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ABSTRACT

Supersymmetric F-theory GUT Models. (May 2011)
Yu-Chieh Chung, B.S., National Tsing Hua University;
M.S., National Tsing Hua University

Chair of Advisory Committee: Dr. Katrin Becker

F-theory is a twelve-dimensional geometric version of string theory and is be-
lieved to be a natural framework for GUT model building. The aim of this dissertation
is to study how gauge theories realized by F-theory can accommodate GUT models.

In this dissertation, we focus on local and semi-local GUT model building in
F-theory. For local GUT models, we build SU(5) GUTs by using abelian U(1) fluxes
via the SU(6) gauge group. Doing so, we obtain non-minimal spectra of the MSSM
with doublet-triplet splitting by switching on abelian U(1)? fluxes. We also classify all
supersymmetric U(1)? fluxes by requiring an exotic-free bulk spectrum. For semi-local
GUT models, we start with an Fg singularity and obtain lower rank gauge groups by
unfolding the singularity governed by spectral covers. In this framework, the spectra
can be calculated by the intersection numbers of spectral covers and matter curves.
In particular, we use SU(4) spectral covers and abelian U(1)y fluxes to build flipped
SU(5) models. We show that three-generation spectra of flipped SU(5) models can
be achieved by turning on suitable fluxes. To construct Es GUTSs, we consider SU(3)
spectral covers breaking Fg down to Eg. Also three-generation extended MSSM can

be obtained by using non-abelian SU(2) x U(1)? fluxes.
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CHAPTER I

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; the
spectrum is close to a GUT after breaking some symmetries [1]. In the bottom-up
procedure, the gauge breaking can be understood in the decoupling limit of gravity
[2-4], particularly in the framework that D-branes are introduced on the local regions
within the extra dimensions in type IIB compactifications [2-5]. 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.

The journal model is Journal of High Energy Physics.

'Portions of this chapter are reprinted from Journal of High Energy Physics, Vol-
ume 2010, Number 3, 6, Yu-Chieh Chung, Abelian Gauge Fluxes and Local Models
in F-Theory, Copyright 2010, with permission from SISSA.; Journal of High Energy
Physics, Volume 2011, Number 3, 49, Ching-Ming Chen and Yu-Chieh Chung, Flipped
SU(5) GUTs from Eg Singularities in F-theory, Copyright 2011, with permission from
SISSA.; Journal of High Energy Physics, Volume 2011, Number 3, 129, Ching-Ming
Chen and Yu-Chieh Chung, On F-theory Fg GUTs, Copyright 2011, with permission
from SISSA.



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 [6,7] that the Yukawa coupling 10105y can be achieved by introducing
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
twelve-dimensional theory built on the type IIB framework with an auxiliary two-
torus [8-10]. For a nice review of F-theory, see [11]. The ordinary string extra
dimensions are regarded as a base manifold and the two-torus is as a fiber over this
base manifold. The modulus of the elliptic curve is identified as axion-dilaton in type
IIB theory. Due to the SL(2,Z) monodromy of the modulus, F-theory is essentially a
non-perturbative completion of type IIB theory. There is an elegant correspondence
between physical objects in type IIB theory and geometry in F-theory. The modular
parameter of the elliptic fiber, identified with the axion-dilaton in type IIB theory,
varies over the base. Singularities develop when the fibers degenerate. The loci of the
singular fiberation indicate the locations of the seven-branes in type IIB theory and
the type of the singularity determines the gauge group of the world-volume theory on
seven-branes [12]. 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 II1B. More precisely, A-type and D-type singularities correspond to config-
urations of the D7-branes and D7-branes along O-planes, respectively [13]. For the
singularity of type F, there is no perturbative description in type IIB theory, which
means that F-theory captures a non-perturbative part of the type IIB theory. Under
certain geometric assumptions, the full F-theory can decouple from gravity [14-17].
In such a way, one can focus on the gauge theory on seven-branes supported by the
discriminant loci in the base manifold of an elliptically fibered Calabi-Yau fourfold.

Extensive studies of GUT local models and their corresponding phenomenology in



F-theory have been undertaken in [14-39] 2. In addition, supersymmetry breaking
has been discussed in [41-45], and the application to cosmology has been studied
in [46]. It is becoming clear that F-theory provides a promising framework for model
building of supersymmetric GUTs. To build local SU(5) GUTs in F-theory, one can
start by engineering a Calabi-Yau fourfold with an A, singularity. To decouple from
gravity, it is required that the volume of S, a component of the discriminant locus,

3 We assume that S can contract to a point and thus

is contractible to zero size.
possesses an ample canonical bundle K¢ ! [14-17]. In particular, we focus on the case
that S is a del Pezzo surface [49,50] wrapped by seven-branes where one can engineer
an eight-dimensional supersymmetric gauge theory with gauge group Gg = SU(5) in
R3>! x S. Other components S! of the discriminant locus intersect S along the curves
Y;. Due to the collision of the singularities, the gauge group Gs is enhanced to Gf;,
on Y; and the matter in the bi-fundamental representations may be localized on the
curves [51]. It was shown in [14-17] that the spectrum is given by the bundle-valued
cohomology groups. The minimal SU(5) GUT has been studied in [14-17]. In that
case, the GUT group is broken into Gyq = SU(3) x SU(2) x U(1)y by a non-trivial
U(1)y gauge flux. Furthermore, one can obtain an exotic-free spectrum of the mini-
mal 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 case is a gauge group of rank five: like SO(10) and SU(6). These two

non-minimal SU(5) GUTs have been studied in [33]. For the latter, one can get an

For a review, see [40]

3There 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 [47,48] for the details.



exotic-free spectrum, but due to the lack of an extra U(1) flux, the GUT group can-
not be broken into Ggq. To avoid this difficulty, it is natural to study local F-theory
models of Gg = SU(6) and Gg = SO(10) with supersymmetric U(1)? gauge fluxes,
which consist of two supersymmetric U(1) gauge fluxes and are associated with a
rank two polystable bundles over S.

In chapter IT we shall explicitly construct supersymmetric U(1)? gauge fluxes in
local F-theory models of Gg = SU(6) and SO(10) and calculate the matter spectrum
of the MSSM. For the case of Gg = SO(10), there is a no-go theorem [15] 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 is the same as U(1)y hypercharge flux in the minimal
SU(5) GUT [14-17]. The second one varies along with the configurations of the bulk
zero modes. With suitable supersymmetric U(1)? gauge fluxes, the bulk spectrum can
be exotic-free and the chiral matter comes from curves. The restriction of these U(1)?
fluxes to the curves induce U(1) fluxes over the curves, which breaks the enhanced
gauge group Gy down to Ggq x U(1). In this case, the Higgs fields can be localized
on curves X7y and Xgoaz). On gy (r), non-trivial induced fluxes break SU(7) into
Gsta 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 for doublet-triplet splitting. To obtain
a complete matter spectrum of the MSSM, we analyze the case of X, in addition

to Xsy(ry and Ygoag). 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
Gyx = 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 Gg = SU(6) with
supersymmetric U(1)? gauge fluxes. Constructing local GUT models is the first step
toward global F-theory GUTs.* The middle step of F-theory GUT model building is
to construct semi-local models by using spectral covers. In chapters III and IV, we
shall focus on local and semi-local model building in F-theory.

Spectral cover construction [17,47] originally was introduced in the heterotic
string compactifications [59]. This construction has been used to build an SU(5)
GUT with an SU(5) cover [16,17,39,47,52-54,57,58,60-79], an SO(10) with SU(4)
covers [80,81], and an MSSM with an SU(5) x U(1) cover [82,83]. For a systematic
review of recent progress of F-theory compactifications and model buildings, see [84].
Systematic studies of how models of higher rank GUT groups, such as SO(10), are
embedded into the compact geometry in F-theory have not been fully investigated. To
this end, we are interested in the SO(10) subgroup SU(5) x U(1)x which is realized
as the flipped SU(5) GUT [85-87]. Although local flipped SU(5) models have been
discussed in F-theory, we study the model as a semi-local construction. In chapter III
we shall build flipped SU(5) models by unfolding an Eg singularity via the SO(10)

gauge group. To construct flipped SU(5) models in four-dimensional spacetime, we

*Recent development for global GUT models can be found in [52-58].



compactify F-theory on an elliptically fibered Calabi-Yau fourfold X, with a base
threefold Bs. We consider a del Pezzo surface S [49,50] inside Bj such that we can
reduce full F-theory on X, to an effective eight-dimensional supersymmetric gauge
theory on R*! x S. To construct flipped SU(5) models from an SO(10) gauge group,
the singularities of types D5, Dg, Fg, and E; have to be engineered in the Calabi-Yau
fourfold. Because these singularities can be embedded into a single singularity FEj, it
motivate us to build models by starting with an Eg singularity and unfold it into a
Dj5 singularity.

Generally, one may turn on certain fluxes to obtain the chiral spectrum. In
F-theory, there is a four-form G-flux, which consists of three-form fluxes and gauge
fluxes. In type IIB theory, these three-form fluxes produce a back-reaction in the
background geometry. It was shown in [37,88] that the three-form fluxes induce
non-commutative geometric structures and also modify the texture of the Yukawa
couplings. F-theory in Fuzzy space also was studied in [89]. In this dissertation, we
shall turn off these three-form fluxes and focus only on the gauge fluxes. The U(1)x
gauge flux is able to break the gauge group SO(10) down to SU(5) x U(1)x. It was
shown in [17,47] that the spectral cover construction naturally encodes the unfolding
information of an FEjg singularity as well as the gauge fluxes. In chapter III we shall
focus on the SU(4) spectral cover encoding the Dj singularity from unfolding Eg. The
four-dimensional low-energy spectrum of the flipped SU(5) model is then determined
by the cover fluxes and the U(1)x flux.

The SU(4) spectral cover has interesting properties. From the subgroup decom-
position of Eg, one can find that there is no explicit presentation of 10. In addition,
the cover associated to the 10 representation forms a double-curve and along this
curve there are co-dimension two singularities. After resolving the singularities along

the curve, one finds that the net chirality of the 10 curve vanishes [52]. Since the



background geometry generically determines the G flux, there are not many degrees of
freedom left to adjust the chirality on the 16 curve to create three-generation models.
These ideas motivate us to consider factorizing the spectral cover [53,54,57,65,66] to
introduce additional parameters for model building. We consider two possibilities of
splitting the SU(4) spectral cover: (3,1) and (2,2) factorizations. The curve of the
fundamental representation is then divided into two 16 curves, while generically the
10 curve is detached into three. However, due to the monodromy structure there are
only two 10 curves in the (3,1) case.

In semi-local SO(10) GUTSs, there exists only the 1616 10 Yukawa coupling
from the enhancement to an F; singularity. The GUT Higgs fields coming from the
adjoints or other representations such as 45, 54, or 120 are absent in the F-theory
construction. Therefore, the most convincing way to break the SO(10) gauge group
is turning on the U(1)x flux on the GUT surface S. This U(1)x gauge field can be
massless [3, 14, 16], so we can interpret the gauge group as the flipped SU(5) model
after turning on such a flux. With non-trivial restrictions to the curves, this U(1)x
flux generically modifies the net chirality of matter localized on these curves. We may
identify the flipped SU(5) superheavy Higgs fields with one of the 10 + 10 vector-like
pairs in the spectrum for further gauge breaking to MSSM.

In local models, an abelian or a non-abelian flux of the rank greater than two
may be turned on the bulk to break the gauge group [15]. Following this idea, an
MSSM model from breaking an SU(6) model by an U(1) x U(1) gauge flux has been
studied [38]. There are two kinds of rank three fluxes, U(1)? and SU(2) x U(1)?, both
embedded in the Eg gauge group with commutants including the Standard Model
(SM) gauge structure. We are particularly interested in the second case containing
a non-abelian SU(2) gauge flux. In chapter IV we shall study the physics of the Ej
GUT model [90] broken by the SU(2) x U(1)? fluxes in F-theory. There are many



breaking routes from Fy to a subgroup containing the SM gauge group, such as via
SO(10) and then SU(5), via SU(6), Pati-Salam, or trinification. These breaking
routes end up with two resultant gauge groups, G; : SU(3) x SU(2); x U(1)? and
Gy : SU(3) x SU(2); x SU(2) x U(1)?. These two subgroups are referred to as
extended MSSM models of rank 6. By suitable rotation of the U(1) gauge groups
and the third component of the SU(2) gauge group, one can show that these two
subgroups are equivalent. It was found [91] that the extended MSSM models can be
obtained from an Fjg unification by an SU(2) x U(1)? or U(1)? flux® in the heterotic
string models. In the literature, the gauge group obtained by breaking Eg can be
rank 5 or rank 6 depending on the flux turned on [91,93-100]. When a non-abelian
flux SU(2) x U(1)? is turned on, Eg is broken directly to a rank 5 model with a
gauge group SU(3) x SU(2), x U(1)y x U(1),, after rearranging the U(1)s. Normally
rank 6 models have more degrees of freedom with which to solve the problems in
phenomenology. However, the U(1) gauge groups induce additional gauge bosons
and increase exotic fields. By giving a large VEV to one of the U(1) gauge groups,
the rank 6 models can be further reduced to the so-called effective rank 5 models. By
arranging the matter assignments, one can build many interesting low energy models,
such as SU(3) x SU(2) x U(1l)y x U(1)n. In the rank 6 model, U(1)y is inherited
from the third U(1) gaining a VEV, whereas in the rank 5 model, U(1), is fixed and
does not possess additional symmetries.

One of the motivations to consider models with an additional gauge group U (1)’
as a gauge extension of the Standard Model (NMSSM) is for solving the u-problem.
The minimum matter content for such a model with gauge group SU(3) x SU(2) x
U(1)y x U(1)" includes the MSSM fermions, two Higgs doublets H and H, an SM

°For breaking scenarios via discrete Wilson lines in the context of orbifold con-
structions, please see [92] and references therein.



singlet S with a non-zero U(1)" charge, and exotic color triplets. The effective scale
of p-term can arise from the coupling SHH when the singlet S acquires a VEV.
The radiative breaking of the U(1)" gauge symmetry is usually achieved by the large
Yukawa couplings between the singlet S and the exotic fields. This model can be
naturally embedded in a model with the Eg gauge group while the fields mentioned
above are included in the three families of 27-plets. For the desire of gauge unifica-
tion without introducing anomalies, a pair of Higgs-like doublets from one or more
additional (27 +27) is also needed. Recently, the minimum MSSM from the Es GUT
has been studied, for example, in [101-105], and phenomenology such as the neutrino
physics [106], leptogenesis [107], and baryogenesis [108] were also discussed.

In chapter IV we construct Eg GUT models in F-theory by using the spectral
cover construction and study their breaking down to the rank 5 extended MSSM by
turning on non-abelian fluxes. We only consider the case that the Higgs multiplets are
located on a different 27 due to the reasons of desiring for more degrees of freedom as
well as the singularity structure of Yukawa coupling in F-theory. We represent a few
examples corresponding to two spectral cover factorizations. In the example of (2,1)
factorization in d P5, all the fermions are located on one 27 curve and the introduction
of fluxes for gauge breaking results in extra copies of quarks and leptons which are
exotic to the conventional three-generation Eg models. We find a better model in the
(1,1,1) factorization where the fermions are from two different 27 curves and there
is only a pair of vector-like triplet exotic field. Both examples in dP; contain exotic
fields on the Higgs 27 curve, and we assume they obtain zero vacuum expectation
values.

The organization of the rest of this dissertation is as follows: In chapter II we
give a brief review of F-theory and build local MSSM models by using abelian U(1)?
fluxes. In chapter III we build semi-local flipped SU(5) models by using SU(4)
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spectral covers and U(1)x fluxes. In chapter IV we construct semi-local Eg GUTs
by using SU(3) spectral covers and non-abelian SU(2) x U(1)? fluxes. We present
matter spectra for these models and discuss their phenomenology. A summary can

be found in chapter V.
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CHAPTER II

LOCAL F-THEORY GUT MODELS®

In this chapter we briefly review F-theory and local GUT model building. In partic-
ular, we analyze 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
Gs = 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.

A. F-theory and ADFE Singularities

F-theory is a twelve-dimensional geometric version of type IIB theory. The construc-
tion of F-theory is motivated by SL(2,7Z) symmetry in type IIB action. The low
energy field content of type IIB theory contains a metric g,y of then-dimensional
space M'° an anti-symmetric two-tensor Bjsn, a scalar dilaton ¢, and form fields of

even degrees Cj,. The low energy type IIB action is as follows:

dT[[B/\*dT']]B ng/\*dG_g

(ImT HB)2 (Imr HB)

1
S[[B = / le.I'\/—gR——/ [
M10 2 M10
1~ ~
+ §F5/\*F5+03AH3/\F3], (21)

where R is the scalar curvature of M0, x is the Hodge dual in M'°, 77,5 = Cy +ie™?,

Hy = dBy, Fyy1 = dCy, Gy = Fy — 7y Hs, and Fy = Fy — L0y A Hy + 1By A Fy. This

®Portions of this chapter are reprinted from Journal of High Energy Physics, Vol-
ume 2010, Number 3, 6, Yu-Chieh Chung, Abelian Gauge Fluxes and Local Models
in F-Theory, Copyright 2010, with permission from SISSA.
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action has SL(2,7Z) symmetry under the following transformations:

ariip+b | Hs d c Hj ~ -
TIiB — L—i—d’ - , Fs — Fs, gun — gun, (2.2)
CTiiB F3 b a Fg
a . . . . . .
where € SL(2,7Z). The transformation acting on the axio-dilation 77,5 is
c d

exactly the modular transformation on the complex structure 772 of a torus, provided
that one identifies 7775 with 7p2. This identification not only provides a geometric in-
terpretation of SL(2,7Z) symmetry in type IIB theory, but also gave birth to F-theory.
Motivated by the identity 7;;3 = 72, F-theory is defined on a twelve-dimensional
manifold which admits an elliptic fibration and is dual to type IIB theory on the
base manifold. To preserve supersymmetry, it is required that the twelve-dimensional
manifold has to be a Calabi-Yau manifold. With the identity 7;;5 = 772, one can
deduce the relation between the singularities of an elliptic fibration and the locations
of seven-branes in type IIB theory. Various configurations of seven-brane locations
determine eight-dimensional world volume theories with different gauge groups. It
was shown [12] that the singularity of types A,,, D,,, and E,, correspond to SU(n+1),
SO(2n), and E, gauge groups, respectively. Consider F-theory compactified on an
elliptic K3 surface with a base manifold P!. This surface can be described by the
Weierstrass form

y =1+ fr+g, (2.3)

where f and g are respectively sections of KIPTfl, and KPTP, and Kpi stands for the

canonical bundle of P'. The fiber degeneration happens at the locus of A = 4f3 4
27¢*> = 0 which generically determines twenty four locations of seven-branes with
Ag singularities. Generally the singularities of an elliptic fibration are classified by

the vanishing orders of f, g, and A denoted by ord(f), ord(g), ord(A), respectively.
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Singularity | ord(f) | ord(g) | ord(A) | Gauge Group

A, 0 0 n+1 SU(n+1)
Dy > 2 3 n+6 | SO(2n+38)
Doy 2 >3 | n+6 | SO@2n+8)

Es >3 4 8 Eg

E, 3 >5 9 Fr

Ey >4 5) 10 Ey

Table I. ADFE Singularities and Gauge Groups Correspondences.

A summary of the correspondence between ADE singularities and gauge groups of

eight-dimensional gauge theories on seven-branes is in Table I.

