Ky @ L) = {

where Ké/ ? is the spin bundle of ¥ and the Serre duality [44./45] has been used. Eq.
(220)) will be useful to calculate the spectrum from the curves.

3 U(1) Gauge Fluxes

In this section we briefly review some ingredients of SU(5) GUT Models with Gg =
SU(5), SU(10) and SU(6). In these models, we introduce a non-trivial U(1) gauge
flux to break gauge group Gg. We are primarily interested in doublet-triple splitting
and an exotic-free spectrum of the MSSM. From now on, unless otherwise stated, the
del Pezzo surface S is assumed to be dFx.

3.1 Gs=SU(5)

Before discussing the case of Gg = SO(10), SU(6), let us review the case of Gg =
SU(5) [IIHI3]. On the bulk, we consider the following breaking pattern [41]:

SU(5) — SU(3) x SU(2) x U(1)s

24— (8,1),+ (13), +(3,2)_. + (3,2). + (L, 1), (3.1)

The bulk zero modes are given by
(3,2) , € Hy(S,L°)Y @ HA(S,L™°) @ H3(S, L)Y (3.2)
(3,2), € HY(S,L™°) @ H}(S,L°) @ H(S,L™°)", (3.3)

where V stands for the dual and L is the supersymmetric line bundle associated with
U(1)s. Let N(ap), be the number of the fields in the representation (A,B), under
SU(3)x SU(2) x U(1)s, where c is the charge of U(1)s. Note that (3,2)  and (3,2);
are exotic fields in the MSSM. In order to eliminate the exotic fields (3,2)_. and
(3,2)s, it is required that x(S, L*¥°) = 0. It follows from the Riemann-Roch theorem
[2I0) that ¢;(L*°)? = —2 and ¢;(L*®) correspond to a root of Es, E; — Ej, i # j,
which leads to a fractional line bundldd L = Og(E; — E;)*/° [ITHI3]. In this case,

5From now on, all indices appearing in the divisors will be assumed to be distinct unless otherwise
stated.



all matter fields must come from the curves. Now we turn to the spectrum from the
curves. In general, the gauge groups on the curves will be enhanced at least by one
rank. With Gg = SU(5), the gauge groups on the curves Gy can be enhanced to
SU(6) or SO(10) [38]. We first focus on the curves supporting the matter fields in an
SU(5) GUT. To obtain complete matter multiples of SU(5) GUT, it is required that
Ly, = Oy, and L§, # Oy, where L' is a line bundle associated with U(1)". Consider
the following breaking patterns:

SU(6) — SU(5) x U(1)

35 — 24y + 19 + 5 + 5—6 (34>

SO(10) — SU(5) x U(1)
45 = 249+ 19+ 104+ 10_,.

From the patterns (4] and (B.3]), it can be seen by counting the dimension of the
adjoint representations that matter fields 5 and 5_g are localized on the curves with
Gy, = SU(6) while 104 and 10_, are localized on the curve with Gy = SO(10). The
Higgs fields localize on the curves with Gy, = SU(6) as well. Since on the matter
curves Ly is required to be trivial, the only line bundle used to determine the spectrum
is L§,. With non-trivial L%, it is not difficult to engineer three copies of the matter
fields, 3 x 5g, 3 x 5_g, and 3 x 104. In order to get doublet-triplet splitting, it is
required that Ly, # Oy, and LS, # Os,. With non-trivial Ly, and L, G, will be broken
into Ggq x U(1)". Consider the following breaking patterns,

(3.5)

SU(6) — SU(3) x SU(2) xU(1)s x U(1)
35 — (8, 1)0,0 + (1, 3)0,0 +(3,2)_ 50 T (3,2);, + (1, 1)0,0 (3.6)
+(1,1)5+(1,2)34+ (3 1) ,6+(1 2) L5+ (3,1), 4

SO(10) — SU(3) x SU(2) x U(1)s x U(1)
45 — (8, 1)0,0 + (1, 3)0,0 +(3,2 50t (3, 2)5,0 + (1, 1)0,0 (3.7)
+(1, 1)0,0 + (3, 2)1,4 + (3, 1)—4,4 + (1, 1)@,4 + c.d].

From the patterns (B.0) and (B.7), the field content of the MSSM is identified as
shown in Table

Qr UR dr eR Ly H, H,

(3’ 2)1,4 (3> 1)—4,4 ('-6’> 1)2,—6 (1> 1)6,4 (1’ i)—3,—6 (1> 2)3,6 (1 2) 3,—6

Table 2: Field content of the MSSM from Gg = SU(5).

The superpotential is as follows:
Wussm D QrupHy, + QrdrHg+ LregHy+ - -+ . (3.8)

Note that the U(1)g in the patterns is consistent with U(1)y in the MSSM and that
this is the only way to consistently identify the fields in the patterns (3.6) and (B.7)
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with the MSSM. Now we are going to analyze the conditions for the curves to support
the field content in Table 2l We choose the curve X gy (6 to be a genus zero curve and
let (mq,mg) = (N3, 1), ¢ Nz 376), where N(a ), , is the number of the fields in
the representation (A, B)ab under SU(3) x SU(2) x U(1)s x U(1)’, and a, b are the
charges of U(1)s and U(1)", respectively. Note that (3,1)_, ¢ is exotic in the MSSM.
To avoid the exotic, we require that m; € Z-,. Given (mq, ms), the homological class
of the curve X gy (6) has to satisfy the following equatlonﬁ

(E; — Ej) - Ysu(e) = me — ma, (3.9)

where L = Og(E; — E;)'/® has been used. By Eq. (B.3), we can engineer three copies
of dg, three copies of Ly, one copy of Hy, and one copy of H, on the individual curves
as shown in Table

‘ Multiplet ‘ (my, ms) ‘ Conditions ‘ D
3xL;, | (0,3) |(Ei—FE,) S=3 |4H+2E, - E,
1 x Hd (0, 1) (Ez j) X = H — Ez — El
IxH, | (0/1) |(E.—FE) S=-1|H—-E,—E,

Table 3: Field content of the SU(6) Curve from Gg = SU(5).

Note that all field configurations in Table [B] obey the conditions, Ly, # Oy and
L5, # Oy. In local models, the curves are required to be effective. With Table [I] it
is not difficult to check that all curves in Table [3] are effective. The results in Table
show that the triplet and double states in 5 or 5_g of SU(5) can be separated by
the restrictions of the supersymmetric line bundles to the curves. Next let us turn to
the curve with Gy = SO(10). Set (l1,1s,13) = (N(372)1’4,N(371)74y4,N(171)674). To avoid
exotics in the MSSM, it is required that Iy € Zso, k = 1,2,3. Given (ly,ls,13), the
curve Ygo(10) has to satisfy the following equations

{ (Ei — Ej) - Tsoa0) =2 —h (3.10)

lg = 2[1 - lg.

To obtain the minimal spectrum of the MSSM, we require that [y, l, < 3. Taking the
conditions, Ly, # Oy, and L%, # Oy into account, we have the following configurations:

(I la, 15) = { (1,2,0),(1,0,2),(2,1,3),(2,3,1) }. (3.11)

From the configurations in (BI1)), it is clear that unlike with Gy = SU(6), it is
impossible to engineer the matter fields 3 x ), 3 X ug, and 3 X eg on the individual

7 . (mlfmg) 12 (3m1+2m2)
LESU(G) = OESU(G)( ( 5 ) ) and LESU(G) OESU(G) (_( 30) )

8 _ I =12 / 4l +1

Lzso(m) - OESO(IO)( 5 ) nd LZSO(H}) 0250(10)( 20 )
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curves with Gy = SO(10), which correspond to (I,ls,13) = (3,0,0), (0,3,0), and
(0,0, 3), respectively, without extra matter fields. Fortunately, in this case all Higgs
fields come from gy (g instead of Xgo(i0). Although the field content on Ygo(10) is
more complicated than that on Xgy ), we can engineer the spectrum of the MSSM
as shown in Table @]

Multiplet Curve by Js Ly, L
LX Qr+2xup | Ygoap) |2H=E2—E3 | 0 | Ogy (=1)'* | Oy (1)%1°
2XQr+1Xup | o 1/5 9/20
13 % ep Z50(10) 2H — By — By 0 02230(10)<1> 02250(10)(1)
3% dp Ssue | OH — 4B — Ey | 0 Ozlm) (1)%/° OZEU@( 1)3/10
_ 1)3/5 1)1/5
3 X Ly, ZSU(6) 4H 4+ 2F, — E5 | 0 SU(ﬁ)( 1) SU(S)( 1)
d _ _ 1)1/5 1)1/15
1 x Hd ZSU(6) 2H E2 E4 0 SU(G)( ) SU(G)( )
1/5 1/15
1 X Hu ESU(6) H - El - E3 O SU(G)(l) / SU(G)(l) /

Table 4: A minimal spectrum of the MSSM from Gg = SU(5), where L = Og(F; —
E)'/o,

From Table @] we find that for the case of Gg = SU(5), we can get an exotic-
free, minimal spectrum of the MSSM with doublet-triplet splitting. In addition, by
arranging H, and H, on different curves, rapid proton decay can be avoided [TTHI3].

3.2 Gs=S0(10)

For the case of Gg = SO(10) [24], we first look at the spectrum from the bulk.
Consider the following breaking pattern,

SO(10) — SU(5) x U(1)s

45 — 245+ 15+ 104+ 10_4 (3.12)

The bulk zero modes are determined by
104 € HY(S, L™ & H3(S, L") & H3(S, L)Y (3.13)
10_4 € Hy(S, LYY & H3(S,L™") @ HZ(S, L")". (3.14)

To eliminate 104 and 10_y, it is required that (S, L**) = 0, which give rise to the
fractional line bundles L = Og(E; — E;)*Y4. In this case, all chiral fields must come
from the curves. Let us turn to the spectrum from the curves. With Gg = SO(10),
the gauge groups on the curve can be enhanced to Gy, = SO(12) or Gy, = Eg. The

12



breaking chains and matter content from the enhanced adjoints of the curves are

SO(12) — SO(10) x U(1)" — SU((B) x U(1)Y xU(1)s

66 — 45,+1) — 2400 + Lo + 1004 + 100, 4 + 1o (3.15)
+10; +10_» +922+ 582 2+5 2 2+5 99
Eg — SO(10) x U(1) — SU(5) x U(1) x U(1)s
78 — 457+ 1 L — 24070 + 10,0 +_100,4 + 1007_4 + 10,0 (316)
+16_3 + 163 —|—(10_3,_1 +5 33+1_3 5+ C.C.).

Note that the U(1)g charges of the fields localized on the curves should be conserved
in each Yukawa coupling. The superpotential is as follows:

W D 10_37_110_37_15_272 + 10_37_15_373527_2 + - (317)

In order to get complete matter multiplets in SU(5) GUT, we require that Ly, and
L%, are both non-trivial. With non-trivial Ly, and L%, we can engineer field content
with minimal singlets as shown in Table [ [24].

Multiplet | Curve by Js Ly, LY
3x 103 1 Xg |4H+2E —Ey| 0 | Ogy (=14 | Ogy (—1)%*
3x5.35" | X3, | SH+3E;—Es| 0 | Og (1)1 Oz (=1)1*
6 6
1 x 5_272 2390(12) 3H + E3 — B, 0 OZE‘O(12)(1)1/4 02_15'0(12)(_]‘)1/4
1 x 527_2 2%0(12) H— Ey — Es 0 02230(12)<—1)1/4 02250(12)(1)1/4

Table 5: An SU(5) GUT model from Gg = SO(10), where L = Og(E; — Fy)/*.