B. Local Geometry for Model Building

Consider F-theory compactified on an elliptically fibred Calabi-Yau fourfold, 7y, :

X4 — Bs with a section, which can be realized in the Weierstrass form:
2 .3
y ="+ fr+g, (2.4)

where x and y are complex coordinates on the fiber, f and g are sections of the suitable
line bundles over the base manifold Bs. The degrees of f and g are determined by
the Calabi-Yau condition, ¢;(X4) = 0. The degenerate locus of fibers is given by the
discriminant A = 4f3 + 27¢g? = 0, which is in general a codimension one reducible
subvariety in the base Bs. In 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
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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!, P2, and dPy, k = 1,2,...,8, which are blow-ups of k generic points on P2
In this dissertation we shall focus on the case of S = dP;, 2 < k < 8 with (—2)
2-cycles”. 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 [49,50]. 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,0s) = 08 and that x(S,Os) =
Z?ZO(—l)ihi(S, Os) = 1. According to the classification theorem of algebraic sur-
faces, these surfaces are birational to the complex projective plane P?. It was shown
in [14-16] that to obtain an exotic-free bulk spectrum, the gauge fluxes have to
correspond to the dual of (—2) 2-cycles in S. Notice that the Picard group of P? is
generated by the hyperplane divisor A with intersection number h-h = 1. Thus, there
is no (—2) 2-cycle in P2, The Picard group of dP, is generated by the hyperplane
divisor h, which is inherited from P? and the exceptional divisors e;, i = 1,2, ...k
from blow-ups with intersection numbers h-h =1, h-e; =0, and ¢;-¢; = —0;5, V ¢, 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 dP, 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 Kg = —3h+e1+, ..., +e;. The first term comes from Kp2 = —3h and

TA (=2) 2-cycle is a 2-cycle with self-intersection number —2.

8Tt can be easily seen by the Kodaira vanishing theorem which states that for any
ample line bundle £, h*(S, Ks ® L) =0, Vi > 0.
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Mori Cone Generators Number
NE(dP,) e, h—ep — e 3
NE(dP) ei, h—30 e 6
NE(dP,) e, h—S2 _ e 10
NE(dPs) e, h—>0 e, 2h =50 e 16
NE(dPs) e, h — Z?n:l ei,, 2h — 22:1 éi, 27

NE(dP;) | ey, h— 301 €ins 2h— 30 _ i, 3h—2e; — > 0_ e 56

p=1

€;, h — an:l €im, 2h — 22:1 ein, 3h — 2€i — Zf}:l ez-p, 240

NE(dF) 4h — 2 22:1 €i, — Zi:l ei,, bh —2 216:1 €i, — €, — €s,

6h —3e; =23 e

Table II. The generators of the Mori cone m(de) for k = 2,...8, where all indices

are distinct.

the rest comes from the blow-ups, which lead to the exceptional divisors e, eg, ..., €.
For local models in F-theory, the curves supporting matter fields are required to be
effective. Next we shall define effective curves and the Mori cone. Consider a com-
plex surface Y and its homology group Hy(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 [109,110]. The Mori cones NE(dP;) of the del Pezzo surfaces dP; are all
finitely generated [49]. To be concrete, we list the generators of the Mori cones of

dP; for 2 < k < 8 in Table II.
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With the Mori cone, one can easily check that the anti-canonical divisor —Kjg
is ample’. The dual of the Mori cone is the ample cone, denoted by Amp(dP;),
which is defined by Amp(dPy) = {w € Hy(dPy,R)| w-( > 0, V¢ € NE(dP,)}. Each
ample divisor w in the ample cone is associated with a Kéahler class wg. In this
chapter we choose the “large volume polarization”, namely w = Ah — Zle arer with
A > a, > 0 [14,15]. It is easy to check that this 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 theorem [109,110], which says that

X(S, L) =1+ %cl(ﬁ)Q - %cl([,) K. (2.5)

Another one is the vanishing theorem ( [14], also see [111] ), which states that for a
non-trivial holomorphic vector bundle V over S satisfying the Hermitian Yang-Mills
equations (2.11),

HJ(S,V) = HZ(S,V) =0. (2.6)

These two theorems simplify the calculation of the spectrum. Note that the vanishing
theorem (2.6) holds when V is a line bundle. It follows from Eq. (2.5) and Eq. (2.6)
that h'(S,£) = —x(S,£) = —(1 — 3c1(L) - Ks + 31(£)?). In this case h'(S, L) is
determined by intersection numbers ¢;(£) - Kg and ¢;(£)%.

In 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 ¥ = 37 ;nsCs with ng € Z3'%. To
calculate the genus of the curve, we can apply the adjunction formula, which says

%0One 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.

9By abuse of notation, we use ¥ to denote the homological class of the curve X.
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that for a smooth, irreducible curve of genus g, the following equation holds
Yo (X + Kg) =29 — 2. (2.7)

In this chapter we shall choose genus zero curves to support the matter in GUTs or
MSSM, which means that all matter curves satisfy the equation - (X + Kg) = —2. To
calculate the spectrum from curves, we also need the Rieman-Roch theorem [109,110]
for algebraic curves. For an algebraic curve X, the Rieman-Roch theorem states that

for a line bundle £ over 3,
RO(Z, L) — h'(S, L) =1—g+ci(L). (2.8)
In particular, for the case of g = 0, we have

(L), ifc(L)=0
W K L) = 1(£) 1(£) (2.9)
0, if ¢1(£) <0,
where Ké/ ? is the spin bundle of ¥ and the Serre duality [109, 110] has been used.

Eq. (2.9) will be useful to calculate the spectrum from curves.

C. Matter Spectrum

In the vicinity of S, the geometry of X may be regarded as an ALE fibration over
S [112-117]. The singularity of the ALE fiberation determines the gauge group Gg
of the eight-dimensional A/ = 1 super-Yang-Mills theory. Let us consider this eight-
dimensional N' = 1 gauge theory compactified on S. To obtain unbroken N' = 1

supersymmetry in four dimensions, it was shown [14-16] that a gauge connection A
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and an adjoint Higgs field ¢ have to satisfy the following BPS equations:

FyAws+ £[®F, 0] =0
AP =F? =0 (2.10)
4P =0,

where Iy is the curvature two-form of A and wg is a Kéhler form of S. To solve BPS
equations, one may take V' as a holomorphic vector bundle over S with the connection
A and ® being holomorphic. The simplest solution for (A, ®) is that ® is diagonal
and V is a polystable bundle. In this case [®f, ®] = 0 and Eq. (2.10) is then reduced

to the Hermitian Yang-Mills (HYM) equations
F3'=Fy =0, FaAws=0. (2.11)

It was shown in [118,119] that a bundle admitting a hermitian connection solving Eq.
(2.11) is equivalent to a polystable bundle, which is guaranteed by the Donaldson-
Uhlebeck-Yau theorem. We shall in the next section define the stability of vector
bundles and briefly review some facts about the equivalence. In this case, the low
energy spectrum is therefore decoupled to ® and only depends on the Hermitian Yang-
Mills connection A. The eigenvalues of ® characterize the locations of intersecting
seven-branes. The unbroken gauge group in four dimensions is the commutant I'g
of Hg in Gg, where Hg is the structure group of the bundle V. The spectrum from
the bulk is given by the bundle-valued cohomology groups Hg(S , Ri) and their duals,
where R, = V, AV, or EndV. The spectrum of the bulk transforms in the adjoint

representation of GGg. The decomposition of adGGg into representations of I'g x Hg is

adGs = @pk & Rk, (2.12)
k
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where p, and Ry, are representations of I'g and Hg, respectively. The matter fields are
determined by the zero modes of the Dirac operator on S. It was shown in [15,16] that
the chiral and anti-chiral spectrum is determined by the bundle-valued cohomology
groups

HY(S,R))” @ H3(S, Ry) ® H3(S, R))” (2.13)

and

H3(S,Ry) ® H5(S, R))Y & H3(S, Ry) (2.14)

respectively, where V stands for the dual bundle and Rj is the vector bundle on S
whose sections transform in the representation Rj of the structure group Hg. By
the vanishing theorem of del Pezzo surfaces [15], the number of chiral fields p, and

anti-chiral fields pj can be calculated by
Np, = —x(S; Ry (2.15)

and

np; = —x(5, By), (2.16)

respectively. In particular, when V' = Ly & Ly with structure group U(1) x U(1),

according to Eq. (2.15), the chiral spectrum of p, s is determined by
np,, = —Xx(S, [1" ® L3), (2.17)

where r and s correspond respectively to the U(1); and U(1)y charges of the repre-
sentations in the group theory decomposition. In order to preserve supersymmetry,
the gauge bundle V' has to obey the HYM equations (2.11), which is equivalent to

the polystability conditions, namely

ws Acr(Ly) =ws Aci(Lg) =0, (2.18)
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where wg is the Kahler form on S. We will discuss the polystability conditions in
more detail in section E.

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 X 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 @ adGs By, (Z/{k ®Z/{’k). (2.19)

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

into irreducible representation is

UQU = @k(vk,vk), (2.20)

where vy, and Vy, are representations of I' and H, respectively. The light chiral fermions
in the representation v, are determined by the zero modes of the Dirac operator on
Y. It is shown in [15,16] that the net number of chiral fields v, and anti-chiral fields

vy, 1s given by
Ny = 1y — n = X(5, Ky @ V3), (2.21)

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 Gg x U(1). In this
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case, the bi-fundamental representations in Eq. (2.19) will be decomposed into

B i)r, 5y (2.22)

J
where 7, s; and r} correspond to the U(1) charges of the representations in the
group theory decomposition and o; are representations in Gy;. The representations
(05)r;,5,, are localized on ¥ [15,16,51] and as shown in [15,16], the generation number

of the representations (o), v and (6]-),Tj7,sj7,r; can be calculated by

Sjs

Moy, o = WS K © L ® Lk @ L'Y) (2.23)
and
1/2 —r; —s; —r’
n(aj)frjv*Sja*T;' - ho(z’ KE/ ® LlE] ® LZZ] ® L,E J>7 (224)
where L1y, = Li|s, Loy = Lso|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. (2.9) below, if

/ = N(a-j)*r;fsl,,r/ = O Ifc:[(LIJz)@L;JZ@L/;]) 7£

73055075 A R

e (LL@LE®LY) = 0, then Ny,
0, then only one of them is non-vanishing. 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 [14-16, 62].
By the vanishing theorem of del Pezzo surfaces [15,16], 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 [?7,20,22,23,28,29,36,37,62,70]. When one turns on bulk three-form
fluxes, the structure of the Yukawa couplings will be distorted and non-commutative

geometry will emerge [37]. The case of rk(V) = 1 and minimal SU(5) GUT model
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has been studied in [14-16]. 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.

D. 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 dF.

1. Gs=SU(5)

Before discussing the case of Gg = SO(10), SU(6), let us review the case of Gg =

SU(5) [14-16]. On the bulk, we consider the following breaking pattern [120]:

SU(5) — SU(3) x SU(2) x U(1)s

~ (2.25)
24 - (871)0+ (1a3)0+ (372)—5+ (372)5 + (171)0
The bulk zero modes are given by
(3,2) , € Hy(S, L") @ HA(S,L™°) @ H3(S, L)Y (2.26)
(3,2); € H)(S, L") & H5(S,L°) & HZ(S,L°)", (2.27)

where V stands for the dual and L is the supersymmetric line bundle associated with
U(1)s. Let nap), be the number of the fields in the representation (A,B), under
SU(3) x SU(2) xU(1)g, where ¢ 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);, it is required that x (S, L*°) = 0. It follows from the Riemann-Roch theorem
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(2.5) that ¢;(L*5)? = —2 and ¢;(L*®) correspond to a root of Es, e; —e;, i # j, which
leads to a fractional line bundle!! L = Og(e; —e;)*/° [14-16]. In this case, 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) [51]. We first focus on the curves supporting the matter fields in an SU(5)
GUT. To obtain complete matter multiples of the SU(5) GUT, it is required that
Ly = Os, 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) (2.28)

35 - 240+10+56+5—6

SO(10) — SU(5) x U(1) (2.29)

45 — 24+ 1, +10, +10_,.
From the patterns (2.28) and (2.29), it can be seen by counting the dimension of
the adjoint representations that matter fields 55 and 5_g are localized on the curves
with G, = 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 56, 3 X 5_g, and 3 x 10,. In order to get doublet-triplet splitting,
it is required that Ly, # Oyx and Lf, # Ox. With non-trivial Ly, and L%, Gy will be

UTn this chapter, all indices appearing in the divisors will be assumed to be distinct
unless otherwise stated.
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Q u’ d° e L h h

(372)1,4 (3,1)7474 (3’1)2,76 (1’1>6,4 (172)73,76 (172)3,6 (172)73,76

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

broken into Gyq x U(1)". Consider the following breaking patterns,

SU(6) — SU(3) x SU(2) x U(1)s x U(1)
35 — (8, 1)0,0 + (1, 3>0,0 + (3, 2)75,0 + (3, 2)5,0 + (1, 1)0,0 (2.30)
+(17 1)0,0 + (17 2)3,6 + (3’ 1)—2,6 + (1v 2)—3,—6 + (:_)’7 1)2,—6

SO(10) — SU(3) x SU(2) x U(1)s x U(1)
15— (8.1 + (L3)gg+ (3.2) 5o+ (.25, + (L), (231
F(1, 1) +[(3,2) 4+ (3,1)_, 4 +(1,1) 4 + cd].
From the patterns (2.30) and (2.31), the field content of the MSSM is identified as
shown in Table III.

The superpotential is as follows:
Whssm D QUC;L + Qd°h + Le‘h + - - - . (2.32)

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 (2.30) and (2.31)
with the MSSM. Now we are going to analyze the conditions for the curves to support
the field content in Table III. We choose the curve Xgy ) to be a genus zero curve
and let (mq, my) = (n(§71)2776, n(17§)73$76), where n(a ), , is the number of the fields in

the representation (A, B),, 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) , g is exotic in the MSSM.
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Multiplet | (mq,ms2) Conditions )3

3 x d° (3, 0) (€i—€j)'22—3 5h_4ej_€i

3x L (0,3) (ei—ej)-E:ZS 4h+2€j_ei

1xh (0,1) (ei—ej)'Ezl h—ei—el

1 xh (0-1) |(es—ej) - E=—1|h—ej—es

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

To avoid the exotic, we require that my € Zso. Given (my, ms), the homological class

of the curve Zgp g has to satisfy the following equation:'?

(€i —€j) - Lsue) = ma — my, (2.33)

where L = Og(e; — ¢;)'/° has been used. By Eq. (2.33), 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 IV.

Note that all field configurations in Table IV obey the conditions, Ly, # Oy, and
L5, # Os. In local models, the curves are required to be effective. With Table II, it
is not difficult to check that all curves in Table IV are effective. The results in Table
IV 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 Gz = SO(10). Set (I1,12,13) = (n@2), ,-nE1)_,,>"a1),,)- To avoid

exotics in the MSSM, it is required that l, € Z>o, k = 1,2,3. Given (ly,[s,13), the

12LESU(6) = OZSU(G)((ml_m2)) and Lj

- _ Bmat+2ms)
5 Ssue) OZSU(G)( )

30
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curve Ygo(10) has to satisfy the following equations:!?

(ei —€5) - Bsonoy = la — Iy

13 - 2[1 - lQ.

(2.34)

To obtain the minimal spectrum of the MSSM, we require that [;,ls < 3. Taking the

conditions, Ly, # Oy and L§, # Oy into account, we have the following configurations:

(l, 12, 13) ={ (1,2,0),(1,0,2),(2,1,3),(2,3,1) } (2.35)

From the configurations in (2.35), it is clear that unlike with Gy = SU(6), it is
impossible to engineer the matter fields 3 x @), 3 x u®, and 3 X e on the individual
curves with Gy, = SO(10), which correspond to (l1,1s,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 g6 instead of Xgo(10). Although the field content on Xgo(10) is
more complicated than that on Xgy ), we can engineer the spectrum of the MSSM
as shown in Table V.

From Table V, 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 [14-16].

2. Gg=SO(10)

For the case of Gg = SO(10) [33], we first look at the spectrum from the bulk.

Consider the following breaking pattern,

SO(10) — SU(5) x U(1
(10) (5) xU(1)s (236)
45 — 249+ 19+ 10, +10_,.

13 _ (I1—1l2) / _ (4l1+12)
L250(1o) - 0250(10)( 5 ) and LZ‘so(lo) - 0250(10)( 20 )
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Multiplet Curve by Js Ly, L§
LxQ+2xu | Xyonq) | 2h—ex—es | 0| Ogy  A=1)V° | Oy (1)%10
2xQ+1xuc

S2oa0) | 2h—e1—es | 0| Oz (VP | Ogz (1)
+3 x ef
3 x d Ssu) | Sh—der—ex| 0| Osy (1)%/° Ost U(G)(—1)3/10
3x L St | dht+2e—es | 0 Osz (—1)3/5 OEéy(a)(_1)1/5
1 xh Yoo |2h—ea—es | 0 Osa, (=15 (9ng<6)(—1)1/15
1 x ]_1 Z%U(G) h — €1 — €3 0 OggU(G) (1)1/5 OE%‘U(@ (1)1/15
Table V. A minimal spectrum of the MSSM from Gg¢ = SU(5), where

L= 05(61 — 62)1/5.

The bulk zero modes are determined by
104 € HY(S, L™ & H3(S, L") & H3(S, L)Y (2.37)

10, € Hy(S, LYY @ HA(S,L™*) @ H3(S, L*)". (2.38)

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;)*Y/4. 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
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Multiplet | Curve )y Js Ly, L5,

3x 103 4" ¥i | 4h+2e—ey| 0 | Ogy (—1)* | Ogy (—1)%*
6

Eg

3xb_ g3 | X% | bh43es—es5| 0 02%6(1)3/4 Oz (—1)Y4

Eg

1 x 5,272 2‘150(12) 3h + €3 — €1 0 OZ (1)1/4 OE (—1)1/4

1 x 52,_2 2%0(12) h — €2 — €3 0 022 (—1)1/4 022 (1)1/4

SO(12) SO(12)

1 1
50(12) 50(12)

Table VI. An SU(5) GUT model from Gg = SO(10), where L = Og(e; — ey)'/*.

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

SO(12) — SO(10) x U(1) — SU(5) x U(1) x U(1)g
66 — 450 + 10 — 24070 + 1070 + 100,4 + EO,_4 + 10’0 (239)

410, +10_, +522+ 52 2+5.2 9+ 5 95

Es — SO(10) xU(1) — SUB)xU(1) xU(1)s
78 — 450+ 1, — 2409+ 190+ 1004 + 10y 4 + 1o (2.40)
+16_3 + 163 +(10_3_1+5 33+ 1 3 _5+cc.).
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_3,_15_373527_2 + - (241)

In order to get complete matter multiplets in the SU(5) GUT, we require that

Ly, and L, are both non-trivial. With non-trivial Ly, and L%, we can engineer field

4With six additional singlets
15With three additional singlets
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content with minimal singlets as shown in Table VI [33].
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. Gs=.8U(6)
To look at the spectrum from the bulk , we consider the following breaking pattern,

SU®6) — SU(5) x U(1)s

~ (2.42)
45 — 240+10+56+5—6~
The bulk zero modes are given by
56 € H(S, L™ %)Y @ H5(S,L%) & H3(S,L°)" (2.43)
5.6 € Hy(S,L%" @ HA(S, L™ %) & H3(S, L%)". (2.44)

To eliminate 55 and 5_g, it is required that (S, L*5) = 0, which gives rise to the
fractional line bundles L = Og(e;—e;)*/ [33]. 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), Gy = SO(12) or
Gy = Fg.

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

are
SU(7) — SU(6) x U(1Y — SU(B)xU) xU(l)g
48 — 350+ 19+6_7+6; — 2400+ 190+ 506 + 506+ Loo (2.45)

+5 714+ 1 7 5+5;, 1+ 175
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Multiplet | Curve ) Js Ly, L5,
3x 1025 | By | 4h+2e5—e1 | 0 Z150“2)(1)1/2 Os1,0, (1)
3x 571 | Syym | Sh+3e1—e | 0 c921m>(—1)1/2 OE§U<7)(1)5/14

1 x 527,4 E%’O(l?) 3h+e — €3 0 02250(12) (—1)1/6 02250(12) (1)1/6

1 x 57,—1 E%U(?) h—ey—e3 0 | Ox (_1)1/6 Oy (1)5/42

SU(7) SU(7)

Table VII. An SU(5) GUT model from Gg = SU(6), where L = Og(e; — e)/°.

SO(12) — SU(6) x U(1) — SUGB)x U1y xU(1)s
66 — 350+ 1o+ 15,4+ 15 5 — 2400+ log + Bog + Bo_¢ + Lo  (2:46)

+102,2 + 52,—4 + ﬁ_27_2 + 5_274

Es — SU(6) xU(1) — SUB)xU) xU(1)s
78 — 350+ 1p+ 1y — 2400+ 2 X 1o+ 56 + 50,76 + 1499 (2.47)
+20; +20_, +10y,_3+10;3+10_; 3+ 10_y 5.
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 1035102959 4+ 109557 157 1+« . (2.48)

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 VII [33].

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
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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.

E. Gauge Bundles

In this section we shall briefly review the notion of stability of the vector bundle and
the relation between polystable bundles and the HYM equations. In addition, we also

discuss the semi-stable bundles of rank two, in particular, polystable bundles over S.

1. Stability

Let E be a holomorphic vector bundle over a projective surface S and [wg| be the dual

ample divisor of Kéhler form wg in the Kéhler cone. The slope ji.(£) is defined by

_ Jse(E) /\wS.

fiws) (E) ) (2.49)

The vector bundle E is (semi)stable if for every subbundle or subsheaf £ with rk(&) <

rk(E), the following inequality holds

plws)(E) < (S)pws) (E)- (2.50)

Assume that £ = ®F&;, then E is polystable if each & is a stable bundle with
Piws)(E1) = Hiws(E2) = . = pwg)(Ek) [118,119]. It is clear that every line bundle
is stable and polystable bundle is a type of semistable bundle. The Donaldson-
Uhlenbeck-Yau theorem [118,119] states that a (split) irreducible holomorphic bundle
FE admits a hermitian connection satisfying Eq. (2.11) if and only if £ is (poly)stable.

As mentioned in section 2.1, to preserve supersymmetry, the connection of the bundle
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has to obey the HYM equations (2.11), which is equivalent to the polystable 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.

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;), ¢ = 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 g, (L1) = fifws)(L2) where p is the slope defined by Eq. (2.49).
To solve the HYM equation Eq. (2.18), it is required that g, (L1) = pipg(L2) = 0.

It follows that ¢;(L1) A ws = ¢1(L2) A wg = 0 or equivalently,
D1 : [ws] = D2 : [WS] = 0. (251)

In particular, we choose “large volume polarization”, namely [wg] = Ah — Zle a;e;,
A > a; > 0 [14,15]. Note that Eq. (2.51) is exactly the BPS equations, ¢;(L;) Awg =
0, © = 1,2 for supersymmetric line bundles. So the polystable bundle V' is a direct
sum of the supersymmetric line bundles L; and Ls. In section 5.2 we shall apply
physical constraints to the polystable bundle that satisfies the Eq. (2.51) and derive

the explicit expression of the U(1)? gauge fluxes L; and L.

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
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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)1 x U(1)s.
Let Ly and Ly be two supersymmetric line bundles, which associate to U(1); and
U(1)y, respectively. Write L; = Og(D;), i = 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)y, given by

U=MU (2.52)

with U = (U(1);, U(1),)!, U = (5(\1/)1, 5(\1/)2)t, and M € GL(2,Q), where t represents
the transpose. We define Zl and Zg to be two line bundles which associate to 6{1/)1
and 6\(1/)2, respectively and write L; = Og(D;), i = 1,2. Let (A, B).,and (A,B); ;
be representations in the breaking patten SU(6) — SU(3) x SU(2) x U(1); x U(1),
and SU(6) — SU(3)xSU(2) x af)l X al/)2, respectively. Up to a linear combination
of U(1) charges, we have n(AB),, = AB), ; which requires that the corresponding

divisors be transferred as follows:
D= (M1)'D, (2.53)

where D = (Dy, D,)", D= (151, 52)t. In general, D; are Q-divisors via the rotation
(2.53). However, it is possible to get integral divisors IN)Z by a suitable choice of the
matrix M = M,. Once this is done, we obtain two corresponding line bundles, Zl
and L, since D; € Hy(S,7Z), i = 1,2. Moreover, if ,u[ws}(zl) = IU[WS](ZQ) =0, we can
construct the polystable bundle V' = El @Eg. Note that when L; are supersymmetric,
which means that they satisfy the BPS condition (2.51), by the transformation (2.53)

we have M[WS](Zl) = ,u[ws}(zg) = 0. As a result, each supersymmetric U(1)? gauge
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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 Ggq x U(1) is as follows:

SU(6) — SU(3) x SU(2) x U(1); x U(1),
35 — (8,1)g0+ (1,3)g+ (3,2) 50+ (3,2);+ (1,1),, (2.54)
F(1,1)50 +(1,2)55 +(3,1) 6 +(1,2) 5 _+(3,1),
Let L, and Ly be the supersymmetric line bundles associated to U(1); and U(1)a,
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

11
M=| * " (2.55)
0 3
Then we obtain
SU(6) — SU(3) x SU(2) x U(1); x U(1),
35 — (8,1)y+(1,3)0+(3,2),0+(3,2) 1+ (1,1)y, (2.56)

+(1a 1)070 + (1’ 2)0,1 + (3’ 1)1,1 + (1’ i)0,—1 + ('-6’7 1)—1,—1

with L; = L® and Ly = L3 ® LS. Tt is clear that nAB),, = NMAB), with respect to
(2.54) and (2.56). It turns out that L; and L are truly line bundles. Furthermore,
one can show that BPS condition (2.51) for (Li, Ly) is equivalent to the stability
conditions of the polystable bundle V = Ly & Ly by the transformation (2.53). 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
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direct sum of two fractional line bundles. In other words, a supersymmetric U(1)?
gauge flux (L1, Lg) 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.

F. 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, G5 can be
broken into G 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 [15]. We review the case of Gg = SO(10) in subsection 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 subsection 2 and 3.

1. Gg=50(10)
a. U(1)? Gauge Flux Configurations

The maximal subgroups of SO(10) which contain Ggq and the consistent MSSM

spectrum are as follows [15]:
SO(10) D SU(5) x U(1) D Gga x U(1) (2.57)

SO(10) D SU(2) x SU(2) x SU(4) D Gga x U(1) (2.58)
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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 (2.57) and
(2.58) 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) — Ggq X U(1). The breaking pattern is as follows:

SO(10) — SU(3) x SU(2) x U(1); x U(1),
45 — (8, 1)0,0 + (1, 3)0,0 + (3, 2)4),0 + (3, 2)5,0 + (1, 1)0,0
+(17 1>0,0 + (17 1)6,4 + (‘6’7 1)—4,4 + (3’ 2)1,4 + (1’ 1)—6,—4

+(37 1)4,—4 + (‘5’7 2)—1,—4'

(2.59)

Note that U(1); can be identified with U(1)y in the MSSM. Let Ls and L; be non-
trivial supersymmetric line bundles associated with U(1); and U(1)s, respectively, in

the breaking pattern (2.59). The bulk zero modes are given by
(3,2) 5 € HY(S, L)Y @ Hy(S, Ly®) @ H3(S, L5)" (2.60)

(3,2);, € H3(S,L5°)" & H}(S, L3) & HA(S, L3?)" (2.61)

(3,2),, € HY(S, Ly' ® Ly")Y @ H(S, Ly @ L) @ HA(S, L3 ® L;*)Y  (2.62)
(3,2)_, _, € HY(S,Ly® L) & HY(S, Ly ® L;*) & HA(S, Ly @ L})¥  (2.63)
(3,1),_, € HY(S, L ® L})Y @ HY(S, Li® L;*") @ HA(S. Ly* ® Lj)"  (2.64)
(3,1)_,, € HYS, Ly ® L;")Y @ HA(S, Ly* ® L}) ® HA(S, Ly @ L;*)Y,  (2.65)
(1,1)5, € HY(S. L3%® L;*)Y @ Hy(S, LS ® L) @ HA(S, L;° @ L") (2.66)
(1,1)__, € HY(S,LS® L)V @ HA(S, L3% @ Ly*) @ HA(S, Ly ® L})".  (2.67)

To avoid exotics, it is clear that the line bundles L3, Lt @ L4 Li® L;*, and LS ® L3

cannot be trivial. Let nap) , be the number of the fields in the representation

a,
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(A,B),, under SU(3) x SU(2) x U(1); x U(1)s, where a and b are the charges

of U(1); and U(1)y, respectively. By the vanishing theorem (2.6), the exotic-free

spectrum requires that

nE2) ., =X E)=0
nGE2),, = XS, E7) =0
nE2_, , = XS, F 1) =0
ns1), ,= XS, ET®FT) =0
na , , = XS, E@F 1) =0,

We define
nea2),, = —X(S,F) = b,

n@a ,, = XS, EQF)= [,

na,, = —X(S, BT @ F) = B,

(2.68)
(2.69)
(2.70)
(2.71)

(2.72)

(2.73)
(2.74)

(2.75)

where B = L%, F = LY@ LY and f3; € Zsg, i = 1,2,3. By Egs. (2.68)-(2.70), and

Eq. (2.73), we obtain the following equations

(

\

Then by Eq. (4.105) and Eq. (2.71), we obtain

01<E) . Cl(F) = 1.

(2.76)

(2.77)
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On the other hand, using Eq. (4.105) and Eq. (2.72), we have
c(E)-c(F)=-1, (2.78)

which leads to a contradiction. Therefore, there do not exist solutions for given
Bi € Zso, i = 1,2,3 such that Eqgs. (2.68)-(2.75) hold. This is a no-go theorem
shown in [15]. 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).

2. Gg=.5U(6)
a. U(1)? Gauge Flux Configurations

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

trum are as follows [15]:

SU(6) > SU(5) x U(1) D Gaa x U(1) (2.79)
SU(6) > SU(2) x SU(4) x U(1) D Gua x U(1) (2.80)
SU(6) > SU(3) x SU(3) x U(1) O Gaq x U(1). (2.81)

It follows from Eqs. (2.79)-(2.81) 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) — Gsa x U(1). The breaking

pattern is as follows:
SU6) — SU(3) x SU(2) x U(1); x U(1),

35 - (87 1)070 + (17 3)070 + (37 2),570 + (g, 2)570 + (17 1)0’0 (282)

F(1,1)50+(1,2)55 +(3,1) 56 +(1,2) 5 4+ (3,1), ¢
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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 (2.82). The bulk zero modes are given by
(3,2)_5, € Hy(S, L})" @ Hy(S, L") ® H3(S, L])" (2.83)

(3,2)5, € HJ(S, L1°)Y @ Hy(S, L3) & H3(S, L;°)" (2.84)
(1,2);5 € Hy(S, L7° @ Ly°)Y & Hy(S, LT @ L§) & H3(S, L @ L;°)Y (2.85)
(1,2)_3_g€ HJ(S, L] @ LS)" & H(S,L;° @ L,°) @ H3(S, L} ® L3)" (2.86)
(3,1) 4 € HY(S, L ® Ly%)Y & Hy(S, L1* © LS) & H3(S, LT @ Ly°)" (2.87)
(3,1), € HY(S, Li*® L)Y & Hy(S, LT ® L;°) & H3(S, Li* @ L), (2.88)

Note that (3,2)_, (3, 2)50, and (3,1)_, ¢ are exotic fields in the MSSM. To avoid
these exotics, L3 and L7 ® L§ need to be non-trivial line bundles. If L? ® LS is
trivial, it follows from Eq. (2.85) and Eq. (2.86) that na2), , = n@z , , =1 By

the vanishing theorem (2.6), no exotic fields requires that

ne2) 5, = —X(S, L") =0 (2.89)
n@2),, = —X(S,L7) =0 (2.90)
ne1) 4, = —X(S, Ly ® L) =0. (2.91)
We define
n@, , = XS, L1® Ly°) = as, (2.92)

where a3 € Zso. Note that since L} @ L is trivial, then L? ® L;° = L. Tt follows

from Eq. (2.90) that az = 0. Therefore, the non-trivial conditions are (2.89) and

16This case will be denoted by (ay, ag, a3) = (1, 1,0)* later.
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(2.90), namely x(S, L{®) = 0, which imply that ¢;(L;*°)? = —2 and ¢, (L{®) - Kg = 0.
Note that c;(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 = dFs;. Immediately we get
a fractional line bundle 17 L; = Og(e; — ¢;)'/® and then L, = Og(e; — ¢;)Y10. Tt
is clear that L; and Lo satisfy the BPS condition (2.51). As a result, (Li, Ly) is a
supersymmetric U(1)? gauge flux configuration on the bulk. If L? ® L§ is non-trivial,

by the vanishing theorem (2.6), an exotic-free bulk spectrum requires that

ns2) 5, = —X(S, L") =0 (2.93)
n@a),, = —X(S, L) =0 (2.94)
N1y, = —X(S, L1 ® Ly) = 0. (2.95)
We define
na2),, = —X(S, Li @ L) = a; (2.96)
naz , = X9 L7’ ® Ly°) = a (2.97)
nE1, o= X9 L1 ® L°) = as, (2.98)

where o; € Zsg, i = 1,2,3. To simplify the notation, we define C = L;°, and
D = L3® LS. By Egs. (2.93)-(2.98) and the Riemann-Roch theorem (2.5), we obtain
the following equations:

"Note that with az = 0, there is a symmetry (L, Ly) < (L7, Ly") in Eq. (2.89)-
(2.92). Without loss of generality, we choose L, = Og(e; — e;)/°.
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a(D)? = —ay —a; — 2
c1(C) - er(D) = 1+ j(on + s — as) (2.99)

3 = Qg — (1

Cl(C) . KS =0

\ c1(D) - Kg = a; — as.
Note that C' and D are required to be honest line bundles, in other words, ¢;(C),
c1(D) € Hy(S,Z) = spang{h,e;, i = 1,2,3,..8}. Note that (3,1), g 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. (2.99). For the case of a3 = 0, by the constraints in Eq. (2.99),

we may assume (aq, e, o) = (k, k,0) with k € Z>o. We shall show that there is no

solution for k£ > 4. Note that in this case, Eq. (2.99) reduces to
ca(C)? = =2, c1(D)?=—-2k—2, ¢,(C)-c1(D)=1+k, (2.100)

with ¢;(C) - Kg = ¢;(D) - Kg = 0. From the conditions ¢;(C)?* = =2, ¢;(C) - Kg = 0,
and BPS condition (2.51), it follows that C' = Og(e; — €;), which is the universal
line bundle in the case of Gg = SU(6) since these two conditions are independent
of aj, i = 1,2,3 and always appear in Eq. (2.99). Actually, the corresponding
fractional line bundle L; of C' is the U(1)y hypercharge flux in the minimal SU(5)
GUT [14-16]. In what follows, we shall focus on the solutions for the line bundle D.
By Eq. (2.100), we can obtain the upper bound of k. Write D = Og(c;e; +cje;+D),'®

where D is a integral divisor containing no h, e;, and e;. Note that the repeat indices

8Due to the BPS condition (2.51), D contains no component h.
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are not a summation, and ¢;, ¢; € Z. By Eq. (2.100), we get —c; + ¢; = k + 1 and
&+ — D? =2k + 2. Note that D? < 0 by the construction. Using the inequality®®
A+cd> %(01 — 2)? and the condition k € Zx¢, we obtain 0 < k < 3, which implies
that there is no solution D for £ > 4. Next we shall explicitly solve the configurations
(Lq, Ly) satisfying Eq. (2.99) for the case of (ay, ag, ag) = (k, k,0) with 0 < k£ < 3.
Let us start with the simplification of Eq. (2.99). Note that in Eq. (2.99), there

are two conditions that are independent of «;, namely,
c(C)? = =2, ¢1(0)-Kg =0, (2.101)

which gives rise to the universal line bundle, C' = Og(e; — e;), as mentioned earlier.

The remaining conditions are

(

Cl(D)z = —Q1 — Qg — 2
c(C)-c(D)=1+ %(al + as — ag) (2.102)

3 = Qg — (1

Cl(D) . KS = (X1 — 9.

\
Since C'is universal, all we have to do is to solve the line bundles D in Eq. (2.102) for
a given (ai, ag, a3) and C' = Og(e; — e;). When (o, a2, a3) = (0,0,0), Eq. (2.102)
reduces to

c1(D)? = -2, ¢(C)-ci(D) =1, (2.103)

with ¢;(D)- Kg = 0. By Eq. (2.103), we have D = Og(%e; —e;) or Og(+e;+¢;). The
former gives rise to fractional line bundles L; = Og(e; — e;)'/? and Ly = Og(£5e; —
2e; — 3¢;)'/30. For the latter, we have L; = Os(e; — €;)/° and Ly = Og(45¢; + 3e; +

2¢;)1/%°. Recall that Kg = —3h + Zi:l ex. To solve the condition ¢;(D) - Kg = 0, it

YIn general, (¢;(C)?)(c1(D)?) = (e1(C) - e1(D))?.
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is clear that D has to be Og(e; — ;) or Og(—e; + €;). The corresponding fractional
line bundle is Og(5e; — 2e; — 3¢;)Y2° or Og(—5e; + 3e; + 2¢;)Y/30. In addition to Eq.
(2.103), these fractional line bundles need to satisfy the BPS condition (2.51). More
precisely, for the case of L; = Og(e; — e;)'/® and Ly = Og(5e; — 2e; — Sej)l/?’o, BPS

equation (2.51) reduces to
(e;—e€j)-w=0, (5e; —2e; —3e;) w=0. (2.104)

It is not difficult to see that®® w = Ah—(e;+e;+e,+...) solves Eq. (2.104). Similarly,
for the case of L; = Og(e; — e;))'/® and Ly = Og(—5e; + 3e; + 26j)1/30, Ly and Lo
are also supersymmetric with respect to w = Ah — (e; + € + ¢, + ...). As a result,
for the case of (a1, as,a3) = (0,0,0), we find two supersymmetric U(1)? gauge flux
configurations (L1, Ls).

When (aq, a2, a3) = (1,1,0), Eq. (2.102) reduces to

c1(D)? = —4, ¢(C)-c1(D) =2, (2.105)

with ¢;(D) - Kg = 0. By Eq. (2.105), D can be Og(2e;), Os(—2¢;) or Os([er, em] —
e; + e;), where the bracket is defined by [Ay, Ay, .. Ay] = {£A; £ Ay... £ Ay}, For
later use, we also define [Ay, Ag, .. Ap] = {+ A1 + Ag... T A} N (A + As + ..+ Ap),
[Ar, Agy Ay = {£A £ Ao £ A {(F AL+ Ay oot A, (— AL — Ay —...— Ay}, and
[Ay, A, Ar)" = {(A1+ Ao+ Ap1 — Ap), (A1 + Agee. — A 1+ Ak)y ooy (AT + Ao+
Ap_1+Ay)}. Note that Og(2e;), Og(—2¢;), Os(ej+en,—e;+e;), and Og(—e;—en, —e;+
e;) cannot solve the equation ¢;(D)- Kg = 0. As aresult, D = Og([e;, em)” —ei +¢;),

which correspond to the fractional bundles Ly = Og(5[e;, €,n)” — 2¢;+2¢;)/?°. Clearly

207 ” in w always stands for non-relevant terms for checking the BPS condition

Eq. (2.51). 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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L, and Lo satisfy Eq. (2.51) with w = Ah — (e; +e; + e, + €y + -..).
For the case of (aq, a2, a3) = (2,2,0), Eq. (2.102) becomes

c1(D)? = -6, ¢(C) (D) =3, (2.106)

with ¢;(D)-Kg = 0. By Eq. (2.106), D can be Og([e;] —e;+2e;) or Os([e)] —2e;+¢;).
For the former, it is clear that Og(e; — e; 4 2e;) does not satisfy the condition ¢; (D) -
Kg = 0. Similarly, for the latter, Og(—e; — 2¢; + €;) is not a solution as well. In this
case, the solutions are Ly = Og(—5e; — 2¢; + Te;)/30 or Ly = Og(5e; — Te; + 2e,) /.
It is easy to see that the solutions also satisfy the BPS condition (2.51). Note that for
the case of as = 0, taking w = Ah — (35_, ex) = (—Ks) + (A — 3)h, the conditions
c1(C) - Kg =c1(D) - Kg =0 are equivalent to Eq. (2.51). Therefore, the solutions of
Eq. (2.99) are all supersymmetric for the case of ag = 0.