However, because of the lack of extra U(1) gauge fluxes or Wilson lines, the
doublet-triplet splitting is not achievable in the present case. This motivates us to
consider supersymmetric U(1)? fluxes.

3.3 (g = SU(6)

To look at the spectrum from the bulk , we consider the following breaking pattern,

SU(6) — SU(5) x U(1)s

45— 245+ 19+ 56+5 (3.18)
The bulk zero modes are given by
56 € H3(S, L™ %)Y @ HA(S, L% & H3(S, L™°)" (3.19)

*With six additional singlets
"With three additional singlets
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5.6 € HI(S, L% @ H5(S,L™%) & HZ(S, L°)". (3.20)
To eliminate 55 and 5_g, it is required that x(S, L*%) = 0, which gives rise to the
fractional line bundles L = Og(E; — E;)*/¢ [24]. In this case, all chiral fields must
come from the curves. Let us turn to the spectrum from the curves. With Gg =
SU(6), the gauge groups on the curve can be enhanced to Gy, = SU(7), Gx = SO(12)

or Gy, = FEjg. The breaking chains and matter content from the enhanced adjoints of
the curves are

SUT) = SUM)x U1y — SU(5) x ULY x U(L)s
48 — 35 +1y+6_7;+6; — 24070 + 1070 + 50,6 —i— 50,—6 + 1070 (321)
+5 71+ 17 _5+57_1+175

SO(12) — SU(6) xU(1) = SUGB)xU(1) xU(1)s
66 — 359+ 19+ 155 +15_o — 24070 + 1070 + 50,6;" 50,—6 —l—_107() (322)
+1022 +52 4+ 105 >+ 5 24
Es — SU(6) xU(1) — SU(B) xU(1) xU(1)s
78 — 350+ 19+ 10 — 240,0 + 2 X_lop + 50,6 + 50,_(1— 1:|:2’0 (323)
+20; +20_; +10;, 3+ 10y 3+ 10y _3+10_4 3.
In this case, the U(1)g charges of the fields localized on the curves should be conserved
in each Yukawa coupling. The superpotential is:

W D 1027210272527_4 + 10272577_1577_1 + e (324)

With non-trivial Ly, and L§,, we can engineer configurations of the curves with desired
field content but without any exotic fields as shown in Table [l [24].

Multiplet ‘ Curve ‘ by ‘ Js ‘ Ly, ‘ L ‘

3 X }0272 Z}S’O(H) 4H + 2FE, — Fy 0 Ozéo(12)(1)1/2 02150(12)(1)

3x57 1 | gy | DH+3E—Es | 0 | Og1  (=1)Y2 | Og1 (1)

I1x 5y 4 | X3ppny |3H+E1—E3 | 0| O (=1)"% | Og (1)
0

SU(7) SU(T)
Ss0(12) 50(12)
[ 2
1 x 57,_1 ESU(?) H— Ey, — E3

(D7 | Oss,,, ()7

022 SuU(7)

SU(T)

Table 6: An SU(5) GUT model from Gs = SU(6), where L = Og(E; — E,)/°.

Although in this case one can obtain an exotic-free spectrum in an SU(5) GUT,
the doublet-triplet splitting can not be achieved, similar to the case of Gg = SO(10).
Again this motivates us to consider supersymmetric U(1)? gauge fluxes. On the
other hand, to get the spectrum of the MSSM, we also need some mechanisms to
break SU(5) C Gy into SU(3) x SU(2) x U(1)y. One possible way is to consider
supersymmetric U(1)? gauge fluxes instead of U(1) fluxes. These supersymmetric
U(1)? gauge fluxes correspond to polystable bundles of rank two with structure group
U(1)2. In the next section we shall discuss polystable bundles of rank two.
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4 Gauge Bundles

In this section we shall briefly review the notion of stability of the vector bundle and
the relation between (semi) stable bundles and the DUY equation. In addition, we
also discuss the semi-stable bundles of rank two, in particular, polystable bundles
over §S.

4.1 Stability

Let E be a holomorphic vector bundle over a projective surface S and Jg be a Kéhler
form on S. The slope pu(FE) is defined by

_ fscl(E) N JS

E 4.1
u(E) = =4 (4.)
The vector bundle E is (semi)stable if for every subbundle or subsheaf £ with rk(€) <

rk(E), the following inequality holds

1(&) < (S)u(E). (4.2)
Assume that £ = @F&;, then E is polystable if each & is a stable bundle with
w(&) = p(&) = ... = p(&) [39.40]. It is clear that every line bundle is stable

and polystable bundle is a type of semistable bundle. The Donaldson-Uhlenbeck-
Yau theorem [39,[40] states that a (split) irreducible holomorphic bundle E admits
a hermitian connection satisfying Eq. (22]) if and only if F is (poly)stable. As
mentioned in section 2.1, to preserve supersymmetry, the connection of the bundle
has to obey the DUY equation (2:2)), which is equivalent to the (poly) stable bundle.
In particular, when the bundle is split, supersymmetry requires that the bundle is
polystable. In the next section we primarily focus on polystable bundles of rank two
over S.

4.2 Rank Two Polystable Bundle

Here we are interested in the case S = dP,. Consider the case of V = L; & Lo,
where L; and Ly are line bundles over S and set L; = Og(D;), i = 1,2, where D; are
divisors in S. Before writing down a more explicit expression for the bundle V', we
first consider the stability condition of the polystable bundle. Recall that the bundle
V' is polystable if p(Ly) = u(Lg) where u is slope defined by Eq. (@I). To solve
the DUY equation Eq. ([22), it is required that pu(L;) = p(Ls) = 0. It follows that
c1(Ly) N Js = c1(Lg) A Jg = 0 or equivalently,

Dl-w:DQ-w:O, (43)
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where w is the dual ample divisor of Kéhler form Jg in the Kéhler cone. In particular,
in this case we choose “large volume polarization”, namely w = AH — Zle a; B, A>
a; > 0 [II12]. Note that Eq. ([A3]) is exactly the BPS equations, ¢;(L;) A Js =0, i =
1,2 for supersymmetric line bundles. So the polystable bundle V' is a direct sum of
the supersymmetric line bundles L; and Ly. In section 5.2 we shall apply physical
constraints to the polystable bundle that satisfies the Eq. (43]) and derive the explicit
expression of the U(1)? gauge fluxes L; and Lo.

4.3 Supersymmetric U(1)?> Gauge Fluxes

Each supersymmetric U(1)? gauge flux configuration contains two fractional line bun-
dles, which may not be well-defined themselves. It is natural to ask whether it makes
sense for these configurations to be polystable vector bundles of rank two. In what
follows, we shall show that supersymmetric U(1)? gauge fluxes can be associated with
polystable vector bundles of rank two. Let us consider the case of Gg = SU(6) and the
breaking pattern through SU(6) — SU(5) x U(1) — SU(3) x SU(2) x U(1); x U(1)a.
Let L; and Ly be two supersymmetric line bundles, which associate to U(1); and
U(1)y, respectively. Write L; = Og(D;), ¢ = 1,2, where D; are in general “Q-
divisors” which means that D; are the linear combinations of the divisors in S with
rational coefficients. Now we consider the rotation of the U(1) charges, U(1); and
U(1)q, given by

U= MU (4.4)

with U = (U(1);,U(1),)!, U = (al/)l, 6\(1/)2)t, and M € GL(2,Q), where ¢ represents
the transpose. We define Ly and Ly to be two line bundles which associate to U (1),
and EElJ)Q, respectively and write L; = Og(D;), i = 1,2. Let (A, B).,and (A, B); 7
be representations in the breakirlg/patt/cil/SU(G) — SUB) x SU((2) x U(1); x U(1)s

and SU(6) — SU(3)xSU(2)xU(1), xU(1),, respectively. Up to a linear combination
of U(1) charges, we have Nia ) , = N A,B). ;» which requires that the corresponding

divisors be transferred as follows:
D= (M_l)t]D), (4.5)

where D = (Dy, Dy), D= (51, 52)t. In general, D; are Q-divisors via the rotation
(45). However, it is possible to get integral divisors D; by a suitable choice of the
matrix M = M,. Once this is done, we obtain two corresponding line bundles, Zl and
Ly since D; € Hy(S,7Z), i = 1,2. Moreover, if u(L1) = pu(Ly) = 0, we can construct
the polystable bundle V = Zl S5 Eg. Note that when L; are supersymmetric, which
means that they satisfy the BPS condition ([A3]), by the transformation (LI]) we have
1(Ly) = pu(Ly) = 0. As a result, each supersymmetric U/ (1)? gauge fluxes is associated
with a polystable vector bundle of rank two if the suitable matrix M, exists. To be
concrete, let us consider the case of Gg = SU(6). The breaking pattern via GsqxU(1)
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is as follows:

SU6) — SU(3) x SU2) x U(1)1 x U(1)2 _

35 - (8a 1)0,0 + (1a 3)0,0 + (37 2)—5,0 + (3’ 2)_5,0 + (1’ 1)9,0 (46)
+(1,1)00+(1,2)36+(3,1) 55+(1,2) 53 4+ (3,1), 4

Let Ly and Lo be the supersymmetric line bundles associated to U(1); and U(1),,
respectively. Note that U(1); can be identified as U(1)y in the MSSM. The exotic-
free spectrum from the bulk requires that L; and L, are fractional line bundles. The
details could be found in section 5.2. Now consider the rotation

_1
_ 5
M ( 0 ) . (4.7)
Then we obtain

SU(6) — SU(3) x SU(2) x U(1); x U(1),

Sing)e

35 - (87 1)0,0 + (17 3)0,0 + (37 2)1,0 + (37 2)_—1,0 + (17_1>0,0 (48)
+(1> 1)0,0 + (17 2)0,1 + (37 1)1,1 + (1’ 2)0,—1 + (37 1)—1,—1
with El = Ll_5 and E2 = L3® LS. Tt is clear that Nap), , = N(A,B)Eg with respect to

(@) and [ER). It turns out that Ly and L, are truly line bundles. Furthermore, one
can show that BPS condition (3] for (Ly, Ls) is equivalent to the stability conditions
of the polystable bundle V = L, & L, by the transformation ([@3). In this case, we
know that supersymmetric U(1)? gauge fluxes are associated with polystable bundles
of rank two with the same number of zero modes charged under U(1)%. With this
correspondence, we can avoid talking about the gauge bundle defined by the direct
sum of two fractional line bundles. In other words, a supersymmetric U(1)? gauge
flux (L, Ls) is well-defined in the sense that it can be associated with a well-defined
polystable bundle of rank two. Form now on, we shall simply use the phrase U(1)?
gauge fluxes in stead of polystable bundle in the following sections.