Next we consider the case of (ay, @z, as) = (3,3,0). In this case, the line bundle

D satisfies the following equations:
c1(D)? = =8, ¢1(C)-ci1(D) =4, (2.107)

with ¢1(D)-Kg = 0. By Eq. (2.107), we obtain D = Og(2e;—2e;). The corresponding

/39 Obviously, L satisfies the condition

fractional line bundle is Ly = Og(e; — €;)
c1(D) - Kg =0, and Eq. (2.51) forw = Ah — (e; +¢; + ...).

Next we shall consider the case of a3 = 1. By the constraints of Eq. (2.102),
we may assume that (o, ag, a3) = (m,m + 1,1), where m € Zy. Then Eq. (2.102)

becomes

c1(D)? = —2m -3, ¢(C)-ci(D)=1+m, (2.108)

with ¢;(D)-Kg = —1. Again the first thing we need to do is to get the upper bound of

m. Eq. (2.108) implies that 1—v6 < m < 1+6. Sincem € Z>p, we obtain 0 < m <
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3. Therefore, the possible configurations are («aq, as,a3) = (0,1,1),(1,2,1),(2,3,1)
or (3,4,1).
Let us look at the case of (aq, ag, a3) = (0,1,1). In this case, Eq. (2.108) reduces

to the following equations
c1(D)? = =3, ¢1(C) e (D) = 1. (2.109)

It is easy to see that D can be Og([e;, €] — €;) or Os(ler, €] + €;). Note that
Os(lers em)” —€i), Os(—e; — e, —€i), Os(er+ ey +¢5), and Og(—e; — ey, + €;) 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; + €,,) — 2¢; — 3¢;)/3° and
Os(5ler, em)” + 3e; +2¢;)1/3°. In order to preserve supersymmetry, the solutions need
to solve Eq. (2.51). For the case of Ly = Og(5(e; + em) — 2¢; — 3¢;)Y/30, Eq. (2.51)
reduces to

(ei—e€j) - w=0, [(e+en)—e] w=0. (2.110)

For another fractional line bundle Ly = Og(5le;, em]” + 3e; + 2¢;)%°, Eq. (2.51)
becomes

(ei—e€j) - w=0, (ler,em)"+e€) - w=0 (2.111)

It is clear that w = Ah — (e; + e, + 2¢; + 2¢; + ...) solves Eq. (2.110) and w =
Ah — (2¢; + ey + €; + €; + ...) solves Eq. (2.111) if [e, €] = —e; + €,,. For the
case of (e, en]” = e — e, w = Ah — (e, + 26, + €; + €; + ...) is a solution of Eq.
(2.111). Therefore, Og(5(e; + em) — 2¢; — 3¢;)Y/30 and Og(5[er, em)” + 3e; + 2¢;)1/%°
are supersymmetric. In this case, the solutions of Eq. (2.109) and the equations,
c1(C)-Kg =0, c1(D)- Kg = —1 satisfy Eq. (2.51). It seems that for the case ag = 1,
the condition ¢;(C) - Kg = 0, ¢;(D) - Kg = —1 is stronger than BPS condition

(2.51). For example, D = Og(e; — e,, — ¢€;) with corresponding fractional line bundle
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(041, 0427043) Ly
1| (1,1,0) Os(e; — e;)Y/10
2| (0,0,0) Os(5e; — 2e; — 3e;)1/3 | Og(—5e; + 3e; + 2¢;)1/3°
3| (1,1,0) Os(5er, em]” — 2e; + 2¢5)1/*
41 (2,2,0) Os(—5e; — 2e; + Te; )/, Og(5e; — Te; + 2¢;)Y/°
51 (3,3,0) Os(e; —e;)7/30
6| (0,1,1) | Os(5ler, em]” + 3e: + 2¢;)130, Og(5(er + em) — 2e; — 3e;)H/30
71 (1,2,1) Os(—5e; + 3e; + Te;)*0, Os(5er, em, ex]” — 2¢; + 2¢;)1/°
81 (2,3,1) | Os(5les, em)” — 2e; + Te;)/30, Os(5(e; + em) — Te; + 2e;)1/3
9| (3,4,1) No Solution

Table VIII. Flux configurations for Gs = SU(6) with L, = Os(e; — €;)'/° and
3 = 0, 1.

Ly = Og(5e;—5e, —2¢;—3e;) 1/ is supersymmetric but does not satisfy the condition

c1(D)- Ks = —1. Actually, we shall see that this is not the case in the next examples.

Let us turn to the case of (ay, ag, ) = (3,4,1). In this case, Eq. (2.108) reduces
to

c1(D)? = -9, ¢1(C)-ei(D) = 4. (2.112)

It is not difficult to find that the solutions are D = Og([e;]] — 2e; + 2¢;) and the
corresponding fractional line bundle are Ly = Og(5[e;] — 7e; + Te;)/*. Note that only
D = Og(e; — 2e; + 2¢;) satisfies the condition ¢;(D) - K¢ = —1. However, it is clear
that it does not satisfy the BPS condition (2.51), which means that no configuration

(Lq, Ly) for an exotic-free spectrum exists in this case. From this example, we know
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that for the case of a3 = 1, the solutions of Eq. (2.102) 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 a3 € Z~(. Following a similar procedure,
one can obtain all configurations (Lj, Ly) for the cases of ag = 1. We summarize the
results of a3 = 0,1 in Table VIII in which all L; and L, satisfy the BPS condition
(2.51) for suitable polarizations w and the conditions L? # Og, L7 ® L§ # Og and
L3 @ LS # Os.

Next we consider the case of a3 = 2. By the last constraint of Eq. (2.99),
we may assume (aq, a2, a3) = (1,1 + 2,2), where | € Zsy. One can show that the
necessary condition for existence of the solutions of Eq. (2.99) 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 (Lq, Ly) for the case of az = 2.

For the case of a3 = 3, we may assume that (aq,as,a3) = (n,n + 3,3) with
n € Zso. The necessary condition for existence of the solutions of Eq. (2.99) 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 ag = 3. Let us look at the case of (ay, as, a3) = (3,6,3). In this case,

Eq. (2.102) reduces to
c1(D)? = —11, ¢1(C) - e1(D) = 4, (2.113)

with ¢ (D) - Kg = —3. It follows from Eq. (2.113) that D can be Og([e;] — e; + 3¢;),
Os([er] — 3e; + €5), or Og([er, em, en] — 2¢; + 2¢;). When one takes the condition
c1(D) - Kg = —3 into account, there are only two solutions, D = Og(e; — e; + 3e;)
or Og((e; + em + €,) — 2e; + 2e;), which corresponds to the fractional line bundles
Os(be;—2e; + 126]')1/30 and Og(5(e;+ e, +e€,) —Te; + 7ej)1/30, respectively. However,

these two solutions cannot satisfy Eq. (2.51). Therefore, in this case there do not



(ala g, Oé3) L2
Os(5(er + em + ex) — 2e; — 3e;)1/*
1] (0,2,2)
Os(5ler, em, ex]” + 3e; + 2¢,) /%
Os(5ler, em]” + Be; + Tej)
2| (1,3,2)
Os(5ler, €m, en, ex]” — 2¢; + 2e5)"/
Os(5ler, em, er]” — 2¢; + Tey)' /™
31 (2,4,2)
Os(5(er + em + ex) — Te; 4 2¢5)'/%0
4 (3,5,2) No Solution

Os(5(e; + €m + €, + 1) — 2¢; — 3¢;) 1/

5 (0,3,3)
05(5[€la €m; En, ek]/” + 3e; + 2ej)1/30
Os(5ler, em, ex]" + 3e; + Te;) /™
6| (1,4,3)
05(5[6l7 €m, En, €k, ep]”/ - 26i + 2€j>1/30
05(5[6l7 €m, En,y €k]/// - 2ei + 7€j)1/30
T (2,53
Os(5(e; +em +en+er) — Te; + 26’;‘)1/30
8| (3,6,3) No Solution
9 (4,7,3) No Solution
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Table IX. Flux configurations for G5 = SU(6) with L; = Og(e; —e;)"/® and a3 = 2, 3.

exist any U(1)? gauge fluxes for an exotic-free spectrum. A similar situation occurs

in the case of (a1, 9,a3) = (4,7,3). In this case, D can be Og(—3e; + 2¢;) or

Og(—2e; + 3e;) by Eq. (2.102). However, they neither solve Eq. (2.51) 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 ag = 2,3 in Table IX in

which all L; and Ls satisfy the BPS condition (2.51) for suitable polarizations w and

the conditions L} # Og, L;?® LS # Og and L3 ® LS # Og.
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b. 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, Mgy (7),
Ysoaz) and Xg, with enhanced gauge groups SU(7), SO(12), and Eg, respectively.
The breaking patterns are as shown in Eqgs. (2.45)-(2.47). To achieve doublet-triplet
splitting and make contact with the spectrum in the MSSM, we consider U(1)? flux
configurations (L1, Lo) 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 subsection 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
Eg, respectively. In order to split doublet and triplet states in Higgs and obtain the
spectrum of the MSSM, Lx, Loy and L§ have to be non-trivial, which breaks Gy

into Ggq X U(1)2. The breaking patterns of SU(7), SO(12) and Eg are as follows:



20

SU(T) — SU(6) xU(1) — SU@B) xSU12) xU(1) xU(1); x U(1),

48— 35+ 1o — (8, 1)g00 1 (1,3)500 1 (3,2)g 50 + (3, 2)05.0
1, 1)g00+ (1, 1)gg0+ (1,2)g36 + (3, 1) o6
0,36 T (3, L)ga 6+ (L, 1)gg0+ (1,2) 75,

+6_7 + 67 +(
(1,2)

‘1‘(3, 1)77,72,1 + (1> 1)77,0,75 + (1, 2)7,73,71
(3,1)

+(3,1)75 1 +(1,1)745
(2.114)
SO(12) — SU(6) x U(1) — SU(3) x SU(2) x U(1) x U(1); x U(1)s
66 — 350+ 1 — (8, 1)0,0,0 + (1, 3)0,0,0 + (3, 2)0,75,0 + (§> 2)0,5,0
+15, +15_, +(1,1)g00 T (1, 1)g00 + (1,2)556 + (3, 1) o6
+(1, 2)0,73 ¢+ (3, Do 6+ (L, )00+ (1,2)y5 4
+(3:1)y 5 4+ (L, 1)y4,+ (3, 1)y 40 1t(3,2)5,,
H(1,2) 5 5, +(3:1) 5oy +(1,1) 5 ¢
+(3.1) 540+ (3.2) 51
(2.115)
Es — SU6)xU(1) — SUB)xSU2)xU1) xU(1); x U(1),
78 — 35, +1p+ 1 — (8, 1)0,0,0 + (1, 3)0,0,0 + (3, 2)0,—5,0 + (3, 2)0,5,0
+20; + 20, +(1, )00+ (1,1)g 00+ (1,2)536 + (3, 1)y o

+(1,2)5 56+ (3. 1)go 6+ (1,100 T (1, 1) 150,
+[(1, 1)1,6,—3 + (3, 1)1,—4,—3 + (3, 2)1,1,—3 + c.]

+[(1, 1>71,6,73 + (‘5’7 1)71,74,73 + (3, 2)71,1,73 + c.].
(2.116)



Coupling Representation Configuration
<37 2)2,172(3 1)1,—4,—3(17 2>—7,3,1 ESO(12)EEGESU(7)
(3,2)312(3:1)5 42(1,2)55 4 | Eson)EsoazSsonz)
Qucﬁ <3v 2)1,1,—3(37 1)2,—4,2(1> 2>—773,1 EEesZSO(H)ESUU)
(3, 2)—1,1,—3(57 1)2,—4,2(17 2)—7,3,1 25 2150(12) 25U (7)
(3, 2)1,1,73@’7 1)1,74,73(1a 2)0,3,6 Y XiEeS
(372)_11—3(3»1)1—4 —3(172)036 Y XiEe S
(3, 2)2 1 2(3 1)72 (1, ) %50(12) BsU(7) 25U/(7)
(3, 2)2,1,2(:§ )o 2, 6(1, ) Ys0(12)5¥s0(12)
(3, 2)1,1,73(37 1),2,2,4(17 i)7,73,71 X Bs 550(12)25U(7)
Qd°h (3, 2)—1,1,—3(37 1)—2,2,4(1> 2)7,—3,—1 2 6 250(12) KSU(7)
(37 2)1,1,—3(:_)’7 1)7,2,—1(17 2)—2,—3,4 2EaESUU)ESO(H)
(3, 2)71,1,73@7 1)7,2,71(17 §>72,73,4 B 138U (1) 550 (12)
( )2,1,2(*3% 1)_2,274(1, Q)o,—:a,—a 250(12)250(12)5
(1, )7 3,71(17 1)2,6,2(1’ 2)7,73,71 2sU(7)250(12) L850 (7)
( é)—Q,—BA(l? 1)1,6,—3(17 2)7,—3,—1 250(12)2E625U(7)
Leh (1, §>_2,—3,4(1a 1)—1,6,—3(1’ 2)7,—3,—1 X50(12) X Es 2SU(T)
(1,2); 5 1(1,1),6 5(1,2) 5 354 | ZsumZmZsoa)
(1, 2)7 3,_1(17 1)—1,6,—3(1’ Q)_27—3,4 25U(7) LB BS0(12)
(1, i)72,73,4(17 1)2,6,2(17 2)0,73,76 E50(12)250(12)5
( )7 —3,—1(1= 1)0,0,0(17 2>_7,3,1 ZSU(7)SESU(7)
Lvth | (1,2) 5 5,(1,1) 74 5(1,2) 5, | Ssoa)XsumEsum
(1, 2)7,_3,_1(1, 1)7,0,5(17 2)2,3,—4 X5u(7) %5U(7) 550 (12)
(1, i)_2,—3,4(17 1)0,0,0(17 2)2,3,—4 2SU(7)SESU(7)
(1 2)7 -3, 1(1» 1)77,0,75<1> 2)0,3,6 ESU(7)ZSU(7)S

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

o1



52

Q u’ d¢ e° L h h
Mo((3,2)y; 9 (371)2—4,2 (371)0,2,—6(171)1,6,—3 (1a2)7,—3,—1(172)_2,3,—4(172)_2 —34
Mi((3,2), 4 5 (371)1,—4,—3(371)7,2,—1(171)2,6,2 (172)7—3,—1(172)—7,3,1 (172)7,—3,—1
Mo(3,2), ;5 (371)274,2 (371)72,2,4(171)2,6,2 (1>§)773,71(172)77,3,1 (172)7,73,71
M3(3,2>_1,1,—3(§”1)2,—4,2 (3»1)_2,2,4(171)2,6,2 (172)7,—3—1(172)_7,3,1 (172)7,—3—1
Mil(3,2)515  ((3,1)1 4 53, L)7p o1, 1)y 6 5(1,2) 5 _54((1,2) 5, ((1,2)7 54
M5(3,2), 1 5 (?’71)2,74,2 (371)72,2,4(171)71,6,73(172)7273,4(172)77,3,1 (1,2)7,73,71
Me|(3, 2)_1,1,—3(37 1)y 4o (3, 1) 544(1,1) 46 4(1, 2) , _3al(1,2) 75, (1, 2)7,—3,—1

Table XI. Field content in the MSSM from Gg = SU(6).

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 X%
in Table X. According to Table X, the possible field content is shown in Table XI. In
what follows, we shall focus on the case of XX¥-type couplings and find all possible
field configurations supported by the curves Xsy(7), Xso(12), and Xgg with given U (1)2
flux configuration (Ly, Lo).

Let us start with the case of Ygy(7) and consider (ay,as,a3) = (k, k,0) with
k=0,1,2,3. When (ai, as,as) = (0,0,0), which is the second case in Table VIII, it
is clear that we have Ly = Og(5¢; — 2¢; — 3e]~)1/30 or Ly = Os(—5e; + 3e; + 2ej)1/30.
We define (nq,n9,n3) = (n(§’1)7,2,—1’n(17§)7,—3,—17n(171)7,0,5)' To avoid exotic fields, we

require that n, € Zxo. Given field configurations (n1,ns,n3) on the curve Xgy(7), the
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necessary conditions?! for the homological class of the curve Ysu(r) are

€ — €)X =nNg— N
(e = ¢i) - Bsu =n2 = m (2.117)

(e; —€1) - Lsu(ry = n2 — ns.
if Ly = Og(5e; — 2e; — 3¢;)Y/30. For the case of Ly = Og(—5e; + 3e; + 2¢;)/%°, the

conditions are as follows:

e —e€;) 2 =ng—n
(60— &) Bsuy =2 = (2.118)

(ei —e1) - Lsu(ry = ng — ni.

Note that the first condition of Eq. (2.117) and Eq. (2.118) is universal since it comes
from the restriction of the universal supersymmetric line bundle L; = Og(e; — e;)Y/°
to the curve Ygy(7). Note that there are no further constraints for n;, ¢ = 1,2,3
except Ny € Zxp, N # Na, 3N + 2ng # dng and 3ny + 2ny + ng # 0. The last three
constraints follow from the conditions Ly # Os, Loy # Oy, and Ly, # Oyx. Let us
look at an example. Consider the case of (ny,n2,n3) = (0,1,0), Eq. (2.117) and Eq.
(2.118) can be easily solved by ¥ = h—e; —e,,, and X = h—e; —¢;, respectively. 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, (a1, s, a3) = (3,3,0). It follows from

Table VIII that Ly = Og(e; — e;)7/*°. The conditions for the homological class of the

curve Mgy (7 to support the field configurations (ny, ng, ng) are

€ —€5) X =ng—n
(6= &) Bsum =72 = (2.119)

2’fl1 =ng + ns.

This time we get one more constraint, 2n,; = no + ns. It follows that when (3, 1)772771

21L12$U(7) = OESU(?)(%(nl — ng)), LQESU(?) = OZSU(?)(%(_Bnl — 2712 + 5n3)), and

Ly - OZSU(7)<$(3TL1 +2n5 + ng)).

Esu(mn
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(v, g, avg) Conditions L,

(ei —e) - Lsumy =n2 —ng Os(5e; — 2¢; — 3¢;)!/*
(0,0,0)
(ei —e1) - Bsyy =n3 —m Os(—=5¢; + 3e; + 2¢;)'/%°

(L 1, 0)* Ng = N3 OS((% - Gj)l/lo

(1,1,0) (lersem]”) - Zsviny = ns —ny | Os(5ler, em)” — 2e; + 2¢;)Y/

( ) (—61 + €j) . ESU(?) =Nz — N Os(—5€l — 261' + 76]')1/30
2,2,0
(Gl — ei) . ZSU(7) = N3 — Ny Os(5€l — 76@ + 2€j)1/30

(3,3,0) 2ny = ny + n3 Og(e; — ;)7

Table XII. The conditions for X gy (7) supporting the field configurations (ny,na,n3)
with L1 = Os(ej - Gi)1/5.

vanishes, the doublets always show up together with singlets. For the cases of
(aq, g, a3) = (k, k,0) with k = 1,2, we summarize the results** in Table XII
Similarly, we can extend the calculation to the curve Xgoa12). Let us define
(81, 82, 83, 84, S5) = (n(372)271,2,n(gyl)%m,n(371)21_2’_4,n(1,2)2’37_4,n(171)27672) and consider
the case of (aq,as,a3) = (1,1,0), which is the third case in Table VIII. Tt is clear
that we have Ly = Os(5[er, em]” — 2e; + 2¢;)1/%°. The necessary conditions®® for the

homological class of the curve Xgo(12) with field configurations (si, s2, 53, 54, 55) are

(e = ¢) - Ssoz) = 52— =1 (2.120)

([el, €m]”) : 250(12) = S2 — 83,

*2For simplicity, we are not going to show the universal conditions (e; — ¢;) - ¥ =
wy —wy, w € {n,s} for Xgy(r and Xgo(12), respectively and (e; —€;) - X = ps — py
for X, in Table XII, XIII, and XIV.

23[’1230(12) = 0250(12)(%(31 - 82))’ LQZSO(lZ) = 0230(12)<%(281 + 352 — 583))7 and

L = Osg00 (§(251 + 53)).

Ys0(12)
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and

S4 = 83+ S1 — Sa

(2.121)

S5 = 251 — So.
Note that Eq. (2.121) impose severe restrictions on the configurations (si, sq, S3, S4, S5)-
For example, one cannot simply set (si, sa, S3, 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. (2.121). This will cause trouble when we attempt to engineer
the Higgs on the curve Ygo(12) with doublet-triplet splitting. Consider the case of
sy > 0 and set s; = 0. From the constraints in Eq. (2.121), we obtain s, + (—s3) < 0.
Note that to avoid exotic fields from Ygo(12), it is required that s;, sy € Zy and
s3 € Zgp. It follows that 0 < s9 4+ (—s3) < 0, which leads to a contradiction.
As a result, the appearance of (3, 2)27172 cannot be avoided on the curve Xgo(12) as
N(1,2)2,3,,4 =s4 > 0. If s4 > 0, actually the most general non-trivial configurations are
(81, S92, 83,84, 85) = (I, [ +n—m,n, m,l+m—n), where m, | € Z~gand m—1[1 < n < 0.
Note that (3,2),, , is treated as matter in the MSSM, which requires that* I < 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:

3\

1,0,0,1,2),(2,1,0,1,3),(2,0,—1,1,4),

(2.122)

.
(
(3,2,0,1,4),(3,1,-1,1,5),(3,0,—2,1,6),

(817 S2, 83, S4, 55) =

(
(

)
)
2,0,0,2,4),(3,1,0,2,5), (3,0, —1,2,6),
3,0,0,3,6)

\ Vs

If —3 <54 <0, with 0 <59, 59 <3 and —3 < s3 <0, we have another branch of the

24We allow the cases in which three copies of matter fields can be distributed over
different matter curves.
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configurations as follows:

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),

(81, S2, 83, S4, S5) = ,
(2,3,0,—1,1),(2,1,-3,-2,3),(2, 3, -2,1),
(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’ 27 37 274 )
(2.123)

where all configurations® in (2.122) and (2.123) satisfy the conditions Lz # O,
Loy, # Oy, and L%, # Oyx. With these configurations, one can solve the conditions
for the intersection numbers, namely, the conditions in Eq. (2.120). Let us consider
the case of (s1, sa, 83,54, 55) = (1,0,0,1,2), it is clear that ¥ =2h —e; — e, — ¢, is a
solution. For a more complicated case, for example (sq, sq, S3, 54, 55) = (3,1,—1,1,5),
the conditions can be solved by ¥ = 4h + e, — 2¢; — 2¢; if [, €,,]" = ¢, — €,, and by
Y =4h+e, —2e; — 2ey, if [e, €] = € — €.

Let us turn to another case. Consider the first case in Table VIII, namely
(an,a0,3) = (1,1,0)*. The supersymmetric fractional line bundle Ly is Og(e; —

e;)!/1°. The necessary conditions are

(ei —€j) - Yso(12) = S2 — 51 (2.124)

51 = 83,

and Eq. (2.121). Note that (3,2)_, , , and (3,1), , , are exotic fields in the

%5 < 0 represents N81)y o 4 = 0 and NE1)_,,, = 53 The same rule can be
applied to other s;.
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MSSM. The constraint, s; = s3 in Eq. (2.124) and Eq. (2.121) imply that s; = s3 = 0.
If s4 > 0, by the constraints in Eq. (2.121), we obtain (s1, 9, $3, S4, 55) = (0,0,0,0,0).
If s4 < 0, we have general configurations (s, S, 3, 84, $5) = (0,7n,0, —n, —n), where
1 < n < 3. However, these configurations violate the condition L§. # Os. As a check,
using the configurations in (2.122), (2.123), 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 VIII, namely (aq, as, a3) = (3,3,0). In

this case, Lg is Og(e; — €;)7/30. The necessary conditions are

(e; —ej) - Yso(12) = S2 — 51 (2.125)

252 =851 + S3,

and Eq. (2.121). It is easy to see that sy = s4. If s5 = 0, we obtain the non-
trivial configurations (si, so, S3,S4,55) = (k,0,—k,0,2k), where 1 < k < 3. Note
that these configurations satisfy the conditions, L1y, # Os, Loy # Oy, and L§ #
Os. Let us turn to the case of ss = m € Z-o. The general configurations are
(81,82, 83,84, 85) = ([,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, Los, # Oy, and L§, # Osx. Putting these two branches together,

we obtain

(1,0,-1,0,2),(2,0 —2,0,4),(3,0,-3,0,6),
(81,82783784,S5> = . (2126)
(2,1,0,1,3),(3,1,-1,1,5)

As a check, from the field configurations in (2.122), (2.123) and the constraint 2s, =

s1 + s3, one can find that there are exactly five solutions as shown in (2.126).
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(o, g, arg) Conditions L,

(e; —e) - Bsoaz) = 53 — 51 Os(5er — 2¢; — 3¢;) /%
(0,0,0)
(e; — €1) - Esonz) = 52 — 53 Os(—ber + 3e; + 2¢;) /%

(1,1,0)* $1 = S3 Os(e; — e;)1/10

(17 L, O) ([eh em]//) : 250(12) = 89 — 83 03(5[817 €m]” — 2e; + 2€j)1/30

( ) (—61 + €j) . 250(12) = S9 — S3 05<—5€l — 261' —+ 76]’)1/30
2,2,0
(El — Ez) . 250(12) — S9 — S3 05(561 — 762' + 26j)1/30

(37 37 O) 232 = 81 + S3 OS(ej _ 61)7/30

Table XIII. The conditions for Xgo(12) supporting the field configurations

1/5

(51,82, 83, 84, 55) with L; = Og(e; — e;)"/® and constraints 2s; = sy + s5,

S84 = 83 + 81 — So.

Let us take a look at some solutions for the curve satisfying Eq. (2.125). For the
the case of (s1, s2, S3, 54, 55) = (2,1,0,1, 3) , it is easy to see that ¥ = h—e; — e, solves
the first equation in Eq. (2.125). For the case of (s1, $2, 83, 84, 85) = (2,0,—-2,0,4),
¥ = 3h—2e; —e, can be a solution. From these examples, we expect that if we choose
Yso(12) to house Higgs fields, it will be difficult to achieve doublet-triple splitting with-
out introducing extra chiral fields. For other U(1)? flux configurations corresponding
to the case of (aq,ag,a3) = (k, k,0) with k£ = 0,2, the analysis is similar to the case
of £k =1. We summarize the results in Table XIII.

In addition to doublet-triplet splitting problem, we also would like to study the
matter spectrum. According to Table XI, the matter fields can come from the curves
Ysu(r), 2so2), and Y. The configurations of the fields and the conditions of the
intersection numbers on the curves Xgy(7) and Xgo(12) have been studied earlier in

this section. Next we are going to analyze the case of X,. Note that for the case of
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My in Table XI, to engineer 3 X dg on the bulk, it is required to set a3 = 3. However,
it gives rise to exotic fields (1,2);4 and (1,2)_; ¢ 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, s, a3) = (0,0,0). It is clear that Ly = Og(be; —
2¢; — 3¢;)Y30 or Ly = Os(—5e; + 3e; + 2¢;)'/30. We define (py, p2, p3, P4, D5, P6) =
(n(3,2)1,17_3,n(s,z)_1717_3, NE1), MG,y ML), 6 s n(1,1)_1,67_3)- The necessary

conditions?® for the curve Y g, are as follows:

(e —ej) “Ygs =P3— D1

(2.127)
(e; —€1) - Xgg = p2 + ps,
and
Pas=D2+p3— D1
D5 = 2p1 — p3 (2.128)

P6 = P1 + P2 — Ps,
if Ly = Og(5e; — 2e; — 3¢;)Y/30. For the case of Ly = Og(—5e; + 3e; + 2¢;)1/*°, the

conditions are
(ei—ej) Xg, =ps — 1 (2.129)
(ei —e1)  Xge = —p1 — po,
and Eq. (2.128), where L; = Og(e;j—e;)'/® has been used. Note that the first condition
in Eq. (2.127) and Eq. (2.128) are universal since they come from the restriction of
the universal supersymmetric line bundle L; = Og(e; — ei)l/ ® to the curve X, and
from the consistency of the definition of (p1, ps, ps, 4, D5, Ps), respectively and that

Eq. (2.128) impose severe restrictions on the configurations (py, ps, p3, pa, Ps, Ps). For

example, one can simply set (p1, p2, ps, P4, Ps, Ps) = (n,0,0,0,0,0) to engineer n copies

26L12E6 = OEEG(%(pl —p3)); Loy, = 02E6(—%(3p1 + 5p2 + 2p3)), and L,EEﬁ =
OEES(%Q?l _pQ))'



60

of (3,2),, 3 on the curve Xp,. Then by constraints in Eq. (2.128), n is forced to
be vanishing 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, pa, p3, P4, P5,P6) = (0,1,0,1,0,1), where | € Z~o. When py = py =
0, the non-trivial configurations are (p1, p2, ps, p4, Ps, ) = (m,0,m,0,m,0) with m €
Z~o. If p3 = py = 0, it follows that (p1,p2, 3, p4,s5,06) = (n,1,0,0,2n,2n), where
n € Z~q. However, these configurations violate the conditions Ly # Oy, Loy, # Ox
and L5, # Ox. Therefore, we need to find more general non-trivial configurations. 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. (2.128), we obtain the following configurations

(

0,7,1— —1,2r—1),(L,r,1 —r,0,r+1,2r),
0,4,2-¢,2,9g—2,2¢—2),(1,¢,2—¢q,1,q,2¢ — 1),
(2,¢,2—¢q,0,q+2,29),(0,v,3 —v,3,v—3,2v — 3),
(L,v,3 —v,2,v—1,2v —2),(3,v,3 —v,0,v + 3, 20),

(1, P2, D3, D1, D5, P6) = )
(2,0,3—v, 1,0+ 1,20 — 1), (1,t,4 — t,3,t — 2,2t — 3),
(2,6,4 —,2,4,2t —2), (3, ,4 — t,1,t + 2,2t — 1),
(21,5 — u,3,u — 1,2u — 3),(3,3,3,3,3,3),

[ Byu, 5 —w,2,u+1,2u—2)

Vs
(2.130)
wherer =0,1,¢=0,1,2,v=0,1,2,3,t =1,2,3, and u = 2, 3. Taking the conditions

of Lix # Oy, Loy # Ox and L§, # Oy into account, the resulting configurations are



61

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),

(p17p27p37p47p57p6> = <

)
(
(1,0,3,2,-1,-2),(2,0,3,1,1, -1),
,(3,1,2,0,4,2),(3,2,1,0,5,4),

(

1,2,2,3,0,1),(2,1,3,2,1,0), (2,3,1,2,3,4),

(
( )
( )
(2,3,0,1,4,5)
(1, )
(3,2,2,1,4,3) )
(2.131)
Once we get allowed configurations, it is not difficult to calculate the homolog-
ical classes of the curves, which satisfy Eq. (2.127) or Eq. (2.129). For exam-
ple, consider the case of (p1, pa, p3, P4, P5,06) = (0,1,1,2,—1,0), one can check that
Y = 3h —e; + ¢ solves Eq. (2.127). Let us look at one more complicated example,
(p1, P2, 3, P4, 05, 06) = (3,2,2,1,4,3). In this case, X = 6h + 3e; + 2¢; — 2¢; is a
solution of Eq. (2.129). Next we consider the case of (o, a9, a3) = (1,1,0). It is
clear that we have Ly = Og(5[e, em]” — 2¢; + 2¢;)'/30. The necessary conditions are

€ —€j) Xpg, = D3 —
(e =) oo =ps = 1 (2.132)

([el’ em]//) : EE@' = —P1— P2,

and Eq. (2.128). Note that the constraints are the same as the previous case,
(o, g, a3) = (0,0,0). As a result, the allowed configurations are the same as (2.131).
Let us take a look at the classes of the curves, which solve Eq. (2.132). For simplic-
ity, we focus on the case of [e;, e,,|” = e; — e, and consider (p1, ps, p3, P4, Ps5, Ps) =
(1,0,2,1,0,—1), it is not difficult to see that ¥ = h — ¢; — e, is a solution. For the
case of (p1,pa, p3, P15, 06) = (2,1,1,0,3,2), ¥ = 4h + 2¢; — e; — e, can solve Eq.
(2.132).

Let us turn to the first case in Table VIII, namely (ay,as,a3) = (1,1,0)*. In
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this case, Ly is Og(e; — e;)Y/!° and the necessary conditions for the homological class

of X, with given configurations (p1, pa, p3, Pa, Ps, D) are

€ — €)Xy =p3—p
(€ =€) Be =ps — 1 (2.133)

p2 +p3 =0,

and Eq. (2.128). Note that to avoid exotic fields, we require that py, pe, ps, ps € Z>o.
The constraint, p, + p3 = 0 in Eq. (2.133) implies that p, = p3 = 0. By the
constraints in Eq. (2.128), we obtain (p1,p2, ps, pa, ps,06) = (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 (2.131) and the constraint ps + p3 = 0, it is easy to see that there is
indeed no solution, namely all configurations in (2.131) are completely ruled out by
the constraint py + p3 = 0.

For the case of (ay,az,a3) = (3,3,0), we have Ly = Og(e; — ¢;)7/*°. Given the

configuration (p1, ps, p3, P4, Ps, P6), the necessary conditions are

€ —€j) Xp; =p3—p
(€ = &) Vg =Py = (2.134)

pP3 = 2p1 + po,

and Eq. (2.128). Since (3,2),, 4 (3,2)_y;_3 (3,1); _, 4 and (3,1); _, _, arc all
matter in the MSSM, we require that p; < 3, ¢ = 1,2, 3,4. By the second condition
in Eq. (2.134), we have (p1,p2) = (1,0), (0,1), (0,2), (0,3), or (1,1). Since py < 3,
it follows that the allowed configurations are (pi, p2, ps, P4, Ps,P6) = (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 Liy # Osx, Loy # Ox and Ly, # Ox. As a result, the

resulting configurations are

(p1, P2, D3, Pa, D5, P6) = { (0,1,1,2,-1,0), (1,0,2,1,0,—1) } (2.135)
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(1, g, i) Conditions L,

(6 — €)X = po+ps Os(5be; — 2e; — 3e;) /3
(0,0,0)
(6; —e) X =—p1—p2 Os(—ber + 3e; + 2¢;) V%

(LLO)* D2 + D3 =0 OS(ei_ej)l/lo

(1,1,0) ([er, em)”) - B = —p1 — 2 | Os(5[er, em)” — 26; + 2¢)1/30

: ) (—er+e) X=—p—p2| Og(—5e;— 2e; + Te;)/*
2,2,0
(e1—€;) X =—p1 — o Os(5e; — Te; + 2e,) /3

(3,3,0) p3 = 2p1 + Do Os(e; — e;)7/*

Table XIV. The conditions for ¥ g, supporting the field configurations
(p17p27p37p47p57p6) with Ll = OS(ej - ei)l/B and constraints

Pa = P2+ P3 — D1, Ps = 2p1 — p3, and ps = p1 + p2 — p3.

As a check, using the configurations in (2.131) and the constraint p3 = 2p; + p, one
can see that the resulting configurations are the same as that in (2.135). Now let us
solve the classes of the curves satisfying Eq. (2.134). For these two configurations,
the first condition in Eq. (2.134) can be solved by ¥ = h — ¢; — ¢;. For other U(1)?
flux configurations corresponding to the case of (ay, ag, ag) = (k, k,0) with k& = 2, the
analysis is similar to the case of Kk = 0,1. We summarize the results in Table XIV.
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.
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3. Non-minimal Spectrum for the MSSM: Examples

In the previous section we already analyzed the spectrum from the curves gy (7),
Yso(i2), and X g,. 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 the previous subsection 2b.

In what follows, we shall focus on the case M; in Table XIII. In this case, ) and
e¢ are localized on the curves with Gy = SO(12). u® comes from Xp, and d°, L, h
and h live on Mgy (7). It is not difficult to see that in the examples considered, 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 results
in Table VIII, let us consider the U(1)? flux configuration L; = Og(e; — e3)'/® and
Ly = Og(5e3 — 2e5 — 3e1)'/3 which corresponds to the case of (ay, as, a) = (0,0,0)
on the bulk. To obtain three copies of ) and e, we engineer two curves Z}souz) and
220(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 Ego(m)- For the curve 2250(12), we get
exotic fields 1 x (3, 1)_2727 , and two singlets. To get three copies of u¢, we arrange two
curves, ¥ and ¥%, 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, 1 x(3,2)_,, 3 and six singlets on Y- On
%%, the exotic fields are 2 x (3,2);; 4, 1 x (3,2)_;, 4 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 d, 3 x L, 1 x h and 1 x h on individual curves, denoted
respectively by ZEU(”, Z%Um, S ry and chl*U(?)‘ Note that (3,2)., 4, (3,1)_y44,

and (1, 2)7773’71 can form trilinear couplings.
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Multi. |Curve by Js Lis; Loy, LS
2x @ 2721 Sh+2e, — 2y o) 1)2/5 |® 7/15 |®) 1/3
g e | 5002 ey — %e; E%ouz)( ) Ego(lz)(l) 2150(12)(1)
4h 4+ ey — e3
1% Q X302 o o 0 Osz, (D5 Os2 (1) Oz (110
ey €5
2xut® XL |5h+3es — e 0 02%6(1)1/5 02%6(—1)3/5 Oy, (1)
1xue® $2 |4h+2e5— ¢ 0 02%6(1)1/5 Oss (—1)13/30 (92%6(1)1/2
3 X d° | Xy py|4h + €2 + ez — 2¢1| 0 OzlsU(7>(1)3/5 Osy . (= 1)3/10(9213[](7)(1)3/14
3X L | gy |4h +es 4 e — 26 0 O%(7)(—1)3/5 52,0 (— 1)1/5 O%ma)l/?
Lxh (S| h—er—es 0 (’)ggU(7>(1)1/5 SU(7)(1)1/15 21511(7)(_1)1/21
Ixh |Syq| h—es—e 0 OEgU(7>(—1)1/5 SU<7>( 1)1/15OZ§U(7)(1)1/21
Lx @ %G, |3h —er — ez —2ey 0 OngW)(—l)M w20 (= 1)1/1502%(7)(1)1/21

Table XV. An example for a non-minimal MSSM spectrum from Gg = SU(6)
with the U(1)? gauge flux configuration L; = Og(e; — €)'/ and
L2 = 05(563 - 262 — 361)1/30.

To make the exotic fields form the couplings, we introduce one extra curve Eg’Um
with @ = (1,2); 5 ;. Now we arrange S, intersects X, and X7, so does
2%0(12) The curve EgU(?) passes through the intersection point of 2}90(12) and ZlEG and
that of 3%, and X%, The vertices of the triple intersections (Sgp 19y Sy Zigp(r))

and (2?90(12) Z%G,ZgUm) represent the coupling Quch. Another two vertices are

2"With one additional singlet.
BWith two additional singlets.
29With six additional singlets.
30With five additional singlets.
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formed by triple intersections (2}90(12)’ EQEG, E?U(?)) and (Z%O(u), ZlEG, EgU(?))v which
represent the coupling OW® and OU®, where © = (3,2)11 3 0 = (3,2) 11 3
and ¥ = (3, 1)727274. 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 QQd°h, one can arrange two curves E}gU(nv and
ECSI“UW) intersect 2150(12) at one point. For the coupling Le‘h, one can let the curve
E?S*U(n intersect EgUW) at another point on 2}90(12). The intersection point of X

and E%Um represents the coupling Lv°h. To sum up, the superpotential is as follows:
W D Wussu + OUD + OUdD + - - . . (2.136)

As mentioned earlier, through the last two couplings in (2.136), we obtain a
non-minimal MSSM spectrum at low energy. Note that in this case, h and h come
from the curves EZ‘UU) and EgUm, respectively. As shown in section F-2b, 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 Gg = SU(6) and with U(1)? gauge fluxes. As shown in section
F-2b, 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 XV. 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 () and e, we engineer two curves i}@om) and i?@om) with field
content (2,1, —2,—1,3) and (1,2, —1,—2,0), respectively. Clearly the exotic fields are
1x(3,1)y_40,2%(3,1)_ 54 and 1x(1,2)_, 4, 0n 5390(12)- For the curve i%’O(lQ)’

we get exotic fields 2 x (3,1), 45, 1 X (3,1) 554, and 2 x (1,2)_, _5,. To get three

copies of u¢, we arrange two curves, i}% and i%ﬁ with field content (2,1,1,0,3,2) and
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(3,1,2,0,4,2), respectively. We have exotic fields 2 x (3, 2)171,_3, 1x(3, 2)_1717_3, and
five singlets on 2}, . On 32, the exotic fields are 3 x (3, 2)11 3 1%x(3,2) 1, _4 and
six singlets. Since the rest of the fields in the case of M; come from the curves with
Gy = SU(T), we can easily engineer 3 x d°, 3x L, 1 x h and 1 x h on individual curves,
denoted respectively by i}gU(nv i%Um, igUm, and i%U(?)' Note that these exotic
fields can form trilinear couplings with triplets on Xgrr(7). To make the exotic fields
form the couplings, we introduce three extra curves Zgllf(ﬂ’ 2;2](7), and Zggm with
T1=(3,1) 7 5, T, = (3, 1);5 1, and T3+ A, respectively, where T3 = (3,1) _, ,,

and A = (1,1)_,, 5. The superpotential is as follows:
W D Wussm + ZAT + EAT, + OIIT, + O T, + WAT; + -+, (2.137)

where = = (3,1), 4, A = (1,1);5 5 A = (1,1)_,5 4 and I = (1,2)_,_,,.
When Y, To, 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
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 XVI.3!