5 U(1)? Gauge Fluxes

In this section we consider U(1)? gauge fluxes in local F-theory models, in particular
we focus on the case of Gg = SO(10) and SU(6). With the gauge fluxes, Gg can
be broken into Ggq x U(1). For the case of Gg = SO(10), there is a no-go theorem
which states that there do not exist U(1)? gauge fluxes such that the spectrum is
exotic-free. This result was first shown in [12]. We review the case in section 5.1 for
completeness. For the case of Gg = SU(6), with appropriate physical conditions, we
shall show that there are finitely many supersymmetric U(1)? gauge fluxes with an
exotic-free bulk spectrum and we obtain the explicit expression of these gauge fluxes
as well. With these explicit flux configurations, we study doublet-triplet splitting and
the spectrum of the MSSM. The details can be found in section 5.2 and 5.3.
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51 Gs=S0(10)
5.1.1 U(1)? Gauge Flux Configurations

The maximal subgroups of SO(10) which contain Gyq and the consistent MSSM
spectrum are as follows [12]:

SO(10) > SU(5) x U(1) S Gua x U(1) (5.1)

SO(10) 5 SU(2) x SU(2) x SU(4) > Gua x U(1) (5.2)

For the latter, one of SU(2) groups needs to be broken into U(1) x U(1) to get
the consistent U(1)y charge in the MSSM. It follows from the patterns (B.Il) and
(52) that up to linear combinations of the U(1) charges in the breaking patterns,
it is enough to analyze the case of U(1)? gauge fluxes which breaks SO(10) via the
sequence SO(10) — SU(5) x U(1) — Gsa x U(1). The breaking pattern is as follows:

SO(10) — SU(3) x SU(2) x U(1); x U(1)4
45— (8,1),,+(1,3),+ (3, 2) 50T (3,2)50+(1,1)4
_'_(17 1)0,0 + (17 1)6,4 + ) + ( ) (1 1) —6,—4
_'_(37 1)4,—4 + ('-6’7 2)—1

(5.3)

Note that U(1); can be identified with U/(1)y in the MSSM. Let Ls and Ly be non-
trivial supersymmetric line bundles associated with U(1); and U(1)s, respectively, in
the breaking pattern (53)). The bulk zero modes are given by

(3,2)_5, € HS(S,L3)V & HA(S, L3”) & HA(S, L})" (5.4)

(3,2),, € H3(S,L5")" & HA(S, L}) & HA(S, L;)" (5.5)
(3,2),, € HY(S,L3' ® L;*)Y ® HY(S, Ly ® L}) @ HA(S, L3' @ L;*)" (5.6)
(3,2)_, _, € HY(S,Ly® L) ® HY(S, L3' ® Li*) @ HA(S, LY ® L})Y  (5.7)
(3,1),_, € HYS, L;"® L)V & HY(S, Ly ® L;") ® HA(S, Ly* @ L})Y  (5.8)
(3,1)_,, € HYS, Li® L")V & HY(S, Ly* ® L}) & H3(S, Ly @ L"), (5.9)
(1,1)g, € HY(S, L;%® L;")Y @ HA(S, Ly ® L) & HA(S,L;* ® L;*)Y  (5.10)
(1,1)__, € HY(S,LS® L)V @ HA(S, L3%® L;*) @ HA(S, Ly ® L)Y, (5.11)

To avoid exotics, it is clear that the line bundles L3, Lt ® L4, i@ L;*, and LS @ L4
cannot be trivial. Let N(A7B)a,b be the number of the fields in the representation
(A,B),, under SU(3) x SU(2) x U(1); x U(1)2, where a and b are the charges
of U(1); and U(1)s, respectively. By the vanishing theorem (2I7), the exotic-free
spectrum requires that

Niz,2) —x(S,E) =0 (5.12)

~50
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N2, , = —x(5, EN)=0

_ -1y _
1,4 __X(S>F )_0
Ns1), , = XS, E'@F 1) =0
= x(S,E®F) =0.

Naz2)

Naay.

6,—4
We define
N2y, , = —X(S, F) = B,

Nay ,, = XS, EQF) =05,
N(171)6,4 = _X(S’ E_l ® F) = 6?”

where B = L3 F = Li® LY and f; € Zso, i = 1,2,3. By Egs. (512)-(E14), and

Eq. (&I7), we obtain the following equations

Cl(E)2 = -2
Cl(F)2 = _ﬁl -2
Cl(E) . KS =
a(F) - Ks =5

Then by Eq. (5:20) and Eq. (515, we obtain
Cl(E) . Cl(F) =1.
On the other hand, using Eq. (£.20) and Eq. (5.10), we have

Cl(E) . Cl(F) = —1,

(5.20)

(5.21)

(5.22)

which leads to a contradiction. Therefore, there do not exist solutions for given
Bi € Z>o, i = 1,2,3 such that Eqs. (512)-(E.19) hold. This is a no-go theorem shown
in [12]. Due to this no-go theorem, we are not going to study this case further. In

the next section we turn to the case of Gg = SU(6).

5.2 Gg=SU(6)

5.2.1 U(1)? Gauge Flux Configurations

The maximal subgroups of SU(6) which contain Gyq and the consistent MSSM spec-

trum are as follows [12]:
SU(6) D SU(5) x U(1) D Gga x U(1)
SU(6) D SU(2) x SU(4) x U(1) D Gua x U(1)
SU(6) D SU(3) x SU(3) x U(1) D Gga x U(1).
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It follows from Eqs. (£.23)-(5.28) that up to linear combinations of the U(1) charges
in the breaking patterns, it is enough to analyze the case of U(1)? gauge fluxes which
break SU(6) via the sequence SU(6) — SU(5) x U(1) = Gsq x U(1). The breaking

pattern is as follows:

SU(6) — SU(3) x SU(2) x U(1); x U(1)
35 — (8, 1)0,0 + (1, 3)0,0 + (3, )—5,0 +(3, 2)5,0 +(1,1)9, (5.26)

2 0
+(1,1)00+(1,2)36+(3,1) 55 +(1,2) 53 4+ (3,1), 4

Note that U(1); is consistent with U(1)y in the MSSM. Let L; and Ly be non-trivial
supersymmetric line bundles associated with U(1); and U(1)q, respectively, in the
breaking pattern (L.26). The bulk zero modes are given by

(3,2)_5, € HJ(S,L})" & Hy(S, L) & H3(S, L3)" (5.27)

(3,2)50 € Hy(S. L") @ Hy(S, LT) ® H5(S, Li”)" (5.28)

(1,2)y4 € Hy(S, L7° ® Ly°)Y @ Hy(S, LT ® Ly) @ H3(S, Li° ® Ly°)Y  (5.29)
(1,2)_5_¢ € HY(S, L ® L)V @ HA(S, Li® @ L") @ H3(S, L} @ L§)Y  (5.30)
(3,1)_y6 € Hy(S, L ® Ly°) & H3(S, Li* @ L§) & H3(S, L7 ® Ly°)" (5.31)
(5.32)

Note that (3,2)_;,, (3,2);,, and (3,1)_, 4 are exotic fields in the MSSM. To avoid

these exotics, L? and L;? ® LS need to be non-trivial line bundles. If L? ® LS is
trivial, it follows from Eq. (£.29) and Eq. (£.30) that N1 2),, = Na3z) , , = 1. By

the vanishing theorem (2.I7), no exotic fields requires that

Ngz) ., = —x(S,L7°) =0 (5.33)
N@2),, = —X(S,L}) =0 (5.34)
Ny ,, = —x(S, L7* @ L3) =0, (5.35)
We define
N(§71)2,76 - _X(S’ L% ® L2_6) = Qag, (536)

where as € Z(. Note that since L? ® L§ is trivial, then L? ® L,% = L?. It follows
from Eq. (B34) that ag = . Therefore, the non-trivial conditions are (E33) and
(534), namely x(S, L) = 0, which imply that ¢;(L;**)? = —2 and ¢, (L) - Kg = 0.
Note that ¢;(L,*°) € Hy(S,Z) = spany{H, E;, i = 1,2,3,...8}, where H and E; are
the hyperplane divisor and exceptional divisors in S = dPs. Immediately we get a
fractional line bundld L, = Og(E; — E;)/? and then L, = Og(E; — E;)Y°. It
is clear that L; and L, satisfy the BPS condition (£3). As a result, (Ly, Ls) is a

9This case will be denoted by (a1, s, a3) = (1,1,0)* later.
19Note that with az = 0, there is a symmetry (L1, L2) <+ (L7', Ly ') in Eq. (5:33)-(5:36). Without
loss of generality, we choose L1 = Og(E; — E;)'/°.
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supersymmetric U(1)? gauge flux configuration on the bulk. If L? ® LS is non-trivial,
by the vanishing theorem (2.I7), an exotic-free bulk spectrum requires that

Nz, =—x(S,L7°) =0 (5.37)
N@a2),, = —x(S, L) =0 (5.38)
Ny ,, = —x(S, L7* @ L3) =0, (5.39)
We define
Naay,, = —x(S, L7 ® L) = oy (5.40)
Naz) , = XS L7 @ L;°) = a (5.41)
Nz, , = —X(S, L1 ® L,°) = as, (5.42)

where a; € Z=o, i = 1,2,3. To simplify the notation, we define C' = L;°, and
D = I3 ® LS. By Egs. (B37)-(5242) and the Riemann-Roch theorem (2IG), we
obtain the following equations:

( 01(0)2 = -2

Cl(D)2 = —01 — Qg — 2
a(C)-a(D) =14 3(on + as — )
3 = Qg — (1

Cl(C) : KS =0

Cl(D) . KS = (] — Q9.

(5.43)

\

Note that C' and D are required to be honest line bundles, in other words, ¢ (C),
c1(D) € Hy(S,Z) = spany{H, E;, i = 1,2,3,..8}. Note that (3,1),  is a candidate
for a matter field in the MSSM. Therefore, we shall restrict to the case of a3 < 3. In
what follows, we shall demonstrate how to derive explicit expressions for U(1)? gauge
fluxes from Eq. (5.43). For the case of a3 = 0, by the constraints in Eq. (5.43)),
we may assume (ag, o, a3) = (k, k,0) with k € Z-,. We shall show that there is no
solution for k£ > 4. Note that in this case, Eq. (543)) reduces to

ca(C)? = =2, c;(D)? =2k -2, ¢;(C)-c1(D)=1+k, (5.44)

with ¢;(C) - Kg = ¢1(D) - Kg = 0. From the conditions ¢;(C)?* = =2, ¢;(C) - Kg = 0,
and BPS condition (£3)), it follows that C' = Og(E; — E;), which is the universal
line bundle in the case of Gg = SU(6) since these two conditions are independent of
a;, 1 = 1,2,3 and always appear in Eq. (543). Actually, the corresponding fractional
line bundle L, of C'is the U(1)y hypercharge flux in the minimal SU(5) GUT [TIHI3].
In what follows, we shall focus on the solutions for the line bundle D. By Eq. (544)),
we can obtain the upper bound of k. Write D = Og(¢;E; + ¢;E; + D) where D
is a integral divisor containing no H, Fj;, and F;. Note that the repeat indices are
not a summation, and ¢;, ¢; € Z. By Eq. ([B.44), we get —¢; +¢; = k+ 1 and

HDue to the BPS condition {3), D contains no component H.
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A+ — D? = 2k + 2. Note that D? < 0 by the construction. Using the inequalit
A+ %(cl — ¢)? and the condition k € Zsq, we obtain 0 < k < 3, which implies
that there is no solution D for & > 4. Next we shall explicitly solve the configurations
(Ly, Lo) satistying Eq. (5.43)) for the case of (ay, as, a3) = (k, k,0) with 0 < k£ < 3.

Let us start with the simplification of Eq. (5.43]). Note that in Eq. (5.43)), there
are two conditions that are independent of «;, namely,

c1(0)? =2, ¢,(0)-Kg=0, (5.45)

which gives rise to the universal line bundle, C' = Og(E; — E;), as mentioned earlier.
The remaining conditions are

Cl(D)2 = —0] — Qg — 2
a(C)-a(D)=1+ %(al + ap — az)
a3 = Qg —

Cl(D) . KS = (] — (9.

(5.46)

Since C'is universal, all we have to do is to solve the line bundles D in Eq. (544) for
a given (aq, ag, a3) and C' = Og(E; — E;). When (ay, a2, a3) = (0,0,0), Eq. (&.46)
reduces to

c1(D)? = -2, ¢(C)-c1(D) =1, (5.47)

with ¢;(D)-Kg = 0. By Eq. (5.47), we have D = Og(+E,—E;) or Og(+E;+E;). The
former gives rise to fractional line bundles L, = Og(E; — E)Y5 and Ly = Og(£5E; —
2Ei—3Ej)1/30. For the latter, we have L, = OS(E]-—EZ-)I/E’ and Ly = Og(£bE+3E;+
2E;)'/30. Recall that Kg = —3H—|—22:1 E). To solve the condition ¢;(D)- K¢ = 0, it
is clear that D has to be Og(E; — E;) or Os(—E;+ E;). The corresponding fractional
line bundle is Og(5E; — 2F; — 3Ej)1/30 or Os(—bHE; + 3E; + 2Ej)1/30. In addition
to Eq. (547), these fractional line bundles need to satisfy the BPS condition (4.3]).
More precisely, for the case of Ly = Og(E; —E)Y5 and Ly = Og(5E, —2FE; —3Ej)1/30,
BPS equation ([@3]) reduces to

(B;— E;)-w=0, (5B, —2E; —3E;)-w=0. (5.48)

It is not difficult to see thatld w = AH — (E; + E; + E; + ...) solves Eq. (&48)).
Similarly, for the case of Ly = Og(E; — E;)'/? and Ly = Og(—5E; + 3E; + 2E;)'/%,
Ly and L, are also supersymmetric with respect to w = AH — (E; + E; + B + ...).
As a result, for the case of (ay, as, as) = (0,0,0), we find two supersymmetric U(1)?
gauge flux configurations (L, Ls).

When (aq, az, a3) = (1,1,0), Eq. (5.46) reduces to
Cl(D)2 = —4, Cl(C) . Cl(D) = 2, (549)
20y general, (c1(C)?)(c1(D)%) > (e1(C) - e1(D))>.
137 7 in w always stands for non-relevant terms for checking the BPS condition Eq. ([@3). Of

course, those terms are relevant for the ampleness of w and note that the choice of the polarizations
is not unique.
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with ¢;(D) - Ks = 0. By Eq. (5.49), D can be Og(2E;), Os(—2E;) or Os([E}, Ep] —
E; + E;), where the bracket is defined by [A;, Ay, .. Ay] = {£A; £ Ay... = A} For
later use, we also define [A;, Ay, . Ag] = {F+ A £ As... £ A} N (FAL+ Ao+ ..+ Ap),
[Al, AQ, ..Ak]// = {j:Al ﬂ:AQ ﬂ:Ak} N {(+A1 —|—A2 + ... —I—Ak), (_Al - A2 e Ak)},
and [Al, Ag, ..Ak]m = {(Al + Ag + Ak—l - Ak), (Al + Ag — Ak—l -+ Ak), ceey (—Al +
Ag... + Ak—l + Ak)} Note that OS(QE]-), OS(—QE,'), OS(El + Em - E, + Ej), and
Os(—E; — E,, — E; + E;) cannot solve the equation ¢;(D) - Kg = 0. As a result,
D = Os([E), Ey)" — E; + Ej), which correspond to the fractional bundles L, =
Os(b[E, By — 2E; + 2Ej)1/30. Clearly L; and Lo satisfy Eq. (£3) with w =
AH — (E;+E;+ E,+ E, + ...).

For the case of (ay, ag, a3) = (2,2,0), Eq. (5.40) becomes
Cl(D)2 = —6, Cl(C> . Cl(D) = 3, (550)

with Cl(D)'KS =0. By Eq. (m), D can be OS([El]—EZ—FQE]) or Os([El]—2EZ—|—Ej)
For the former, it is clear that Og(E, — E; +2£E}) does not satisfy the condition ¢;(D)-
Kg = 0. Similarly, for the latter, Og(—E; —2E; + E;) is not a solution as well. In this
case, the solutions are Ly = OS(_SEI_QEi+7Ej>1/3O or Ly = 05(5E1—7E2-—|-2Ej)1/30.
It is easy to see that the solutions also satisfy the BPS condition (£.3). Note that for
the case of as = 0, taking w = AH — (Y5_, E) = (=Kg) + (A —3)H, the conditions
c1(C) - Kg = c1(D) - Kg = 0 are equivalent to Eq. ([A3]). Therefore, the solutions of
Eq. (543) are all supersymmetric for the case of az = 0.

Next we consider the case of (g, g, a3) = (3,3,0). In this case, the line bundle
D satisfies the following equations:

Cl(D)2 = —8, Cl(C) . Cl(D) = 4, (551)

with ¢;(D)-Kg = 0. By Eq. (.51, we obtain D = Og(2E;—2E;). The corresponding
fractional line bundle is Ly, = Og(E; — E;)7/3°. Obviously, L satisfies the condition
c1(D)- Kg =0, and Eq. (£3)) forw=AH — (E; + E; + ...).

Next we shall consider the case of a3 = 1. By the constraints of Eq. (540,
we may assume that (aq,as,a3) = (m,m + 1,1), where m € Z-y. Then Eq. (G540
becomes

c1(D)? = —2m —3, ¢(C)-c¢;(D)=1+m, (5.52)

with ¢;(D)-Kg = —1. Again the first thing we need to do is to get the upper bound of
m. Eq. (552) implies that 1 —+v/6 < m < 1++/6. Since m € Z-, we obtain 0 < m <
3. Therefore, the possible configurations are (aq, g, a3) = (0,1,1),(1,2,1),(2,3,1)
or (3,4,1).

Let us look at the case of (ay, ag, a3) = (0,1, 1). In this case, Eq. (5.52]) reduces
to the following equations

c1(D)?* = =3, ¢(C)-c(D)=1. (5.53)
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It is easy to see that D can be Og([E, E,] — E;) or Og([Ey, E] + Ej). Note that
Os([El, Em]// - E,), OS(—EI - Em - EZ), OS(El + Em + Ej), and OS(—EI - Em + E])
do not satisfy the equation ¢;(D) - Kg = —1, so we have to eliminate these cases. It
turns out that the resulting fractional line bundles are Og(5(E;+ E,,,) —2E; —3E;)*/3°
and Og(5[Ey, E,)"+3E;+2E;)Y/30. In order to preserve supersymmetry, the solutions
need to solve Eq. ([@3). For the case of Ly = Og(5(E; + E,,) — 2E; — 3E;)Y/*°, Eq.

([43) reduces to
(B, —E})-w=0, [(E+Epn) —E] w=0, (5.54)

For another fractional line bundle Ly = Og(5[E;, E,]" + 3E; + 2Ej)1/30, Eq. (@3)
becomes
(B~ E})-w=0, ([E,En)' +E) w=0 (5.55)

It is clear that w = AH — (£, + E,, + 2E; + 2E; + ...) solves Eq. (5.54) and w =
AH — 2E,+ E,, + E; + E; + ...) solves Eq. (B.50) if [E}, E,,)" = —E; + E,,,. For the
case of B, B, = £, — E,,, w= AH — (E;+2E,,+ E; + E; + ...) is a solution of Eq.
(555). Therefore, Og(5(E;+ E,,) —2E; —3E;)Y30 and Og(5[E, E,.)" +3E;+2E;)/30
are supersymmetric. In this case, the solutions of Eq. (B53)) and the equations,
c1(C)-Ksg =0, ¢1(D) - Kg = —1 satisfy Eq. ([£3). It seems that for the case ag = 1,
the condition ¢;(C) - Kg = 0, ¢1(D) - Kg = —1 is stronger than BPS condition
([@3). For example, D = Og(E; — E,, — E;) with corresponding fractional line bundle
Ly = Os(5E; — 5B, — 2E; — 3E;)Y/30 is supersymmetric but does not satisfy the
condition ¢1(D)- Kg = —1. Actually, we shall see that this is not the case in the next
examples.

Let us turn to the case of (aq, g, a3) = (3,4, 1). In this case, Eq. (5:52) reduces
to
Cl(D)2 = —9, Cl(C> . Cl(D) =4. (556)

It is not difficult to find that the solutions are D = Og([E|] — 2E; + 2E;) and the
corresponding fractional line bundle are Ly = Og(5[E)]—7E;+7E;)/*. Note that only
D = Og(E; — 2E; + 2E;) satisfies the condition ¢;(D)- Kg = —1. However, it is clear
that it does not satisfy the BPS condition (£3]), which means that no configuration
(Ly, Ly) for an exotic-free spectrum exists in this case. From this example, we know
that for the case of a3 = 1, the solutions of Eq. (40) are not guaranteed to be
supersymmetric and vice versa. Therefore, in general we need to check these two
conditions for each solution in the case of a3z € Z~(. Following a similar procedure,
one can obtain all configurations (Li, Ly) for the cases of g = 1. We summarize
the results of a3 = 0,1 in Table [ in which all L; and L, satisfy the BPS condition
([E3) for suitable polarizations w and the conditions L} # Og, L7? ® L§ # Og and
L3 LY # Os.

Next we consider the case of a3 = 2. By the last constraint of Eq. (&.43),
we may assume (aq, g, a3) = (1,1 + 2,2), where | € Zy. One can show that the
necessary condition for existence of the solutions of Eq. (5.43) is 0 < [ < 3. There-
fore, (a1, g, a3) can be (0,2,2), (1,3,2), (2,4,2) or (3,5,2). Following the previous
procedure, one can obtain all configurations (L, Ly) for the case of a3z = 2.
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(aq, g, a3) Lo
(1,1,0)* Os(E; — E;)Y10
2| (0,0,0) Os(5E, — 2E; — 3E;)Y/3
Os(—5E + 3E; + 2E;)'/3
31 (1,1,0) Os(5[E;, B — 2E; + 2E;)Y/%
(2,2,0) Os(—5E, — 2E; + TE;)Y/30
Os(bE, — TE; + 2E;)'/*
5 (3,3,0) Os(E; — E;)7/30
(0,1,1) Os(5[Ey, En)" + 3E; + 2E;)1/3
Os(5(E; + E,,) — 2E; — 3E;)Y/3°
71 (1,2,1) Os(—5E; + 3E; + TE;)'/*
Os(5[E}, En, E)" — 2E; + 2E;)Y/3°
8 (2,3,1) Os(5[Ey, En)" — 2E; + TE;)'Y/*
Os(5(E; + E,,) — TE; + 2E;)1/%
9 (3,4,1) No Solution

Table 7: Flux configurations for Gg = SU(6) with L; = Og(E; —E)Y5and a3 =0, 1.