31In this example () and u* are localized on different curves. The Yukawa coupling
Qu°h descended from 10105 can be expressed as [Xgq9) (1, 2) + X519 (3)] X5, (1) +

iQEG (2,3)] [EZUU)] generating nonvanishing diagonal elements in the Yukawa mass ma-
trix, where the indices in the parenthesis represent the generations.
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Multi. | Curve Y gs Lis Lo, I
2xQ sl Sh = e —des 0 0= (1)1/5 O (1)17/30 O (1)1/3
+3 X e° so0U2) —es s0(2) Z50(12) Y50(12)

1x QP2 pdh+er — 2546 0Oy (D)2 0g,  (1)B/%|0g, (1)1

SO(12) SO(12) S0O(12)

I xu®| Bf |4h+2e5—e; 0Oz (1)/5 Os1 (—1)13/30 Os1 (1)1/2
6 6 6
2 xut| B3 |5h+3es — e 0O (1)1/° Og: (—1)*° 052 (1)
6 Eg Eg
c |$1 _ N 3/5 - _1\3/10[ ). 3/14
3xd ESU(7) 4h + €2 + €3 261 0 OZ}SU(?)(l) OZ}‘?UW)( 1) @ éU{7)<1)
$2 _ N 135 | _N\1/5 | 1/7
3 X L ESU(?) 4h 4+ e3 + e — 2e9 O OZQSUM( 1) OESUm( 1) @) SUm(l)
7 15w _ N 1/5 N 1/15 N _1)\1/21
L h | Sty |3h+ e2 — ¢4 0|05, (W' |Og, ()" |05, (-1)
SU . ~ _1\1/5 |- _1\1/15| ). 1/21
1xh ZSU(?) h €9 €4 0 OZ%U(U( 1) OZSU(?)( 1) @) SU(7)(1)
T S N _1\1/5 | 1/10 N _1\1/14
1x 7T, ZSU(?) h — ey — e3 0 Ozgzljm( 1) OZ?U(7)(1) Ozgém( 1)
1 x 7T, §§5(7) 2h—e1—es—e;5 | 0|Ogr, \(1)1/5 O, \(—1)1/10 Ogr, \(1)1/14
1 x T3 ey
2;31(7) h—ey—ey 0 OiTg (—1)1/° O, (—1)1/10 O+ (—1)2/2
+1x A SU(7) SU(7) SU(7)

Table XVI. An example for a non-minimal MSSM spectrum from Gg = SU(6)
with the U(1)? gauge flux configuration L; = Og(e; — e3)/® and
L2 == 05(563 — 262 - 361)1/30.



69

G. Conclusion

In this chapter we demonstrated how to obtain U(1)? gauge flux configurations
(L1, Lo) 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 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 obtained all
flux configurations as shown in Table VIII and Table IX. For the case of Gg = SO(10),
as shown in [15] 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 studied the field configurations localized
on the curves with non-trivial gauge fluxes induced from the restriction of the flux
configurations on the bulk S. With non-trivial induced fluxes, the enhanced gauge
group Gy will be broken into Gyq x U(1). Under physical assumptions, we obtained
all field configurations localized on the curves with Gy = SU(7), Gy = SO(12)
and Gy = Fg. Form the breaking patterns, we knew that Higgs fields are localized
on the curves Xgy(7) and Xgo(12). On the curve g7y, we found that doublet-
triplet splitting can be achieved. However, it is impossible to get the splitting on the
curve Xgo(12) without raising exotic fields, which means that when building models,
we should engineer the Higgs fields on the curve Ygy(7) instead of Ygoa2). Unlike
Higgs fields, matter fields in the MSSM are distributed over the curves Gy, = SU(7),
Gy = SO(12) and Gy = Eg. 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
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massless spectrum when these doublets or triplets get vevs. In order to achieve this,
we introduced 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.
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CHAPTER III

SEMI-LOCAL FLIPPED SU(5) MODELS??

In this chapter we construct supersymmetric flipped SU(5) GUTs from Ejg singulari-
ties in F-theory. We start from an SO(10) singularity unfolded from an Fg singularity
by using an SU(4) spectral cover. To obtain realistic models, we consider (3,1) and
(2,2) factorizations of the SU(4) cover. After turning on the massless U(1)x gauge
flux, we obtain the SU(5) x U(1)x gauge group. Based on the well-studied geomet-
ric backgrounds in the literature, we demonstrate several models and discuss their

phenomenology.

A. ADE Singularities and Spectral Covers

1. Elliptically fibered Calabi-Yau Fourfolds and ADFE Singularities

Let us consider an elliptically fibered Calabi-Yau fourfold 7 : X, — B3 with a section
op, : B3 — X,. Due to the presence of the section op,, X4 can be described by the
Weierstrass form:

vV =23+ fr+g, (3.1)

where f and g are sections of suitable line bundles over B3. More precisely, to maintain
Calabi-Yau condition ¢;(X,) = 0, it is required that* f € I'(Kg}) and g € I'(Kg?),
where Kp, is the canonical bundle of Bs. Let A = 43 + 27¢* be the discriminant of
the elliptic fibration Eq. (3.1) and S be one component of the locus {A = 0} where

elliptic fibers degenerate. In the vicinity of S, one can regard X, as an ALE fibration

32Reprinted from Journal of High Energy Physics, Vol 2011, Number 3, 49, Ching-
Ming Chen and Yu-Chieh Chung, Flipped SU(5) GUTs from Eg Singularities in
F-theory, Copyright 2011, with permission from SISSA.

33The symbol I'(L) stands for a set of global sections of the bundle L.
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over the surface S. To construct SO(10) and flipped SU(5) GUT models, one can
start with engineering a Dj singularity corresponding to the gauge group SO(10) in
the following way. Let z be a section of the normal bundle Ng/p, of S in B3 and the
zero section then represents the surface S. Since f and g are sections of some line

bundles over Bs, one can locally expand f and ¢ in terms of z as follows:

f= 32 fr(u, v)zk, g= QZgl(u,v)zl, (3.2)

where (u,v) are coordinates of S and the prefactors 2 and 3 are just for convenience.

Then the Weierstrass form Eq. (3.1),

4

6
y' =2 +3 Z fr(u,v)2"2 42 Zgl(u, v)z, (3.3)

k=0 =0
describes an ALE fibration over S, where f; € I'(K5'® Op,(—kS)) and g, € (K5’ ®
Op,(—15)).3* According to the Kodaira classification of singular elliptic fibers, one
can classify the singularity of an elliptic fibration by the vanishing order of f, g, and
A, denoted by ord(f), ord(g), and ord(A), respectively. We summarize the relevant
ADF classification and corresponding gauge groups in Table XVII. The detailed list
can be found in [17]. According to Table XVII, a Ds singularity corresponds to the
case of (ord(f),ord(g),ord(A)) = (>2,3,7) or (2,> 3,7). Recall that S is the locus
{z = 0}. To obtain a Dj singularity, the vanishing orders of f and g at z = 0 are

required to be two and three, respectively®. Let us consider the sections f and g to

3By adjunction formula, Kg = Kp, ® Ng,/p,|s, we have f, € T(Kg' ® Né/_gs) and
qr € F(K§6 ® N g/_és), where K is the canonical bundle of S.

350ne can show that in this case the only consistent triplet vanishing orders for
a Ds singularity is (ord(f),ord(g),ord(A)) = (2,3,7). The higher order terms are
irrelevant to the singularity. However, they may change the monodromy group [76].
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Singularity | ord(f) | ord(g) | ord(A) | Gauge Group

A, 0 0 n+1 SU(n+1)
D,y > 2 3 n+6 SO(2n + 8)
Dy 2 >3 n+6 | SO(2n+38)

Es >3 4 8 Eg

E, 3 >5 9 Er

Ex > 4 5 10 Ey

Table XVII. ADFE singularities and corresponding gauge groups.

be

f=3(f2"+ f32°),  g=2(g32" 4 922" + g52°). (3.4)

Then the corresponding discriminant is given by

A = O[3+ g2) + (3F2f5 + 29594) 2 + (Bfof2 4 g2 + 2g3g5) 2>

+ (2 4+ 2g495)2° + O(2Y)], (3.5)

where ¢ = 4 - 27. To obtain ord(A) = 7, let us set f, = —h? and g3 = h®, where

h € (K5 ® Op,(—S)). Then the discriminant is reduced to
A = cz"[(3h* f3 + 2h%gy) + (=3R%f3 + g7 +2h°gs) 2 + (fs + 29495)2° + O(2*)]. (3.6)

The singularity of ALE fibration is now characterized by the sections {h, f3, g4, g5}
When h = 0, one can find that (ord(f),ord(g),ord(A)) = (3,4, 8) at the locus {z =
0}N{h = 0}. It follows from the Kodaira classification that the singularity is enhanced
to Fg. When 3hf; + 294 = 0, the triplet vanishing orders becomes (2,3, 8), which

implies that the singularity at the locus {z = 0} N {3hf; + 294 = 0} is D¢ and that
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Gs |(ord(f), ord( ),ord(A)) Locus
50(10) (2,3,7) {z =0}

FEs (348) {z=0}n{h =0}
SO(12) (2,3,8) {2 =0} N {3hfs + 29, = 0}

E; (3,5,9) {z =0} {h = 0} N {gs = 0}
SO(14) (2,3,9) {z=0}N{3hfs+ 29, =0} N {3f2 — 8hgs =0}

Table XVIII. Gauge enhancements and corresponding loci.

the corresponding enhanced gauge group is SO(12). In a similar manner, one can
find the codimension two singularities corresponding to F; and SO(14) in S. We
summarize the results in Table XVIIIL.

For later use, it is convenient to introduce the Tate form of the fibration:
y* = 2% + bya’z + bayz® + barz® 4+ b2, (3.7)

where b,,, € (K °® Ng/5,). Actually, Eq. (3.7) is nothing more than the unfolding
of an Fjg singularity to a singularity of SO(10). Notice that by comparing Eq. (3.7)
with Egs. (3.3) and (3.4), one can obtain the relations between { f2, f3, g3, g1, g5} and
{bo, by, b3, by} as follows:

f2 =~ 40}
fu = b,

g4 = %bé - %b2b4

_ 1
L gs = 3bo.
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Gs Locus Object
SO(10) {z =0} GUT Seven-branes

Es {z=0}n{by, =0} Matter 16
SO(12) {z=0}N{bs =0} Matter 10

E; {z=0}Nn{bs =0} Nn{b, =0} Yukawa Coupling 16 16 10
SO(14) {z =0} N{bz =0} N {b3 — 4byb, = 0} Extra Coupling

Table XIX. Gauge enhancements in SO(10) GUT geometry.

With the relations in Eq. (3.8), the discriminant Eq. (3.6) becomes

A = ¢Z'{16b3b} + [27b; — T2byb3b, — 16b} (b3 — 4bgb,)]2

+ [16by(4b3 — 18bgby,) + 216bgb3]2* + O(2%)}, (3.9)

where ¢ = . It follows from Eq. (3.8) that the codimension one loci {z = 0}N{h = 0}
and {z = 0} N{3hf3+2¢4} in S can be equivalently expressed as {z = 0} N {b, = 0}
and {z = 0} N {bs = 0}, respectively. Due to the gauge enhancements, matter 16
and 10 are localized at the loci of Fg and SO(12) singularities, respectively. One
can also find that the loci of codimension two singularities E; and SO(14) in S are
{z =0}n{bs =0} N{by =0} and {z = 0} N {bz = 0} N {b2 — 4byb, = 0},
respectively. At these loci, the corresponding gauge groups are enhanced to F; and
SO(14), respectively®®. In particular, the Yukawa coupling 16 16 10 can be realized
at the points with E7 singularities. We summarize the results in Table XIX.

360ne can also use Tate’s algorithm to determine the singularity type of the Tate
form Eq. (3.7) [12].
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2. SU(4) Spectral Cover

To engineer the SO(10) gauge group from an Eg singularity, let us consider the

following decomposition

Es — SO(10) x SU(4)

248 — (1,15) + (45,1) + (10,6) + (16,4) + (16,4). (3.10)

and the Tate form of the fibration,
y? = 2° + b2’z + bayz® + byrz® + by’ (3.11)

For simplicity, let us define ¢; = ¢1(S) and t = —c¢1(Ng/p,), then the homological

classes of the sections x, vy, z, and b,, can be expressed as
[7] =3(c1 = 1), [y] =2(c1 = 1), [z] = =2, [bw] = (6 —m)cr —t=n—mc. (3.12)

Recall that locally X, can be described by an ALE fibration over S. Pick a point
p € S and the fiber is an ALE space denoted by ALE,. One can construct an
ALE space by resolving an orbifold C?/T spg, where T'spg is a discrete subgroup of
SU(2) [112], for more information, see [113-117]. It was shown that the intersection
matrix of the exceptional 2-cycles corresponds to the Cartan matrix of ADFE types.
In this chapter we will focus on engineering the SO(10) gauge group by unfolding an
Eg singularity. To this end, let us consider oy € Hy(ALE,,Z), i = 1,2,...,8 to be
the roots®” of Eg. The extended Eg Dynkin diagram with roots and Dynkin indices
are shown in Fig 1. Notice that a_y is the highest root and satisfies the condition
a_g + 20q + 3ag + dag + bay + 6as + dag + 2a7 + 3ag = 0. To obtain SO(10), we

3TBy abuse of notation, the corresponding exceptional 2-cycles are also denoted by
QG
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o 3
1 2 3 4 ) 6 4 2
o - O0—0O0—0—0—0—0—0
a_p (651 (6% Qa3 (%] (6751 (67 (074

Fig. 1. The extended Eg Dynkin diagram and indices.

keep the volume of the cycles {ay, as, ..., ag} vanishing and then SU(4) is generated
by {1, s, as}. An enhancement to Fg happens when g or any of its image under
the Weyl permutation shrinks to zero size. Let {\1,..., \s} be the periods of these
2-cycles. As described in [16,47], the information of theses A; can be encoded in the

coefficients b,, in Eq. (3.11) via the following relations:

( by
b
E:mjzi

¢ (3.13)
b
> AN, = i

i<j<k
b
H)\l = b_47
L 0

where b,, = b,,|.—0. Equivalently, {\1,..., \s} can be regarded as the roots of the

equation

bo [ [ (s + M) = bos + bas® + bys + by = 0. (3.14)
k

When p € S varies along S, Eq. (3.14) defines a fourfold cover over S, called the
fundamental SU(4) spectral cover. This cover is a section of the canonical bundle
Kg — S. When \; vanish, [[; \; = by = 0 in which the gauge group is enhanced
to Eg and matter 16 is localized. According to the decomposition (3.10), matter 10

corresponds to the anti-symmetric representation 6 of SU(4), associated to a sixfold
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cover C'%  over S. This associated cover cﬁi)v can be constructed as follows:

N2V
bo [ [ (s + X+ Aj) = 03s® + 2bobas™ + (b3 — dbobs)s® — b3 = 0. (3.15)
i<j

Since matter 10 corresponds to A; + A; = 0, @ # j, it follows from Eq. (3.15) that
bs = 0, which means that matter 10 is localized at the locus {b3 = 0} as shown
in Table XIX. It is not difficult to see that the spectral covers indeed encode the
information of singularities and gauge group enhancements. However, the power of
spectral cover is more than that. With the spectral cover, we can construct a Higgs
bundle to calculate the chirality of matter 16 and 10 by switching on a line bundle

on the cover.

Let us define X to be the total space of the canonical bundle Kg over S. Note
that X is a local Calabi-Yau threefold. However, X is non-compact. To obtain a
compact space, one can compactify X to the total space X of the projective bundle
over S, i.e.

X = ]P’(OS @D Ks), (316)

with a map 7 : X — S, where Og is the trivial bundle over S. Notice that X is
compact but no longer a Calabi-Yau threefold. Let O(1) be a hyperplane section
of P! fiber and denote its first Chern class by 0.. We define the homogeneous
coordinates of the fiber by [U : V]. Note that {U = 0} and {V = 0} are sections of
O(1) ® Kg and O(1), while the class of {U =0} and {V = 0} are 0 = 0o, — 7 ¢1(S)
and 0., respectively. By the emptiness of intersection of {U = 0} and {V = 0}, one
can obtain o -0 = —0 - 7*c;. The affine coordinate s is defined by s = U/V. In X,

the SU(4) cover Eq. (3.14) is homogenized as

CH U + bUV? + byUV? + b,V =0 (3.17)
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with induced map ps : CY — S. It is not difficult to see that the homological class
[C™] of the cover C® is given by [C®*] = 40 + 7*5. One can calculate the locus of

matter 16 curve by intersection of [C(Y] with o
CYNo = (4o +7"n) -0 =0 7" (n—4c1), (3.18)

which implies that [¥16] = 7 — 4¢; in S. Alternatively, it can be followed from the
fact that the locus of X6 in S is {by = 0}. On the other hand, it follows from Eq.

. that the homological class of the cover 1S glven
3.15) that the homological class of th c% s given by

N2V
6) 1 _ *
[C\2y] = 60 427" (3.19)

Notice that C'¢

a2y 18 generically singular. To solve this problem, one can consider

intersection 7C N C and define [58,121]
D] =[CY)N[CY] - [cW]Nne - [CW] N 30u (3.20)

where 7 is a Zj involution V' — —V acting on the spectral cover®®. The 10 curve can

then be evaluated by
[D]]e = 4(n = 3c1), (3.21)

which implies that [¥19] = 21 — 6¢; in S.
To obtain chiral spectrum, we turn on a spectral line bundle £ on the cover C4.

The corresponding Higgs bundle is given by V' = py L. For an SU(n) bundle, it is

3Note that there are double points on ¥19. One can resolve these double points
by blowing-up and then obtain resolved 319 with a mapping 7p : D — 30 of degree
4 and [210] =n— 361 [52]
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required that ¢; (V) = 0. It follows that

1

c1(paL) = pasci(L) — Pl (3.22)

where r is the ramification divisor given by r = pg,c; — ¢1(C™). It is convenient to
define the cover flux v by
1
(L) =Xy + g, (3.23)

where ) is a parameter used to compensate the non-integral class %’I“. The traceless
condition ¢;(pg L) = 0 is then equivalent to the condition psy = 0. One can show

that

v = (4 — pipas) (CWY - o) (3.24)

satisfies the traceless condition. Since the first Chern class of a line bundle must be

integral, it follows that A and + have to obey the following quantization condition

1 _
M+ sl — (C)] € Hi(X, 2). (325)

With the given cover flux 7, the net chirality of matter 16 is calculated by [47,52]
Nig = (CW - 0) - My ==\ (n—4cy) (3.26)

On the other hand, the matter 10 corresponds to the anti-symmetric representation
6 in SU(4), associated to the spectral cover ¢ . Tt turns out that for the SU (4)

A2V *

cover, the net chirality of matter 10 is given by [52]

It follows from Egs. (3.26) and (3.27) that one obtain an SO(10) model with —A7 -
(n — 4¢p) copies of matter on the 16 curve and nothing on the 10 curve. The flux

v does not have many degrees of freedom to tune and the candidate of 10 Higgs is
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absent. Therefore, in search of realistic models, we shall consider factorization of the
SU(4) cover C™ to enrich the configuration, along the line of the SU(5) cover studied
in [53,57,65,66]. In the next section, we shall focus on the construction of (3,1) and

(2,2) factorizations of the cover C).