For the case of ag = 3, we may assume that (o, as,a3) = (n,n + 3,3) with
n € Zso. The necessary condition for existence of the solutions of Eq. (B£43) is
0 < n < 4, which implies that (aq, a2, a3) = (0,3,3),(1,4,3),(2,5,3), (3,6,3), or
(4,7,3). Following the previous procedure, one can obtain all configurations (L;, Ls)
for the case of a3 = 3. Let us look at the case of (ay, as, a3) = (3,6,3). In this case,

Eq. (540) reduces to
c1(D)? = —11, ¢1(C)- ¢ (D) = 4, (5.57)

with ¢;(D) - Kg = —3. It follows from Eq. (G.57) that D can be Og([E|] — E; + 3E;),
Os([EB)] —3E; + E)), or Os([Ey, B, E,] —2E; +2E;). When one takes the condition
c1(D) - Kg = —3 into account, there are only two solutions, D = Og(E; — E; + 3E;)
or Os((Ei+ E,, + E,) —2E; + 2E;), which corresponds to the fractional line bundles
Os(5E, — 2E; + 12E;)'/*° and Os(5(E; + E,, + E,) — TE; + TE;)'/*°, respectively.
However, these two solutions cannot satisfy Eq. (A3]). Therefore, in this case there
do not exist any U(1)? gauge fluxes for an exotic-free spectrum. A similar situation
occurs in the case of (o, ag, a3) = (4,7,3). In this case, D can be Og(—3E; + 2E})
or Og(—2E; + 3E;) by Eq. (5.46). However, they neither solve Eq. (A3]) nor satisfy
the condition ¢;(D) - Kg = —3. As a result, there are no U(1)? gauge fluxes without
producing exotics in this case. We summarize the results of a3 = 2,3 in Table [§ in
which all L; and L, satisfy the BPS condition (43]) for suitable polarizations w and
the conditions L3 # Og, L;?® L§ # Og and L3 ® LY # Og.
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(Oél, Qg, Oég) L2

L (0,2,2) Os(5(E) + E,, + Ey,) — 2E; — 3E;)'/*
Os(5[Ey, B, Ex)" + 3E; + 2E;)"/%°
2| (1,3,2) Os(5[Ey, By + 3E; + TE;)/%
Os(5[E, By, En, Ey)" — 2E; + 2E;)'/%
31 (2,42 Os(5[Ey, B, E)" — 2E; + TE;)Y3
Os(5(E; + En + Ey) — TE; + 2E;)'/%°
(3,5,2) No Solution

(0,3,3) | Os(5(Ey + En + En + Ey) — 2E; — 3E;)Y
Os(5[Ey, B, Ey, Ex]" + 3E; + 2Ej)1/30

6| (1,4,3) Os(5|Ey, B, By + 3E; + TE;)V/%
Os(5Ey, Em, B, Ex, )" — 2E; + 2E;)'/%0
7| (2,5,3) Os(5[Ey, By, En, Ey)" — 2E; + TE;)/%
Os(5(E; + Ep + E, + E},) — TE; + 2E;)/%
(3,6,3) No Solution
4,7,3) No Solution

Table 8: Flux configurations for Gg = SU(6) with L; = Og(E; —E)Y5and a3 = 2,3.

5.2.2 Spectrum from the Curves

With Gg = SU(6), to obtain matter in SU(5) GUT, it is required that Ly # Osx
and Ly, # Os. In this case, there are three kinds of intersecting curves, Xgy(7),
Yso(2) and X with enhanced gauge groups SU(7), SO(12), and FEg, respectively.
The breaking patterns are as shown in Eqs. (B2I)-(323). To achieve doublet-triplet
splitting and make contact with the spectrum in the MSSM, we consider U(1)? flux
configurations (Lq, Ls) already solved in the previous section. In this section we shall
study the spectrum from the curves and show that the doublet-triplet splitting and
non-minimal spectrum of the MSSM can be achieved. A detailed example can be
found in section 5.2.3.

In local F-theory models, the gauge group on the curve along which S intersects
with S’ will be enhanced at least by one rank. In the present case of Gg = SU(6),
the possible enhanced gauge groups are SU(7), SO(12) and Es. The matter fields
transform as fundamental representation 6, anti-symmetric tensor representation of
rank two 15, and anti-symmetric tensor representation of rank three 20 in SU(6)
can be engineered to localize on the curves with gauge groups SU(7), SO(12), and
Ejg, respectively. In order to split doublet and triplet states in Higgs and obtain the
spectrum of the MSSM, Lix, Loy, and L§, have to be non-trivial, which breaks Gy
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into Ggq X U(1)2. The breaking patterns of SU(7), SO(12) and Eg are as follows:

)" x U(1)y x U(1),
+(3,2)g 50+ (3,2)g50
1)000+(1 1)000+( )036+( 10—
j)o -3, 6+( s Do, 6+(1 L)oo+ (1,2
1) . 1,1 L+ (
D70

SU(7T) — SU(6) xU(1) — SU(3) x SU(2) x U(1
48 — 359+ 1 (8 1)0 o+(1 3)000
+6_; + 6

) )_ 7,3,1
) 7,0, 5+(1 2)7 —3,— 3>1)7,2,—1
(5.58)
SO(12) — SU(6) x U(1)
66 — 35,4+ 1,
+15, +15_, +

x SU(2) x U(1) x U(1); x U(1),

00t (1:3)000+(3:2) 50+ (3,2)950

000+ (L, 1_)0,0,0 + (1, 2)0,3,6 + (3, 1)0,_2,6

036 T (3 1) ¢ +_(1> D)oo T (1,2)y5 4
994t (}v 1)2,6,2 + (3, 1)2,—4,2 + (3, 2)2,1,2

—34 T (3, 1>—2,2,4 + (1, 1)—2,—6,—2 + (3, 1)—2,4,—2
—1,—

2

_>
_>

o ~—

=l
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NN = DN
~— O N S

NN

(5.59)
Es — SU(6) xU(1) — SU
78—)350+10+1i2—>(
+20; +20_, +

3) x SU(2) x U(1) x U(1); x U(1),
000 T (1,3)000+(3,2)0 50+ (3,2)050
+ (1, 1)000+(1 2)036+(3 1)0 —26

(17 })07 0,0
+(1, 2)0,—3 6T (_ a6+ (L, L)oo+ (1, 1) 900
+[(1,1)16 5+ (3>_ J1—a-3 1+ (3,2)15 5+ cdf
+[(1, 1)—1,6 3+ (3, 1) 1,-4-3 1 (3, 2) 11,-3 T c.c].

(5.60)
Due to non-trivial U(1)? flux configurations on the bulk S, the last two U(1) charges
of the fields on the curves should be conserved in each Yukawa coupling. From the
breaking patterns, we list possible Yukawa couplings of type X35 and ¥¥3 in Table
9l According to Table [@ the possible field content is shown in Table In what
follows, we shall focus on the case of X33¥-type couplings and find all possible field
configurations supported by the curves Yy (7), Ysoq2), and g, with given U (1)? flux
configuration (L, Ls).

Let us start with the case of Xgy(r) and consider (ay,as,a3) = (k, k,0) with
k=0,1,2,3. When (ay, az, a3) = (0,0, 0) which is the second case in Table [1 it is
clear that we have Ly = Og(5E; — 2E; — 3E;)Y?° or Ly = Og(—5E; + 3E; + 2E;)/3.
We define (n1,n2,n3) = (N3 1) Yra 17 Nq, %) 4 1 Na, 1)705) To avoid exotic fields, we
require that n, € Z> Given field configurations (n,n2,n3) on the curve Xy (7), the
necessary condltlon | for the homological class of the curve Xgy(7) are

(E; — Ej) - Ygu(ry = ng —m
{ (E; — Ey) - Ygu(ry = ng — ns. (5.61)

14L125U<7) = OEsU(7)(%(n1 — n2)), Lossyq = Ogsum(%( 3n1 — 2ns + 5ng)), and LESUW) —
OESU(?) (ﬁ@nl + 2n9 + ng))
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‘ Coupling ‘ Representation ‘ Configuration

(3, 2)2,1,2(37 1>1,—4,—3<1= 2)—7,3,1 250(12) 2B LSU(T)
(3,2)512(3: 1)y _45(1,2)55 4 | Tsoa2ZsoazSson2)
QrurH, (37 2)1,1,—3@’7 1)2,—4,2<17 2)—7,3,1 2E62SO(12)2SU(7)
(3, 2)—1,1,—3(_ ) 1)2,—4,2(1> 2)_7,3,1 X Be 550(12) 25U(7)
(37 2)1,1,—3<3_= 1)1,—4,—3(17 2)0,3,6 Y psXEeS
(3> 2)—1 1,—31(3> 1)1 —4 —3(_1’ 2)0,3 6 ZEeZEeS
(3:2)515(3, V)75, 1(1,2)7 5 1| EsouzBsumDsum
(37 2)2,1,2(37 1)0,2,—6(1 2>—2,—3,4 250(12)5250(12)

(37 2)1,1,—3(‘6’_7 1)—2,2,4(17 Q_)7,—3,—1 Z:E(sESO(H)ESU(?)

QrdrHy | (3, 2)_171,_3(_3,1)_2,274( ,_2 7,-3,~1 2iE62450(12) 25U (7)
(3, 2)1,1,—3(37 1)7,2,—1 1, 2)—2,—3,4 2B X8U(T) 150(12)

)

(3,2) 1, —3_(3’ 1 7,2,—1( a_i)_z 3,4 X 25U (7) 25012
(3, 2)2,1 2(3; 1) 2.2.4 1, 2)0,—3,—6 250(12)250(12)5
(1,2), 5 ,(1 Ysu (1) Es0(2)2sU(7)

(1>2)_2,—3,4 1,1 1,6,—3( )7,—3,—1 250(12) 2B BSU(7)
LyepHg (1,2)_2,_3,4 171)—1,6,—3(172 7,—3,—1 250(12) XEs 28U (7)
(17_5)7,_3 —1( ) 1)1,6,—3<1= Q_)—2,—3,4 z:S‘U(7)215625’0(12)
(1, 2)_7,—3,—1(1> 1)_1,6,—3 112)—2 —34 25U(7) 2B LS50 (12)
(172_)—2 -3 4( 1 26,2(172)0,—3,—6 250(12)250(12)5
(1,2 7,—3,—1( 1 0,0,0(172)—7,3,1 Ysu(n)SEsu(7)
LNpHy | (1,2) 5 5,(1,1) 70 5(1,2) 75, | Zsoa2Zsumsu
(1, ?)7,—3,—1(17 1)7,0,5<1= 2)2,3,—4 2sU(1)Xsu (1) 250(12)
(17_2)_2 —3,4(17 1)0,0,0<1= 2)2,3,—4 z:SU(7)SESU(7)
(1, 2)7 -3 —1(1> 1)—70 —5(1’ 2)0,36 ZSU(7)ZSU(7)S

Table 9: The Yukawa couplings of the MSSM model from Gg = SU(6).

if Ly = Og(bE; —2E; — 3Ej)1/30. For the case of Ly = Og(—5E,+ 3E; + 2Ej)1/30, the
conditions are as follows:

(Ei — Ej) - Xsury = n2 — 1

{ (E; — Ey) - YXgu(ry = ng — ny. (5.62)
Note that the first condition of Eq. (L.61]) and Eq. (5.62]) is universal since it comes
from the restriction of the universal supersymmetric line bundle Ly = Og(E; — Ei)l/ 0
to the curve Xgy(7). Note that there are no further constraints for n;, ¢ = 1,2,3
except ny € Zsg, N1 # Na, 3ny + 2ny # dng and 3ny + 2ny + ng # 0. The last three
constraints follow from the conditions Ly, # Ox, Loy # Oy, and L§, # Oyx. Let us
look at an example. Consider the case of (ny,ng,n3) = (0,1,0), Eq. (&6 and Eq.
(E62) can be easily solved by ¥ = H — E; — E,, and ¥ = H — E; — Ej, respectively.
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QL UR dp €R Lg H, Hy
Mo [(3,2)y 5 @’»1)2—42 (*?1)02,—6 (1,1),6 5 (1?)7—3—1 (1>2)—2,3—4(1v?)—2,—3,4
M [(3,2)5,, |Bi1)y 4 5317y o|(11)se, |(1,2)7 5 4|(1,2) 75, [(1,2)7 5
My [(3,2)1 5 |3 1)y 4 [B1) poy/(11)ng, |(1,2)7 5 |(1,2) 75, [(1,2)7 5
My [(3,2) 4y g3 1)y 4 [B1) hoy/(11)og, |(1,2)7 5 |(1,2) 75, [(1,2)7 5
W [(3:2);,5 |31y 5oLy (11 g o (12) o (12) gy (L2,
Ms |(3,2),, 4 (§71)2—42 (g’al)—2,24(171)—1,6—3 (1?)_2_374(172)_7,31 (17%>7—3—1
Me |(3,2) 1, 4(3,1)y 4, (371)—2,24(17]')—16—3 (172)—2—3,4(172)—7,31 (1,2); 5 4

Table 10: Field content in the MSSM from Gg = SU(6)

In this case, double and triplet states in the Higgs field 5; _; can be split without
producing exotic fields. Let us look at one more case, (g, s, a3) = (3,3,0). It
follows from Table [ that Ly = Og(E; — E;)7/*°. The conditions for the homological
class of the curve Xgy (7 to support the field configurations (n, ny, ng) are

(Ei - Ej) : ZSU(?) =Ng2 —MN
2”1 = N9 + N3.

(5.63)

This time we get one more constraint, 2n; = ny + ns. It follows that when (3, 1)., ,
vanishes, the doublets always show up together with singlets. For the cases of
(a1, a9, a3) = (k, k,0) with k£ = 1,2, we summarize the resultddin Table [

(a1, g, aig) Conditions Ly
(0,0,0) (E; — Ey) - Ssyr) = n2 — n3 Os(bE, — 2E; — 3E;)Y/30
(Ez — El) . 25(](7) = N3 — Ny Os(—5El + 3EZ + 2Ej)1/30
(1,1,0)* Ny = N Os(E; — E;)Y10

(1,1,0) | ([E, Enl") - Ssuey =ns — i | Os(B[Ey, By)" — 2E; + 2E;)Y/3°
(2,2,0) | (—E,+ Ej) - Ssum =n3 —m Os(—5E, — 2E; + TE;)Y/30
(B — E;) - Ssumy =n3 —ny Os(5E) — TE; + 2E;)1/*°
(3,3,0) 20, = Ny + ng Os(E; — E;)7/30

Table 11: The conditions for Xgy(7) supporting the field configurations (n,n2,n3)
with L1 = Os(Ej - Ei)l/S.

Similarly, we can extend the calculation to the curve ¥gp(12). Let us define
(51732753734755) = (N(372)2’1,27N(§,1)2,74’27N(371)2’72,747N(1,2)2,3’747N(171)2’6,2) and con-
sider the case of (v, s, a3) = (1,1,0), which is the third case in Table [ Tt is

5For simplicity, we are not going to show the universal conditions (E; — E;) -3 = wy — w1, w €
{n, s} for ¥gy(7) and X go(12), respectively and (E; — E;) - X = p3 — p; for X, in Table [T 02} and
1 Ol
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clear that we have Ly = Og(5|E), E,,)" — 2E; + 2Ej)1/30. The necessary conditiondq
for the homological class of the curve Xgo(12) with field configurations (s, s2, 53, 54, 55)

are ( )
E; — Ej : Z50(12) =852 — 81
5.64
{ ([E1, En]”) - Xsoaz) = s2 — 83, (5:64)
and
S4 = S3+ S1 — So
{ Sy = 281 — S9. (565)

Note that Eq. (5.65]) impose severe restrictions on the configurations (s1, $2, 3, S4, S5)-
For example, one cannot simply set (si, sa, 83, S4,55) = (0,0,0,m,0) to achieve the
doublet-triplet splitting of Higgs 5, _4; it is easy to see that m is forced to be zero by
the constraints in Eq. (5.65). This will cause trouble when we attempt to engineer
the Higgs on the curve Ygpo(12) with doublet-triplet splitting. Consider the case of
sy > 0 and set s; = 0. From the constraints in Eq. (B.63]), we obtain sy + (—s3) < 0.
Note that to avoid exotic fields from Xgo(19), it is required that s;, s € Zo and
S3 € Z<o. It follows that 0 < sy + (—s3) < 0, which leads to a contradiction.
As a result, the appearance of (3, 2)27172 cannot be avoided on the curve Ygo(i2) as
N(172)2y3,74 = s4 > 0. If s4, > 0, actually the most general non-trivial configurations are
(81, S2, 83, 84, 55) = (I, [+n—m,n,m,l+m—n), where m, | € Z~gand m—1 < n < 0.
Note that (3,2),,, is treated as matter in the MSSM, which requires thatl] 1 < 3.
It follows that 1 < m < 3 and m <[ < 3. It turns out that there are finitely many
non-trivial configurations. More precisely, the field configurations are as follows:

(]-7 Oa 07 1a 2)7 (2a ]-7 Oa ]-7 3)7 (27 Oa _17 ]-a 4)7
_ (3727071a4)7(3a17_171a5)7(3a07 _271a6)7
(517 S92, 83, 54, 85) - (2’ 0’ O, 2’ 4)’ (3’ 1’ 0’ 2’ 5)7 (3’ 0’ _1’ 2’ 6), (566)
(3,0,0,3,6)

If =3 <54 <0, with 0 < 81, so <3 and —3 < s3 <0, we have another branch of the
configurations as follows:

4

(0,1, ~1,-2,-1), (0,1, ~2, -3, 1), (0,2, —1,-3,~2), )
(1,0, -1,0,2), (1,0, -3, ~2,2), (1,2.0, —1,0),
(1,2, -1,-2,0), (1,3,0,—2, —1), (1,3, -1, ~3, —1),
) (2,0.-2,0,4), (2,0, -3, -1,4), (2,1, -2, —1,3),
(81782’83784’85) B (2737 7_17 1)7 (27 17 _37 _27?))7 (2737 _17 _27 1)7 > ’
(2,1,-1,0,3), (2,3, -2, 3,1, (3,0, -3,0,6),
(3,1,—2,0,5), (3,1, =3, —1,5), (3,2, —1,0,4),
| (3,2,-2,-1,4),(3,2,-3,-2,4) )
(5.67)
16L1250(12) = 0250(12)(%(81 - 82))’ L2Eso(12) = 0250(12)(%(281 + 352 — 553))) and LIESO(H) =

1
0230(12) (6(231 + 53))

1"We allow the cases in which three copies of matter fields can be distributed over different matter
curves.
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where all conﬁguration@ in (5.66) and (5.67)) satisfy the conditions Liy, # Oy, Lox #
Os, and L, # Ox. With these configurations, one can solve the conditions for the
intersection numbers, namely, the conditions in Eq. (5.64]). Let us consider the case
of (s1,5s2,83,54,55) = (1,0,0,1,2), it is clear that ¥ = 2H — E; — E,, — E; is a
solution. For a more complicated case, for example (s, S, 83, S4,85) = (3,1, —1,1,5),
the conditions can be solved by ¥ = 4H + E, —2E, —2E, it [E), E,,,|" = E; — E,, and
by ¥ =4H + E, — 2E; - 2E,, it [E), E,,)" = E,,, — E.

Let us turn to another case. Consider the first case in Table[7] namely (o, ag, az) =
(1,1,0)*. The supersymmetric fractional line bundle Ly is Os(FE; — E;)Y/!°. The nec-
essary conditions are

{ (Bi — Ej) - Bso(2) = 52 — 51 (5.68)

S1 = S3,

and Eq. (B63). Note that (3,2)_, , , and (3,1), , , are exotic fields in the
MSSM. The constraint, s; = s3 in BEq. (5.68) and Eq. (5.65) imply that s; = s3 = 0.
If s, > 0, by the constraints in Eq. (5.63]), we obtain (s1, sq, $3, 54, 55) = (0,0,0,0,0).
If s4 < 0, we have general configurations (s, S, $3, 84, $5) = (0,n,0, —n, —n), where
1 < n < 3. However, these configurations violate the condition L§, # Osx. As a
check, using the configurations in (.60)), (567), and taking the condition s; = s3 into
account, one can see that there are no solutions in this case.

Next we consider the fifth case in Table [, namely (aq, az, a3) = (3,3,0). In this
case, Ly is Og(E; — E;)7/3°. The necessary conditions are

(Ei - Ej) - Xso(12) = S2 — 51
{ 282 = S1 + S3, " (569)
and Eq. (5.63). It is easy to see that s, = s4. If s = 0, we obtain the non-
trivial configurations (si, s9, S3,S4,55) = (k,0,—k,0,2k), where 1 < k < 3. Note
that these configurations satisfy the conditions, L1y, # Os, Loy # Ox, and L§ #
Os. Let us turn to the case of sy = m € Z-g. The general configurations are
(81,82, 83,84, 85) = (I,m,2m — I, m, 2] —m) with [ > 2m > 0. Note that (3,2),,
is treated as matter in the MSSM. As a result, we focus on the case of | < 3, which
implies that m = 1 and [ = 2,3. It turns out that the allowed configurations are
(s1, 82,83, 84,55) = {(2,1,0,1,3),(3,1,—1,1,5) }, where the configurations satisfy the
conditions Ly, # Oy, Loy, # Oy, and L§, # Oy. Putting these two branches together,
we obtain

1,0,-1,0,2), (2,0 — 2,0,4), (3,0, —3,0,6),
(81752783734755):{ E2 ) ( ) ( ) }

,0,1,3),(3,1,—1,1,5) (5.70)

As a check, from the field configurations in (5.60), (.67) and the constraint 2s, =
s1 + s3, one can find that there are exactly five solutions as shown in (5.70).

1855 < 0 represents N(3)1)2’72’74 = 0 and N(§x1)72,2,4 = —s3. The same rule can be applied to

other s;.
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Let us take a look at some solutions for the curve satisfying Eq. (5.69). For the
the case of (s1, s2, 53, 54, 55) = (2, 1,0, 1,3) , it is easy to see that ¥ = H—E;—Ej solves
the first equation in Eq. (5.69). For the case of (s1, S92, s3,54,5) = (2,0, —2,0,4),
Y = 3H — 2E; — E, can be a solution. From these examples, we expect that if
we choose Ygo(12) to house Higgs fields, it will be difficult to achieve doublet-triple
splitting without introducing extra chiral fields. For other U(1)? flux configurations
corresponding to the case of (ag, a9, a3) = (k,k,0) with & = 0,2, the analysis is
similar to the case of £k = 1. We summarize the results in Table [12l

(Oél, g, 043) COI’IditiOIlS L2
(0,0,0) (E; — Ey) - Yso(12) = 83 — 51 Os(5E; — 2E; — 3E;)/*°
(E, — El) . 230(12) — S9 — S3 Os(—5El + BEZ + 2Ej)1/30
(1,1,0)" s1= 53 Os(Ei — Ej)'/"°

(1,1,0) | ([Ei, En]") - Ssoqz) = 52 — s3 | Os(5[Ey, En]” — 2E; + 2E;)1%
(2,2,0) (—Ei+ E;) - soaz) = S2 — S3 Og(—5E, — 2E; + 7Ej)1/30
(Er — E;) - Xso(2) = 52 — 53 Os(bE, — TE; + 2E;)Y/3%
(3,3,0) 259 = 81 + S3 Os(E; — Ei)7/30

Table 12:  The conditions for Xgo(12) supporting the field configurations
(s1,S2, 83,54, 85) with L; = Og(E; — E;)Y% and constraints 2s; = sy + 55, 54 =
S3+ 51 — So.

In addition to doublet-triplet splitting problem, we also would like to study the
matter spectrum. According to Table [[0, the matter fields can come from the curves
Ysu(r), Xsoa2), and Yg,. The configurations of the fields and the conditions of the
intersection numbers on the curves Ygp(7) and Xgo(12) have been studied earlier in
this section. Next we are going to analyze the case of Xp,. Note that for the case of
My in Table 10, to engineer 3 x dr on the bulk, it is required to set a3 = 3. However,
it gives rise to exotic fields (1,2);4 and (1,2)_5 _4 on the bulk. In what follows, we
are going to focus on the case of (ay, as, a3) = (k, k,0) on the bulk.