B. SU(4) Cover Factorization

1. (3,1) Factorization

We consider the (3, 1) factorization, C) — C(@ x C® corresponding to the factor-

ization of Eq. (3.17) as follows:
C@xC®: (apU? + a,UV + a,UV? 4 a3V?)(doU + d, V) = 0. (3.28)
By comparing with Eq. (3.17), one can obtain the following relations:
bo = apdy, by = ardy + apdy, by = asdy + ardy, by = asdy + asdy, by = asd;.(3.29)
Let & be the homological class [d;] of d; and write
[do]=c1+&, [a)=n—(k+1Dc—&, k=0,1,2,3. (3.30)

To solve the traceless condition b; = a1dy + agd; = 0, we impose the ansatz ay =
ady, ay = —ad; where [a] = n — 2¢; — 2&;. It is easy to see that the homological

classes of C and C® in X are
CW =30+ (n—c—&), [CV]=0+7"(c1+&). (3.31)

With the classes given in Eq. (3.31), the homological classes of factorized matter

curves Xjg and ;g in S are given by

[Ei6@] = [C(a)”a =n—4c — &, [Ziew] = [C(b)]|0 =&. (3.32)
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%00 2[C@ ] c@@)]

16 o-TE - -1 (n—4c; — &)
2[o + 7 (e1 + &) 20 +7*(n — 2¢1 = &)

10 - - (n =3¢ — &) + 20 - T - (n — 3¢ — &)

+2(0 +7cy) - T
Oco * T ( —C — 51)
4204 - T (n — 2¢1 — 2&7)

00 | Ooo - T (c1 + &1) 4o - (1 + &1)

Table XX. The homological classes of the matter curves in the (3, 1) factorization.

To obtain the factorized 10 curves, we follow the method proposed in [57,65,66,121]
to calculate the intersection C N 7C™W, where 7 is the Z, involution 7 : V — —V
acting on the spectral cover. Since the calculation is straightforward, we omit the
3940

detailed calculation here and only summarize the results in Table X

It follows from Table XX that the relevant classes in X for 10 curves are

[CW@] = [20 4+ 7%( — 261 — &)] - 7 () — 31 — &) + 2(0 + 7¥¢1) - 71, (3.33)
[CWO] = [g 4+ 7% (c1 + &)] - 7 (n—3c1 — &) + 0 -7, (3.34)

which give rise to the 10 curve
Eio@@] = [Eqp@m] =1 — 3e1. (3.35)
3To simplify notations, we denote C%*) N 7CY by C®® and notice that [C*V)] =

).

40To avoid a singularity of non-Kodaira type, we impose the condition &;-g(c;+&;) =
0. Therefore, [C®)®)]|19 = 7*¢, - 7 (c1 + &1)=0
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2. (2,2) Factorization

In the (2,2) factorization, the cover is split as C) — C(@) x (@) More precisely,

the cover defined in Eq. (3.17) is factorized into the following form:
Cl) % ). (egU? + e UV + eV (foU? + fLUV + f,V?) = 0. (3.36)
By comparing the coefficients with Eq. (3.17), one obtains

bo = eofo, b1 =eof1+e1fo, ba=-eofot+erfi+eafo, b3 =-eirfot+eafi, by=ezfo.
(3.37)
Let & be the homological class of f, and then the homological classes of other sections

can be written as

[fil=ca+&, [f)=2c+&, len]=n—(m+2)c; —&, m=0,1,2. (3.38)

To solve the traceless condition b; = egf; + e1fo = 0, we impose the ansatz ey =
Bfo, e1 = —Bf1 where [5] = n — 4c; — 2&. In this case, the homological classes of

C@) and C®) are given by
C] =20 +7°(n = 2c1 — &), [C'™)] = 20 + 7" (201 + &). (3.39)

The homological classes of the corresponding matter curves ;4w and g, are

then computed as
Eisan] = [CM]lg =n—der — &, [Sigun] = [C]]s = &, (3.40)

respectively. To calculate the homological classes of the factorized 10 curves, we again
follow the method proposed in [57,65,66,121] to calculate the intersection C* N7C™.
We omit the detailed calculation here and only summarize the results in Table XXI.

It follows from Table XXI that the classes in X for the factorized 10 curves are
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[C(dz)(dz)] Q[C(dl)(dz)] [C(dl)(dl)]
16 o - T - o7 (n—4dey — &)
10 20 + 7 (2c1 + &)] | 2[20 + 77 (2e1 + &)] |77 (0 — 31 — &) -7 (n — 4y — &)
- (e + &) s — 4o — &) +2(0 +7*cy) -7 (e + &)
. . Oco - T (1 — 2¢1 — &)
00 | Ouo - TH(201 + &) 404 - T (201 + &) 120 - (1 — 4oy — 265)

Table XXI. The homological classes of the matter curves in the (2,2) factorization.

as follows:

[C(dl)(dl)] =2(c+7c1) (1 + &)+ 7 (n—3c1 — &) -7 (n — dep — &), (3.41)
[CY@)] = (20 + *(2¢; + &) - T (1 — dey — &), (3.42)

[C1®=) %)) = (20 + 7% (21 + &) - T (1 + &), (3.43)

With the classes [C(4)(@)] [Cld)(®)] and [C(42)(®)] one can calculate the classes of

the corresponding 10 curves in S as follows:

[E1onan] = [BPqgunen] =1 + &, [Eqganan] = 217 — 8¢ — 2&,. (3.44)

C. Spectral Cover Fluxes

Let us consider the case of the cover factorization C™ — C® x C(™). To obtain well-
defined cover fluxes and maintain supersymmetry, we impose the following constraints

[66]:

C1 (pl*£(1)> + cl(pm*ﬁ(m)) == 0, (345)
a(L®) e Hy(Cc®,z), k=1m, (3.46)

[e1 (P £D) = 1 (P £7)] -5 [ws] = 0, (3.47)
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where pj, denotes the projection map from the cover C*) to S, pp : C*® — S, LK) is a
line bundle over C*) and [wg] is an ample divisor dual to a Kéhler form of S. The first
constraint Eq. (3.45) is the traceless condition for the induced Higgs bundle!. The
second constraint Eq. (3.46) requires that the first Chern class of a well-defined line
bundle £*) over C*) must be integral. The third constraint states that the 2-cycle
c1(pLD) — 1 (pmsL™) in S has to be supersymmetic. Note that Eq. (3.45) can be

expressed as

1 1
prcr (LY) — 5;01*7“(” + Pmeci (L) — §pm*r(m) =0, (3.48)

where 7 and 7™ are the ramification divisors for the maps p; and p,,, respectively.

Recall that the ramification divisors r*) are defined by
r® = pre; — e (CR), k=1,m. (3.49)
The term ¢;(C®) in Eq. (3.49) can be calculated by the adjuction formula [109,110],
a(C®) = (e(X) - [c™]) - [c™)]. (3.50)
It is convenient to define cover fluxes v*) as

1
c (LR) =AW 4 §r(k), k=1m. (3.51)

With Eq. (3.51), the traceless condition Eq. (3.45) can be expressed as p.y" +
Pmxy™ = 0. By using Eq. (3.49) and Eq. (3.51), we can recast the quantization
condition Eq. (3.46) by ) 4 slpper — @ (C*™N)] € Hy(C™,Z), k =1,m. Finally, the

supersymmetry condition Eq. (3.47) is reduced to pr.y* -5 [ws] = 0. We summarize

' One may think of Eq. (3.45) as the traceless condition of an SU(4) bundle Vj over
S split into V3 @ L with V3 = pe £ and L = py L. Then the traceless condition
of V; can be expressed by c¢1(V}) = ¢1(pa=LD) + ¢1(pp LP) = 0.
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the constraints as follows:

pl*V(l) +pm*7(m) =0, (352)
1
P?® g [ws] =0, k=1,m. (3.54)
In the next section, we shall explicitly construct the cover fluxes v*) satisfying Eq.

(3.52), (3.53), and (3.54) for the (3,1) and (2, 2) factorizations. We also calculate the
restrictions of the fluxes to each matter curve.
1. (3,1) Factorization

In the (3,1) factorization, the ramification divisors for the spectral covers C(® and

C® are given by

r@ =[C] . [o+7(n — 2¢1 — &), (3.55)

r® = [cO]. (=0 4+ &), (3.56)
respectively. We define traceless fluxes yéa) and 'y(()b) by

76" = (3= pipa)y® = (€] - B0 — 7" (n — 4y — &), (3.57)

w0 = (1= pip )™ =€V (0 = 76). (3.58)

where 7(® and 7 are non-traceless fluxes and defined as

A = [c@] .5, 4B =[Cc®)]. 0. (3.59)

Then we can calculate the restriction of fluxes 7((]“) and 7((]6) to each matter curve. We

omit the calculation here and only summarize the results in Table XXII. Due to the



(a)

Yo Yo
16(b) —fl S (Cl + 51) 0
16\ 0 —n—a—-&)sn—4a - &)

10@®) —&1 s (e + &)

—(n—3c1 —3&) s (77 —der — &)

10(@)(a) 0

(N —3c1 —3&1) -5 (n —4e1 — &1)

Table XXII. Chirality induced by the fluxes v\ and 7".
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5®) 5@ P

16" —3c1 5 &1 —&1 s (N —4der — &) 3p s &1

16\ | =& s (n —der — &) —cs(n—da = &) —p-s (n—4c — &)
10O &) -5 (27 — 9er = 36)—(n = 3er — &) -5 (1 — 41 — &) 2p s (= 3c1)
109 —2¢, -5 (n—3c1) | (n—=3c1 —&) -5 (n—der — &) | —2p-5 (n—3c1)

Table XXIII. Chirality induced by the fluxes 6, §®, and p.

factorization, one also can define additional fluxes §(* and §(”) by

Another flux one can include is [66]

0 = (1 = pypa)y'®

5®) — (3 — prb*)’V(b) — [C(b)] .30 — [C(a)] e

= [C(a)] o — [C(b)} -t (n — 4oy — &)

p = (3py — pa)p;

(3.60)

(3.61)

for any p € Hy(S,R). We summarize the restriction of fluxes 61, §¢) and 5 to each

matter curve in Table XXIII.

With Egs. (3.58), (3.60), and (3.61), we define the universal cover flux I" to be [66]

T = koS 4+ ks + mad@ + myd® + 5 =1 47O,

(3.62)
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where I'® and I'® are given by

@ = [CW] . [(Bky + mg)o — T (ka(n — ey — &) + mypéi 4+ p)] . (3.63)

IO =[O [(ky + 3my)o — 7 (kpé1 + ma(n — 4y — &) — 3p)] . (3.64)
Note that

pa*r(a) = =3mp&y + ma(n — 4c1 — &) — 3p, (3.65)

oD = 3myéy — ma(n — 4y — &) + 3p. (3.66)

Clearly, T'® and T'® obey the traceless condition p,. '@ + p,, I'® = 0. Besides, the

quantization condition in this case becomes

(3ka+ma+%)a—ﬂ*[ka(n—4cl—fl)erbfl +p—%(77—201—§1)] € Hy(X,Z), (3.67)

(k?b + 3mb — %)0‘ — W*[kbfl + ma(n — 401 — 51) — 3p — %51] < H4<X, Z) (368)

The supersymmetry condition is given by
[Bmp&s — mg(n — 4ep — &) + 3p] s [ws] = 0. (3.69)

2. (2,2) Factorization

We can calculate the ramification divisors 7(%) and r(®) for the (2,2) factorization

and obtain

rl) = (¢ . 1% (5 — 3¢, — &), (3.70)

(@) = [CU2)] . ¥ (c) + &). (3.71)
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7 %
161%2) | =& -5 (2c1 + &) 0
1640 0 —(n—2c1 — &) s (n—4c; — &)
10(d2)(d2) 0 0
10(d1)(d2) 0 —2(n —4cy — 2&) 5 (n — 4ep — &)
100 () 0 2(n —4e1 —28) s (n — 41 — &)

Table XXIV. Chirality induced by the fluxes ’y(()dl) and 'y(()dQ).

We then define traceless cover fluxes yédl) and yédZ) by

%" = (2= papa )y =€) 20 — 7t —dey — )], (372)

76 = (2= Phypa )y ™) = [CP)] - (20 = 7°6), (3.73)
where (1) and (%1 are non-traceless fluxes and given by
A =[] . g A2 = [Cl2)] . . (3.74)

We summarize the restriction of the fluxes to each factorized curve in Table XXIV.

Due to the factorization, one also can define following fluxes [66]

§ld) — (2 _pz2pd1*),}/(d1) — [C(dl)] .90 — {C(dz)] . 7_‘_*(7] — ey — £2>,

0 = (2 = P, pay )y ™ =[] - 20 — [C)] - 76, (3.75)
and
p= 5, — i) (3.76)

for any p € Hy(S,R). We summarize the restriction of the fluxes (%), §(%2) and p to

each factorized curve in Table XXV.
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§(d2) §(d1) P

16(%) —2¢1 5 &2 —&2 5 (n— ey — &) p-s &

16" | & -5 (n — 41 — &) —2c1 -5 (n—4c1 — &) —ps(n—4a — &)
102 ®R) 26y -5 (¢1 + &) —2(c1 + &) s (n — 4e1 — &) 2p-s (a1 + &)
10(@)(dz) 0 —2(n — dc; — 265) 5 (n — 4ep — &) 0
10O =26 -5 (1 +&) | 20 =31 = &) s (=41 = &) | —20-5 (a1 +&)

Table XXV. Chirality induced by the fluxes §(®), §(%2) and p.

In this case the universal cover flux is defined by

T = kg, ™ 4 kg, 7™ + mg, 0% 4 mg,6®) + 5= T@) 4 1), (3.77)
where
F(dl) = [C(dl)] ’ {2(kd1 + md1>a -7 [kdl (77 —4c — 52) + md2£2 + p]} ’
D) = [CY)] - {2(kq, + ma,)0 — 7 [kay & + ma, (n — 4er — &) — pl} . (3.78)
Note that
Pa T = —2mg, & + 2mg, (n — 41 — &) — 2p, (3.79)
de*F(dQ) = 2mg,&a — 2my, (n — 4e1 — &) + 2p. (3.80)

It is easy to see that I'®) and T'(2) satisfy the traceless condition pg,,I(%) +pg,, (%) =

0. In addition, the quantization condition in this case becomes

2(kay, +ma,)o — 1" kg, (n—4c1 — &) +ma,o+p— %(77—301 —&)] € Hy(X,7Z), (3.81)

2(kagy +ma,)o — 7 [kg,Ea +ma, (n — 4c1 — &) — p — %(01 +&)] € Hi(X,Z). (3.82)
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The supersymmetry condition is then given by

[de2€2 — del (77 — 401 — 52) + 2p] 'S [wg] =0. (383)

D. D3-brane Tadpole Cancellation

The cancellation of tadpoles is crucial for consistent compactifications. In general,
there are induced tadpoles from 7-brane, 5-brane, and 3-brane charges in F-theory.
It is well-known that 7-brane tadpole cancellation in F-theory is automatically sat-
isfied since X, is a Calabi-Yau manifold. In spectral cover models, the cancellation
of the D5-brane tadpole follows from the topological condition that the overall first
Chern class of the Higgs bundle vanishes. Therefore, the non-trivial tadpole cancel-
lation needed to be satisfied is the D3-brane tadpole. The D3-brane tadpole can be
calculated by the Euler characteristic x(X4). The cancellation condition is of the

form [122]

24

\)

X)) 1
Npy = XX ——/ GAG, (3.84)
Xy

where Nps is the number of D3-branes and G is the four-form flux on X,. For a
non-singular elliptically fibered Calabi-Yau manifold, it was shown in [122] that the
Euler characteristic x(X,) can be expressed as
X(Xy) = 12/ c1(Bs)[ea(Bs) + 30c1(Bs)?], (3.85)
B3
where ¢;(Bj3) are the Chern classes of Bs. It follows from Eq. (4.108) that x(X,)/24

12, When X, admits non-abelian singularities, the Euler char-

is at least half-integra
acteristic of Xy is replaced by the refined Euler characteristic, the Euler characteristic
of the smooth fourfold obtained from a suitable resolution of X,. On the other hand,

*2For a generic Calabi-Yau manifold, it was shown in [122] that x(X})/6 € Z, which
implies that x(X4)/24 takes value in Z,.
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G-flux encodes the two-form gauge fluxes on 7-branes. It was shown in [123] that

L oeane= —%F{ (3.86)

2 Jx,
where T is the universal cover flux defined in section C and I'? is the self-intersection

number of I' inside the spectral cover??.

It is a challenge to find compactifications
with non-vanishing G-flux and non-negative Np, to satisfy the tadpole cancellation
condition Eq. (4.107). In the next two subsections, we shall derive the formulae of

refined Euler characteristic x(X4) and the self-intersection of universal cover fluxes

2 for (3,1) and (2,2) factorizations.

1. Geometric Contribution

In the presence of non-abelian singularities, X, becomes singular and the Euler char-
acteristic y(Xy) is modified by resolving the singularities. To be more concrete, let
us consider X, with an elliptic fibration which degenerates over S to a non-abelian
singularity corresponding to gauge group H and define G to be the complement of H

in Fg. The Euler characteristic is modified to

xX(X4) = X" (X4) + X¢ — XEs» (3.87)

where x*(X}) is the Euler characteristic for a smooth fibration over Bj given by Eq.

(4.108). The characteristic x g, is given by [53,123,124]

XEs = 120 /(37]2 — 2Tne; + 62¢3). (3.88)
s

BEq. (3.86) originates from the spectral cover construction in heterotic string com-
pactifications [123]. This equation holds for F-theory compactified on elliptically
fibered fourfolds possessing a heterotic dual by heterotic/F-theory duality. However,
since X, is not a global fibration over S, we assume that Eq. (3.86) is valid for
F-theory models without heterotic dual, and the fluxes can correctly described by
spectral covers.
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For the case of G = SU(n), the characteristic sy () is given by*!

Xsu(n) = / (n® —n)ci + 3nn(n — ne). (3.89)
S

When G splits into a product of two groups G; and Gy, x¢ in Eq. (4.110) is then
replaced by X(le) + X(GZ)Q in which 7 is replaced by the class (™) in the spectral cover
C™ for m = k, 1. For the case of (3, 1) factorization, the refined Euler characteristic

is then calculated by

* a b
x(Xa) = X"(Xa)+ X(Sl}(s) + X(S)U(l) ~ XBs

= (Xy) + /S 3[c1(38¢y — 21t — 206,) + (3t2 + 6t&1 + 4€2)] — X, (3.90)

In the (2,2) factorization, the refined Euler characteristic®® is

. d d
X(Xy) = x"(Xy) + X(SI})(2) + Xgé)(z) ~ XEs

= X*(X4) + /56[01(1001 — 6t — 452) + (t2 + 2t52 + 25;)] — XEs- (391)

2. Cover Flux Contribution

It follows from Egs. (4.107) and (3.86) that

_ 92
b3 24 2 (3.92)

“Eqgs. (4.110)-(3.89) initially were derived in heterotic string compactifications
[123,124]. A priori, these formulae are valid only for F-theory models with a heterotic
dual. It was observed in [53] that these formulae also hold for some F-theory models
which do not admit a heterotic dual. However, this match fails in other examples
observed in [80]. In these examples, extra gauge groups appear in regions away from
S and cannot be described by spectral covers. We assume that Eqs. (4.110)-(3.89)
hold for our models.

®For the (3,1) factorization, n@ = (n—¢; — &) and n® = (c; +&;). For the (2,2)
factorization, n(®) = (n — 2¢; — &) and (%) = (2¢; + &).