Let us start with the case of (ay, g, a3) = (0,0,0). It is clear that Ly = Og(5E;—
QEZ — 3Ej)1/30 or L2 = OS(—5E1 -+ 3EZ -+ 2Ej)1/30. We deﬁne (pl,pg,pg,p4,p5,p6) =
(N(372)1’17,37 N(3,2),171’,37 N(§,1)1y74’73, N(§,1)71,74y737 N(171)1’6773, N(lvl)—1,6,—3)' The neces-
sary conditiond™ for the curve % g are as follows:
(Ei — Ej) - Xg, =ps —p1
{ (Ei — EY) - Xg; = p2 + s, (5.71)
and
Pa=p2+Dp3—D1
D5 = 2p1 — P3 (5.72)
Peé = P1+ P2 — D3,

19L12E6 - OZEG (%(pl —p3)), LQEEG = OZEG (_%(3p1+5p2+2p3))a and L/ZEG = OZEG (%(pl —p2))-
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if Ly = Og(5E; —

conditions are

2F; — 3Ej)1/30. For the case of Ly = Og(—5E,+ 3E; + 2Ej)1/30, the
(E; — Ej) “Yp, =P3— D1

{ (BEi — By) - Xg, = —p1 — P2,

and Eq. (572), where L, = Og(E; — E;)'/> has been used. Note that the first condi-
tion in Eq. (BX71) and Eq. (572) are universal since they come from the restriction
of the universal supersymmetric line bundle L; = Og(E; — Ei)l/ ® to the curve Yp,
and from the consistency of the definition of (pi, p2, ps, pa, Ps, Ps), respectively and
that Eq. (5.72) impose severe restrictions on the configurations (py, pa, p3, P4, Ps, Pe)-
For example, one can simply set (py, pa, p3, P4, D5, 06) = (n,0,0,0,0,0) to engineer n
copies of (3,2),; 5 on the curve Xp,. Then by constraints in Eq. (E:ZZI) n is forced
to be vamshmg in order to avoid the exotic fields. Let us look at some examples
of the non-trivial configurations. It is easy to see that if p; = p3 = 0, we obtain
non-trivial configurations (p1, pe, ps, p1, Ps, Ps) = (0,1,0,1,0,1), where | € Z~o. When
po = pg = 0, the non-trivial configurations are (p1, pa, p3, P4, Ps, Ps) = (m,0,m,0,m,0)
with m € Z~q. If p3 = py = 0, it follows that (p1, pa, p3, P4, 5, 06) = (n,1,0,0,2n,2n),
where n € Z-o. However, these configurations violate the conditions Ly # Os,
Loy, # Os, and Ly, # Os. Therefore, we need to find more general non-trivial con-

(5.73)

figurations. For the matter fields in the MSSM, we require that the number of the
matter field is equal to or less than three. As a result, we impose the conditions
1<p; <3, i=1,2,3,4 in this case. By the constraints in Eq. (5.72)), we obtain the
following configurations
( (0,71 =7 1,7 —1,2r — 1),(1r1 70,7 4 1,2r), )
(0 Q>2 Q>2 q— 2>2q 2) (1 Q> Q>1aQ>2q_1)a
(2,4,2—¢,0,q+2,29),(0,v,3 —v,3,v—3,2v — 3),
(Lv,3—=v,2,v—1,20—2),(2,v,3—v, 1,0+ 1,2v — 1),
(1 P23, s P5P6) = (3708~ 4 00+ 3. 20), (11,4 — £,3.¢ — 2,2t — 3),
(2,t,4—t,2,t,2t — 2),(3,t,4 —t,1,t + 2,2t — 1),
(2,u,5—u,3,u—1,2u—3),(3,u,5—u,2,u+1,2u — 2),
[ (3,3,3,3,3,3)

(5.743
wherer =0,1,¢g=0,1,2,v=0,1,2,3,t =1,2,3, and u = 2, 3. Taking the conditions
of L1y, # Oy, Lox # Os, and L5, # Oy into account, the resulting configurations are
as follows:

(0,1,1,2,—1,0),(1,0,2,1,0,—1),(1,2,0,1,2,3), )
(2,1,1,0,3,2),(0,1,2,3,—2,—1),(0,2,1,3,—1,1),
(1,3,0,2,2,4),(1,0,3,2,—1,-2),(2,0,3,1,1, —1),
(p1>p2>p3>p4>p5ap6) = (273’07 1’47 5)’ (37 1’2 0747 2)’(3’2717075’4)’
(1,2,2,3,0,1),(2,1,3,2,1,0),(2,3,1,2,3,4),
| (3,2,2,1,4,3)

(5.75)

Once we get allowed configurations, it is not difficult to calculate the homolog-
ical classes of the curves, which satisfy Eq.

ple, consider the case of (p1,pa, ps, pa, Ps, Ps) =
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Y =3H — E; + E) solves Eq. (B.11]). Let us look at one more complicated example,
(p1, P2, D3, P4, D5, P6) = (3,2,2,1,4,3). In this case, ¥ = 6H + 3E; + 2E; — 2E; is a
solution of Eq. (5.73]). Next we consider the case of (ay, ag, as) = (1,1,0). It is clear
that we have Ly = Og(5[E), E,,]" — 2E; + 2Ej)1/30. The necessary conditions are

(Ez' - Ej) : ZEG =P3s— D
5.76
{ (B Enl") - Sy = —p1 — o, (5.76)

and Eq. (&172). Note that the constraints are the same as the previous case,
(a, a2, a3) = (0,0,0). As a result, the allowed configurations are the same as (5.70]).
Let us take a look at the classes of the curves, which solve Eq. (576). For simplic-
ity, we focus on the case of [F, E,,|” = E; — E,,, and consider (p1, pa, p3, P4, Ps5, P6) =
(1,0,2,1,0,—1), it is not difficult to see that ¥ = H — E; — E,, is a solution. For the
case of (p1, p2, ps, D1, P5,p6) = (2,1,1,0,3,2), ¥ = 4H + 2E, — E; — E,, can solve Eq.

(67).

Let us turn to the first case in Table [, namely (aq, az,a3) = (1,1,0)*. In this
case, Ly is Og(E; — E;)/'* and the necessary conditions for the homological class of
Y. g, with given configurations (p1, ps, p3, p4, Ps, Ps) are

(Ez' - Ej) : ZEG =P3— D1
5.77
{ p2+p3 =0, (5.77)

and Eq. (B72). Note that to avoid exotic fields, we require that p1, p2, ps, ps € Z>o.
The constraint, ps +ps = 0 in Eq. (B.77) implies that p, = p3 = 0. By the constraints
in Eq. (B72), we obtain (p1, pe, ps, p4,s5,p6) = (0,0,0,0,0,0), which means that
there are no non-trivial configurations in this case. As a check, by the configurations
in (B758) and the constraint py 4+ p3 = 0, it is easy to see that there is indeed no
solution, namely all configurations in (5.75]) are completely ruled out by the constraint

p2 +p3 = 0.

For the case of (a1, ay, a3) = (3,3,0), we have Ly = Og(E; — E;)"/?°. Given the
configuration (p1, ps, p3, P4, Ps, Ps), the necessary conditions are

(Ez' - Ej) “YEe =P3— D1
5.78
{ P3 = 2p1 + P2, (5.78)

and Eq. ([BE12). Since (3,2),, 3, (3,2)_y4 5 (3,1); _,_3 and (3,1); _, 5 are all
matter in the MSSM, we require that p; < 3, i = 1,2, 3,4. By the second condition
n Eq' (m)a we have (p1>p2) = (170)a (Oa 1)7 (072)a (073)’ or (1a 1)' Since pa < 3,
it follows that the allowed configurations are (p1, p2, ps, pa, ps, ps) = (0,1,1,2,—1,0),
(1,0,2,1,0,—1), and (1,1,3,3,—1,—1). Recall that in order to obtain matter in the
MSSM, it is required that Liyx # Oy, Loy # Ox and L # Ox. As a result, the

resulting configurations are

(p1,p2,P3, P2, p5,06) = { (0,1,1,2,-1,0), (1,0,2,1,0,-1) }. (5.79)
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As a check, using the configurations in (5.75) and the constraint p3 = 2p; + ps, one
can see that the resulting configurations are the same as that in (5.79). Now let us
solve the classes of the curves satisfying Eq. (5.78)). For these two configurations, the
first condition in Eq. (5.78) can be solved by 3 = H — E; — E;. For other U(1)? flux
configurations corresponding to the case of (ay, s, a3) = (k,k,0) with & = 2, the
analysis is similar to the case of £ = 0,1. We summarize the results in Table

(a1, g, ag) Conditions Ly
(0,0,0) (Ei — Ey) - X =pa+p3 Os(5E; — 2E; — 3E;)'/%0
(Ei—E)-X=—p1 —ps Og(—5E; + 3E; + 2E;)"/%
(1717())* P2 +p3 =0 OS(EZ _Ej)l/lo

(1,1,0) ([El, En)") -8 = —p1 —p2 | Os(5[E}, B — 2E; + 2E;)'/3
(2,2,0) | (~E,+Ej)-S=-pi—ps| Os(—5E —2E; +TE;)Y/*
(B — Ei)-¥=—p1—po Os(5E, — TE; + 2E;)"/%
(3,3,0) P3 = 2p1 + D2 Os(E; — E;)7™

Table 13: The conditions for Xpg, supporting the field configurations
(p1. P2, D3, P4y D5, p6) With Ly = Og(E; — E;)'/° and constraints py = ps + ps — pi,
ps = 2p1 — p3, and pg = p1 + p2 — ps.

After analyzing the spectrum from the curves, it is clear that we are unable to
obtain a minimal spectrum of the MSSM, but non-minimal spectra with doublet-
triplet splitting can be obtained. In the next section we will give examples of non-
minimal spectra for the MSSM.

5.3 Non-minimal Spectrum for the MSSM: Examples

In the previous section we already analyzed the spectrum from the curves gy (7),
Yso(12), and Xgg. With some physical requirements, we obtain all field configurations
supported by the curves. In what follows, we shall give examples of the non-minimal
MSSM spectra using the results shown in section 5.2.2.

In what follows, we shall focus on the case M; in Table 13. In this case, Q)
and eg are localized on the curves with Gy, = SO(12). wugp comes from Y, and
dg, Ly, H, and Hy live on Ygpy (7). It is not difficult to see that in the examples con-
sidered, we are unable to get a minimal spectrum of the MSSM without exotic fields.
However, it is possible to construct non-minimal spectra of the MSSM. One possible
way is that we can make the exotic fields form trilinear couplings with conserved U (1)
charges so that they can decouple from the low-energy spectrum. According to the re-
sults in Table[7 let us consider the U(1)? flux configuration L, = Og(E; — Ey)'/® and
Ly = Os(5E3—2E,—3E;)Y*° which corresponds to the case of (ay, ag, a3) = (0,0,0)
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on the bulk. To obtain three copies of () and er, we engineer two curves 2390(12)
and 22*0(12) with field content (2,0,—2,0,4) and (1,0,—1,0,2), respectively. The
exotic fields are 2 x (3,1)_,,, and one singlet on Yg, 5. For the curve ¥%, ),
we get exotic fields 1 x (3, 1)_27274 and two singlets. To get three copies of ug, we
arrange two curves, ZlEs and 2%6 with field content (3,1,2,0,4,2) and (2,1, 1,0, 3,2),
respectively. We have exotic fields 3 x (3,2),, 5, 1x(3,2)_;, 3 and six singlets on
Yk, On ¥, the exotic fields are 2 x (3,2),; 5, 1 x (3,2)_;; _; and five singlets.
Since the rest of the fields in the case of M; come from the curves with Gy, = SU(7),
we can easily engineer 3 X dg, 3 X Ly, 1 x H, and 1 x Hy on individual curves,
denoted respectively by E}wm, 225U(7)7 Y4, and E%U(ﬂ' Note that (3,2),,, _s,
(3,1) 994, and (1,2), 5, can form trilinear couplings. To make the exotic fields
form the couplings, we introduce one extra curve Z?U(?) with & = (1, 2)7’_3’_1. Now
we arrange Yg, o) intersects X and 37, so does X%, The curve X, passes
through the intersection point of X5, 5 and X, and that of 3%, ), and 3%,. The
vertices of the triple intersections (2150(12), > o> Y&y (ry) and (2?90(12)’ > XS0 (r)) TEP-
resent the coupling Q) ugrH,. Another two vertices are formed by triple intersections
(2390(12)> b3/ 3 Z?U(?)) and (220(12)’ > o> Z?Um), which represent the coupling OWU®

and OU®, where © = (3,2)11 5 © =(3,2)_1;_g and ¥ = (3,1)_,,,. When ®
gets a vev, the exotic fields are decoupled through the coupling, which means that
at low energy, those fields will not show up in the spectrum. To obtain the coupling
QrdrHg, one can arrange two curves ZISU(7)’ and ZéU(?) intersect 2390(12) at one point.

For the coupling LperHy, one can let the curve E%U(ﬂ intersect EdSU(7) at another

point on 2390(12)' The intersection point of ZZU(?) and Z%U(?) represents the coupling
Ly NgH,. To sum up, the superpotential is as follows:

W D Wyssu + OUD + OUd 4 - - - | (5.80)

As mentioned earlier, through the last two couplings in (5.80), we obtain a non-
minimal MSSM spectrum at low energy. Note that in this case, H, and H; come
from the curves Eg‘U(?) and EdSU(7), respectively. As shown in section 5.2.2, doublet-

triplet splitting can be achieved by U(1)? gauge fluxes. Therefore, a non-minimal
spectrum of the MSSM with doublet-triple splitting can be achieved in a local F-
theory model where G5 = SU(6) and with U(1)? gauge fluxes. As shown in section
5.2.2, given the field configurations, one can calculate the homological classes of the
curves supporting the configurations. For the present example, we simply summarize
the field content and the classes of the curves in Table [I[4l Note that in the previous
example there are some exotic singlets. Following similar procedure, these singlets
can be lifted via trilinear couplings. Let us consider the following example. To obtain
three copies of Q1 and er, we engineer two curves 2;0(12) and 220(12) with field

iWith one additional singlet.
SWith two additional singlets.
TWith six additional singlets.
IWith five additional singlets.
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Multiplet| Curve by Js Lis, Loy, LY

2X QL | SH + 2F; — 2F;3 2/5 7/15 1/3

S xent| SO0 | op, _op 010850 (D77 Oy, (D7 Omg 1, (1)
AH + B, — E

1x Q8| D200y 20 [Og2 (D)5 (9220(12)(1)7/30 (9220(12)(1)1/6

—2E4 _ 2E5 S0O(12)

2xugh| Xf, |BH+3E;—E; | 0 (92}56(1)1/5 Oy (-1 )3/° Oy (1)

Ixugl| X%, |4H+2E;—E, | 0 (92%6(1)1/5 (922 (—1)18/30 (92%6(1)1/2

4H + Ey + E3
1 3/5 _1)3/10 3/14
3xdr | Ly —2F, 0 |Osy,, (7" 10y, (1) 05y, (1)
4H + E3 + Ey 3/5 1/5 1/7
2 _ _
3x Ly ZSU(7) —2F, 0 Ozzsum( 1) Ozzsum( 1) OZQSU(n(l)
u 1/5 1/15 1/21
Lx Hy | Sy | H=BEi—E; | 0 |Osy (1) / Osz,.. (1) / Osy, . (=1) /
IxHy | %y | H=Ex—Ey | 0 Opa (= 1)1/® Opa (= 1)1/ Ozdsw)(nl/?l
3H—-FE, —E
) 1 3 _1\1/5 _1\1/15 1/21
1x® ESU(?) 9B, 0 Ong(7)( 1) Ozgw)( 1) Ong(7)(1)

Table 14: An example for a non-minimal MSSM spectrum from Gg = SU(6) with the
U(1)? gauge flux configuration L, = Og(E;—E,)"® and Ly = Og(5E3—2E,—3E,)"/3°,

content (2,1,—2,—1,3) and (1,2, —1,—2,0), respectively. Clearly the exotic fields
are 1 x (3,1)y 49, 2% (3,1) 554 and 1 x (1,2) , 4, on Xy, For the curve
i?@o@)a we get exotic fields 2 x (3,1), 45, 1 % (..51, 1)_27274,~and 2% (1,2)_y g4
To get three copies of ugr, we arrange two curves, 21196 and 22}36 with field content
(2,1,1,0,3,2) and (3,1,2,0,4,2), respectively. We have exotic fields 2 x (3, 2)1717_3,
1x(3,2)_;, _j, and five singlets on i}% On i%ﬁ,, the exotic fields are 3 x (3, 2), ; _,
1 x (3, 2)_171’_3, and six singlets. Since the rest of the fields in the case of M; come
from the curves with Gy, = SU(7), we can easily engineer 3 X dg, 3 x Ly, 1 x H,

and 1 x H; on individual curves, denoted respectively by Sl SU(T) 32 SU(7) S SU(7) and

Eg{U(?) Note that these exotic fields can form trilinear couplings with triplets on
Ysu(r)- To make the exotic fields form the couplings, we introduce three extra curves

ZEJ(?) ZT ) and ZSU(7 with T = (3,1)_77_271, T, = (3,1)7727_1, and T3 + A,
respectlvely, where T3=(3,1)_, 5, and A =(1,1)_;, .. The superpotential is as
follows:

W D Wussm + ZAT, + EAT, + O, 4 O Ty + WATs + -+, (5.81)

Whel"e E :_(371)27_4727 A - (17 1)1’67_37 A = (171)—1,6,—37 and H = (17§>_27_374.
When T, Ty, and T3 get vevs, the exotic fields are decoupled via the couplings,
which means that at low energy, those fields will not show up in the spectrum. For
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the couplings in Wyssm, the arrangement of the curves is similar to the previous
example. We are not going to repeat that. In this example, we obtain a non-minimal
MSSM spectrum at low energy. The field content and the classes of the curves are
summarized in Table [15**

Multiplet| Curve by Js Lis: Loy, LY
2xQr | & SH — By — 4E5 - 15 | 17/30| . 1/3
43 % ep 250(12) B 0 02150(12)(1) 02150(12)(1) Oz}go(m(l)

32 _ _1\1/5| M- 13/30| ) 1/6
L x QL Z50(12) ill_%;_ El o 2E3 0 Ozzsouz)( 1) 02230(12)(1> 02250(12)(1)
Ixug | Xk |4H+2E;—E| 0 Oi}ﬂﬁ(l)m (’)i}ﬂﬁ(—l)ls/so Oi}%(l)m
2Xup | Y% |BH+3E;—Ei| 0 O§%6(1)1/5 05%6(—1)3/5 (95%6(1)
= 4H + Fy + E3 3/5 3/10 3/14
1 - ~ _ _
3 x dg ZSUU) —2F, 0 OZE‘U(?) (1) OZEU(?)( 1 OzlsUm(l)
4H + Es + By 3/5 1/5 1/7
2 - _ _ _ ~
3xLi | S | op 0 |Os  (=1)7O0s (1) |Og (1)
SO _ _ 1/5 _ 1/15 _ _1\1/21
L Hy ?SUW) 3+ B, — Ey| O OZ%U(?) (v ZSu () (m) EEUW)( 2
d _ _ —1\/5 | —1\1/15 1 1/21
1 x Hd ESU(?) H E2 E4 0 OZ%U(?)( 1) OZ%U(7)< 1) OZZ‘UW)(l)
SES! _ _ B _\1/5 | 1/10 B _1\1/14
1x Tl ESU(?) H E2 E3 0 02;1](7)( 1) 02§5(7)(1) Ong(ﬂ( 1)
- ~ 2H—-FE,— FE 1/5 1/10 1/14
T 17 24 Ocr, (DWY° |Our, (—DYY0-:, (1)Y
1 x Ty Z:5‘[21(7) .y 0 255(7)( ) 25?](7)( ) E35[2/(7)( )
STy . . O , -1 1/5 O , -1 1/15 O , 1 2/21
jltlxxﬁr]i ZSUW) H—FEy—Ea 0 ngr(?) - ngr(?) - 225(7) -

Table 15: An example for a non-minimal MSSM spectrum from Gg = SU(6) with the
U(1)? gauge flux configuration L, = Og(E;—FE,)"® and Ly = Og(5E3—2F,—3E;)"/3°.

6 Conclusions

In this paper we demonstrate how to obtain U(1)? gauge flux configurations (L;, Ly)
with an exotic-free bulk spectrum of the local F-theory model with Gg = SU(6). In
this case each configuration is constructed by two fractional line bundles, which are

“*In this example ()1, and ug are localized on different curves. The Yukawa coupling QpurH,
descended from 10105 can be expressed as [Sg19y(1,2) + X519 (3)][EE, (1) + X%, (2, 3)][X%y )]
generating nonvanishing diagonal elements in the Yukawa mass matrix, where the indices in the
parenthesis represent the generations.
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well-defined in the sense that up to a linear transformation of the U(1) charges, an
U(1)? flux configuration can be associated with a polystable bundle of rank two with
structure group U(1)?. Under physical assumptions, we obtain all flux configurations
as shown in Table [ and Table B For the case of Gg = SO(10), as shown in [12]
there is a no-go theorem which states that for an exotic-free spectrum, there are no
solutions for U(1)? gauge fluxes.

To build a model of the MSSM, we study the field configurations localized on the
curves with non-trivial gauge fluxes induced from the restriction of the flux configu-
rations on the bulk S. With the non-trivial induced fluxes, the enhanced gauge group
Gy, will be broken into Ggq x U(1). Under physical assumptions, we obtain all field
configurations localized on the curves with Gy, = SU(7), Gy = SO(12) and Gy, = E.
Form the breaking patterns, we know that Higgs fields are localized on the curves
Ysuery and Ygo2). On the curve Mgy (r), we found that doublet-triplet splitting can
be achieved. However, it is impossible to get the splitting on the curve ¥go(12) with-
out raising exotic fields, which means that when building models, we should engineer
the Higgs fields on the curve gy (7) instead of Xgo(12). Unlike Higgs fields, matter
fields in the MSSM are distributed over the curves Gy = SU(7), Gy = SO(12) and
Gy, = FEg. With the solved field configurations, it is clear that it is extremely difficult
to get the minimal spectrum of the MSSM without exotic fields. However, if those
exotic fields can form trilinear couplings with the doublets or triplets on the curves
with Gy = SU(7), the exotic fields can be lifted from the massless spectrum when
these doublets or triplets get vevs. In order to achieve this, we introduce extra curves
to support these doublets or triplets coupled to exotic fields. With this procedure,
we can construct a non-minimal spectrum of the MSSM with doublet-triple splitting.
It would be interesting to study mechanisms breaking non-minimal gauge group Gg
down to Gyq other than U(1)? gauge fluxes.
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