94

In the previous subsection, we discussed the first term on the right hand side of
Eq. (3.92). To calculate Nps, it is necessary to compute the self-intersection I'? of the

universal cover flux I'. Recall that in section C, the universal cover flux was defined
by
r=>1® (3.93)
k

where T'®) are cover fluxes satisfying the traceless condition,
> peI® =0. (3.94)
k

In what follows, we will compute I'? for both the (3,1) and (2,2) factorizations.
a. (3,1) Factorization
Recall that for the case of (3, 1) factorization, the universal cover flux is given by

T = kot + v + mad® + mps® + = T@ 410, (3.95)
where T'®) and I'® are

D@ — (€]« [(3k, + ma)o — 7" (kalas] + moldi] + p)] = €] - €], (3.96)

PO = [CO] - [(ky + 3mp)o — 7 (ko[da] + malas] — 3p)] = [CV] - [CP). (3.97)

Then the self-intersection of the cover flux IT' is calculated by [66]

2 — [C(“)] . [5<a)] ) [5(a)] + [C(b)] . [5(1))] ) [5(b)]‘ (3.98)
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In the (3,1) factorization, [CY] = 30 + m*(n — ¢; — &) and [CP)] = o + 7*(c; + &1).
By Egs. (4.117) and (4.118), one can obtain
C@]-[C]-[CW] = —(3ka +ma)*([as] s €1) — ka(3ka + 2mq)[as)? + 3mi[dy]*
= 2myma([as] -s [di]) — 2(malas] — 3ms[dr]) -5 p

+ 3(p-sp), (3.99)

and

COT-1C1-[CP] = —(ky+ 3mp)*([da] -5 1) — Ko (ki + 6mp) [ ]” + m?[as)”
— 6myma(las] -5 [d1]) — 6(malas] — 3myldi]) -5 p

+ 9(p-sp). (3.100)
Putting everything together, one obtains

% = 2 (3ha ) ([a0] - [as]) — (b 3ma)2(do] s []) + 5 (mafas] —Bmufe] ~3p)”

(3.101)
b.  (2,2) Factorization
Recall that in the (2,2) factorization, the universal flux is given by
r= kdlfy(()dl) + defyédQ) + g, 6 + mg, 6@ 4 5= 1) 4 pld2) (3.102)

where @) and T'42) are

D) = (0] - 2k, + may)o — 7 (K lea] + may[f2] + p)] = €] - €], (3.108)

D) = [CO9)] - [2(ky, + may)o — 7 (kay[fo) + may[ea] — )] = [C9] - [E]. (3.104)
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Then the self-intersection I'? can be computed as

2 =[] . [cl)]. [Cl)] 4 [c@)] . [Cd2)] . [cl)), (3.105)

Notice that [C{)] = 20 + 7*(n — 2¢1 — &) and [C(4?)] = 20 + 7*(2¢; + &) in the (2,1)

factorization. It follows from Egs. (3.103) and (3.104) that

[cl]. [l . [ch)] =

and

[C(4)] . [C14=)] . [c1%2)] =

Therefore, I'? is given by

—A(ka, +ma,)*([e2] -5 €1) — 2k, (ka, + 2mq, ) [e2]’
2m3, [fo]? — 4ma,ma,([e2] -5 [f2]) — 4(ma, [e2]

may[fa]) s p+2(p s p), (3.106)

—A4(kay +ma,)*([fo] -5 1) = 2ka, (ka, + 2ma,) [ fo]?
2my [ea]? — 4ma,ma, ([f2] s [e2])

A(malea] — ma fal) -5 p + 2(p -5 ). (3.107)

% = —2(ka, +mq,)?([eo] -5 [e2]) = 2(kay +ma,)* ([fo] -5 [fo]) +4(ma, [e2] — ma,[fo] — p)*.

(3.108)
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E. Models

1. U(1)x Flux and Spectrum
Let us start with the (3,1) factorization. Consider the breaking pattern as follows:

SU4), — SU(3) x U(1)
15 —>80+374+§)4+10
] (3.109)
6 — 32 + 3_2

4 — 31 +13

Then the representations (16,4) and (10,6) in Eq. (3.10) are decomposed as
(16,4) — (16_1,3) + (165,1), (10,6) — (10, 3) + (10_,,3) (3.110)

On the other hand, we can further break SO(10) in Eq. (3.10) by U(1)x flux as

follows:
SO(10) — SU(b) x U(1)x

16 — 10_;+5;+1_5 (3.111)
10 — By + 5,
We suppose that Vig ® L)_(1 has restriction of degree M to X4 while L‘)‘( has
restriction of degree Nj. Similarly, we define V3o ® L}Q has restriction of degree My,
to Xjome while L%{ has restriction of degree Nj;. We summarize the chirality on
each matter curve in Table XXVI. For the (2,2) factorization, the analysis is similar

to the case of the (3, 1) factorization. We summarize the chirality induced from the

cover and U(1)x fluxes in Table XXVII.



Curve | Matter Bundle Chirality
—1
10_17_1 V16 & LX |E(1%) Ma
162 513 Vie ® L§(|E§‘2 M, + N,
]-—1,—5 V16 & L;(5|E<1%) Ma - Na
103 | Vig® L}l\z(lbﬁ) M,
—5 o
155 Vie ® Ly ‘Eg.bﬁ) My — Ny
_ L% | @ | Mag + Naa
oo | 522 | Vio® Il | Mt
- = —2
5—2 —2 VlO ® LX ‘2(1%)01) Ma(z
2
100 522 | Vo ® LX|E<1%)<b> Map + Nap
E —2
522 | Vio® Ly |2<1‘3)<b> Mgy,

98

Table XXVI. Chirality of matter localized on matter curves 16 and 10 in the (3,1)

factorization.

2. (3,1) Factorization and CY} with a dP, Surface

In this section, we shall explicitly realize models in specific geometries.

We first

consider the Calabi-Yau fourfold constructed in [64] to be our X,. This Calabi-Yau

fourfold contains a dP, surface embedded into the base Bs. For the detailed geometry

of this Calabi-Yau fourfold, we refer readers to [64]. Here we only collect the relevant

geometric data for calculation. The basic geometric data of X} is

c1=3h—e —ey, t=—c1(Ng/p,) =h, x"(X4)=13968.

(3.112)

From Eq. (3.112), we can conclude n = 17h — 6e; — 6ey, n? = 217, ¢; - n = 39, and

c? = 7. For the (3,1) factorization, it follows from Eq. (3.90) that the refined Euler
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Curve | Matter Bundle Chirality
10_17_1 Vie ® L)_(1|2(d2) Md2
16
164 5 13 Vie ® L§(|2(1%2> My, + Ng,
15 | Vie® Ly| g Mg, — Na,
16
1017_1 Vie ® L)_(1|E(d1) Md1
16
16§d1) 513 Vie ® L§(|E(1vél> Mg, + Ng,

-5
1, 5 Vie ® Ly’ |
2:16

2
522 | V1o ® LX|E<1d02><d2> Ma,a, + Ny,

(d2)(d2)
105, -
599 | V1o ® L;(2|E(d2)(d2) My,a,
10
2
1Oéd1)(d2) 50,2 Vio ® LX|E(1%1)((12) M a, + Ny,
502 | Vo ® L)_<2|E<d1><d2> M, .,
10
2
1ogd1)(d1) 92,2 Vio ® LXlz(l‘f)l)(dl) Mg a, + Naya,

—2
592 | Vio® Ly |z(1‘f)1)(d1’ My, 4,

Table XXVII. Chirality of matter localized on matter curves 16 and 10 in the (2,2)

factorization.

characteristic is

X(Xy) = 10746 + (1267 — 18&,m + 48€1cy). (3.113)
The self-intersection of the cover flux I' is then given by
I? = —(3K2 4 2kama) (50 + & — 261m 4 5&1¢1) + m2(6 + & — 261 + 9&1¢1)

—(kp + 3mp)* (&5 + &ic1) + 12mpE7 + 8mamy (&5 — & + 4&1c1)

+12p* — 8ma(pn — p&1 — 4pey) + 24mppéy, (3.114)
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and the number of generations for matter 16 and 10 on the curves are

Nigwy = (mq—kp)&§ — main + (dmg — ky — 3my)Erer + 3p€y, (3.115)
Nigw = —(50k, + 11myg) + (my — ko) + (2ka — myp)&n
+(4my — ko + my)&1c1 — pn + 4pcy + péa, (3.116)
Nipww = —28(ky+my) — (ky + 3k, +mq + 3my)E7 + (4k, + 2mg + 2my)E1n
—(kp + 15ky + Tmg + 9my)E1eq + 2pm — 6pcy, (3.117)
Nipw@ = 28(ky+ma) + (3ks + ma)&f — (4k, + 2mg, + 2my)€in
+(15k, + Tmg + 6my)Er1c1 — 2pn + 6pcy. (3.118)

In this case, the supersymmetric condition Eq. (3.54) reduces to

[(Smb -+ ma)fl — ma(n — 401) + 3,0] 'S [deQ], (3119)

where we choose [wgp,] = ale; +e3) + B(h—e; —ez), 2a > [ > a > 0 to be an ample
divisor in dP,. In the (3,1) factorization, one more constraint that we may impose
is that the ramification of the degree-one cover should be trivial. In other words, we

impose the following constraint:

(c1+&1)s& =0. (3.120)

In what follows, we show three examples based on this geometry. We find that there

are only finite number of solutions for parameters.

a. Model 1

In this model we represent a three-generation example. The numerical parameters
are listed in Table XXVIII. The matter content and the corresponding classes are

listed in Table XXIX. By using Egs. (3.113) and (3.114), we obtain x(X4) = 10674
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ky ko | mp | mg, p G ||al B

-1.5]-0.5 | -2 1 |h+3e1+e e || 911

Table XXVIII. Parameters of Model 1 of the (3,1) factorization in dP.

Matter | Class in S | Class with fixed &; | Generation | Restr. of [Fx]
16®) 3 es 0 1

16 | np—de; — & | Bh—2e; — 3ey 3 —1
10@®) n — 3¢ 8h — 3e; — 3es 14 0
10(@)(@) n — 3¢y 8h — 3e; — 3ey —14 0

Table XXIX. Model 1 matter content with [Fx] = e; — es. It is a three-generation

model with non-trivial flux restrictions.

and I'? = —159.5. Tt follows from Eq. (3.92) that Nps = 365.

b. Model 2

Model 2 is another example of a three-generation model with x(X,) = 10674, I'? =
—159.5, and Np3 = 365. The construction is similar to the model 1. We list the
numerical parameters in Table XXX. The matter content and the corresponding

classes are shown in Table XXXI.

c. Model 3

In this model we demonstrate a four-generation model in SO(10). The reason why
we would like to discuss such a case is that the only choice for the U(1)x flux on dP,
is [Fx] = *(e; — e2), and then the restrictions of [Fx| to the 16 curves are always

non-zero, which results in the variation of the chirality numbers of the SU(5) matter



102

ky | kg | my | my p SG||a| B

-1.5105 | -2 | -2 | —4h+4e; +bes |1 || 9| 11

Table XXX. Parameters of Model 2 of the (3,1) factorization in dP;.

Matter | Classin S | Class with fixed &; | Generation | Restr. of [Fx]
16®) 3 el 0 1

16 | np—de; — & | Bh—3e; — 2e 3 —1
10@®) n — 3¢ 8h — 3e; — 3es 14 0
10(@)(@) n — 3¢y 8h — 3e; — 3ey —14 0

Table XXXI. Model 2 matter content with [Fx] = e; — es.

descended from the 16 curves. The two examples shown above only make sense for
an three-generation SO(10) model, and they are no longer three-generation models
after gauge breaking. Since we expect to build a three-generation model at SU(5)
level, we slightly increase the generation number at the SO(10) level to prevent the
chirality being too small. The numerical parameters are listed in Table XXXII. In
this model, it is straightforward to obtain x(X,) = 10674 and I'> = —355.5. It turns
out that Np3 = 267 is a positive integer. The matter content and the corresponding

classes are listed in Table XXXIII.

d. Discussion

Model 1 and Model 2 of (3,1) factorization have the SO(10) structure shown in Table
XXXIV, where U(1)¢ is from the cover and is of the U(1)® Cartan subalgebra of
SU(4) that is not removed from the monodromy. The Yukawa coupling is filtered by

the conservation of this U(1)c. Before turning on the U(1)y flux, this spectrum can
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]Cb /{Za my | Mg P f 1 « 6

-15]1-05| -2 | 1 |bde;+ex| e | 1217

Table XXXII. Parameters of Model 3 of the (3,1) factorization in dPs.

Matter | Class in S | Class with fixed &; | Generation | Restr. of [Fx]
16®) 3! es 0 1

16 | np—de; — & | Bh—2e; — 3ey 4 —1
10@®) n — 3¢ 8h — 3e; — 3es 10 0
10(®)(@ n — 3¢ 8h — 3e; — 3ey —-10 0

Table XXXIII. Model 3 matter content with [Fx| = e; —es. There are four generations

on the 16 curve.

fit the minimum requirement by forming the Yukawa coupling 16(_‘?16(_(11)10?)([]) of
the SO(10) GUT with some exotic 10s. However, when U(1)x flux is turned on, the
non-vanishing restrictions of the flux to two 16 curves change the chirality on these
two curves, while the chirality on the 10 curves remain untouched. The analysis
in Table XXVI suggests that a three-generation model may be descended from a
four-generation SO(10) model after the gauge group is broken to SU(5) x U(1)x by
[Fx] = €1 — ey. Here we try to explain Model 3 as a flipped SU(5) model with its
spectrum presented in Table XXXV.

In this case, the Yukawa couplings are

W D 101 1010 1 15225 + 101 105 13052 on + 5 13011 50522n

4+ 10115101 155205 + 1011510 11152 op + . ... (3.121)

We may identify the flipped SU(5) superheavy Higgs fields with one of the 10 + 10
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Maatter | Copy | U(1)c

16® 0 -3
16@ 3 1
100®) | 14 -2

10@@ | _14 2

Table XXXIV. Matter spectrum for (3, 1) factorization.

vector-like pairs on the 16(® curve, which is not obvious from this configuration. Since
the restrictions of the flux to the curves change the chirality, there are unavoidable
exotic fermions, like the examples studied in [66]. In the following subsection, we will
study models from a different geometric backgrounds to see if it is possible to retain

the chirality unchanged while the flux F'x is turned on.

3. (3,1) Factorization and CY, with a dP; Surface

Although dP, surface is elegant, it does not possess enough degrees of freedom in
the number of exceptional divisors for model building. Therefore, we turn to the the
geometry of the compact Calabi-Yau fourfold realized as complete intersections of

two hypersurfaces with an embedded dP; surface®.

The detailed construction can
be found in [53]. Again here we only collect relevant geometric data for calculation.

The basic geometric data is as follows:

cg = 3h—ej—ey—e3—e4—e5— e — €7,
t = 2h—e —ey—e3—e4— €5 — €g,
n = 16h — 5e; — bey — bez — bey — bes — beg — ber. (3.122)

4By abuse of notation, we also denote this Calabi-Yau fourfold by Xj.
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Matter Rep. Generation

10, 10_, 3
Sm 5_13 3

1y 1.1 5 3
105 + 10y |10, +10 4, 1
Sp 92,2 1

5n 52,2 1

10 10_, 1

5 B 1

1 1.4 5 2

1 1ss 1

_ 5 902+5 5 9 9

5 + 5 exotics -
922 + 52 o -10

Table XXXV. Flipped SU(5) spectrum of Model 3.

with y*(X4) = 1728. From Eq. (3.122), we have n*> = 70, n - ¢; = 12, and ¢} = 2.

The refined Euler characteristic is given by
X(Xy) = 738 + (1267 — 1861 + 48&1¢), (3.123)
and the self-intersection of the cover flux I' is

I? = —(3K2 + 2kyma)(18 4+ & — 2&1m + 5&1c1) + m2(2 + & — 2&m + 91¢1)
—(kp + 3myp) (&7 + E1c1) + 12mpE + 8mamy(§7 — & + 4&1¢p)

+12p° — 8ma(pn — p&y — 4per) + 24mypés. (3.124)
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]Cb ]Ca my | Mg P 51 « B

151 0 | 1.5 | 3(2e1+2es+es) | 2h—e1 —es—e3—e5— e || 3

Table XXXVI. Parameters of the (3,1) factorization model in dP;.

Again we summarize the generation number on each curve as follows:

Nigty = (mq—kp)& — ma&an + (dmg — ky — 3mu)&er + 3péy, (3.125)
Nigw = —(18ky +4m,) + (mp — ko)&G + (2ka — m)E1n
+(4myp — ko + mg)&1c1 — pn + 4pcy + péa, (3.126)
Nygwe = —10(ky +my) — (ky + 3k, +mq + 3mp)E + (4k, + 2mg + 2my)En
—(kp + 15kq + Tmg + 9my)E1cq + 2pm — 6pcy, (3.127)
Nig@@ = 10(ky +mq) + (3ky +my)EF — (4k, + 2mg + 2my)Ern
+(15ky + Tmg + 6my)E1e1 — 2pm + 6pcy. (3.128)

The supersymmetry condition is then
[(3my, + ma )& — ma(n — 4e1) + 3p] -5 [war] = 0, (3.129)

where [wgp.] is an ample divisor dual to a Kéhler form of dP;. For simplicity, we

choose [wqp.| to be

7

(wap,] = 1480 — (58 — ) Y _e;, (3.130)

i=1
with constraints 56 > o > 0.
In what follows, we present one example based on this geometry. This model is

three-generation with vanishing restrictions of the U(1)x flux to the 16 curves.
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Matter | Class in S Class with fixed &; Generation
16®) & 2h —e; — ey —e3 —e5 — €5 0
161 | —de; — & 2h — ey — 2e7 3
1000 | 5 — 3¢ Th—23% e —3e; 1
10@@ | 5 —3¢ Th—23"% e — 3er -1

Table XXXVII. The dP; model matter content.

model, the flux is chosen to have trivial restriction.

[Fx] — €5 — €4.

a. Model

Since it is a three-generation

For example,

We present a three-generation model in this example. The numerical result of the

parameters is listed in Table XXXVI. The matter content and the corresponding

classes are listed in Table XXXVII. With data in Table XXXVI and Table XXXVII,

one can obtain x(X4) = 648 and ' = —42 by using Eqgs. (3.123) and (3.124). It

follows from Eq. (3.92) that Np3 = 6.

b. Discussion

In this example we tune [F'y| = e4 — e5 to obtain trivial restrictions on all the curves,

so the chirality on each curve remains unchanged. By the analysis of Table XXVI,

we can create a flipped SU(5) spectrum as shown in Table XXXVIII. The Yukawa

couplings turn out to be

W D 10 _1p10_1 105201 + 10—1,—1M5—1,3M52,—2h + 5—1,3M1—1,—5M52,2h

+ 10y 1510 1 155204, + 1011510 11559 on + - .

4"There is one (5, 5) on the 109 curve.

(3.131)
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Matter Rep. Generation

10y, 10, 3
5 513 3

1y 14 _5 3

S, 52,2 1

5n 52,2 1
105 + 10y | 10, _; +10_4, 1

5+ 5 exotics?’

Table XXXVIII. Flipped SU(5) spectrum with vanishing restrictions of [Fx| on the

curves in (3,1) factorization in dP;.

This spectrum looks standard, and the advantage is that there are no exotic
fermions and the quantum numbers(charges) of the matter are typical. We again
assume that the superheavy Higgses 105 and 10y come from one of the vector-like
10 + 10 pairs on the 16(® curve. Tt is not obvious to calculate the number of such

pairs. For simplicity, we just extract one pair for phenomenology purposes.

4. (2,2) Factorization and C'Y; with a dP, Surface

Let us consider the (2,2) factorization with the geometric background in Eq. (3.112)

[64]. In this case, the refined Euler characteristic turns out to be

X(X4) = 10446 + (125 — 1261 + 4865¢1). (3.132)
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The self-intersection of the cover flux I' is

T2 = —2(ka, +ma,)* (39 + &5 — 269m + 68ac1) + 4mg (17 + &5 — 2691 + 86z¢1)
—2(kay +may)* (63 + 262¢1) + 4m3,E5 4 8ma,ma, (€5 — Ean + 4€a¢1)
+4p* — 8my, (pn — p&y — 4pcr) + 8my, po. (3.133)
In this case, we can find models with integral Np3. However, to have more degrees

of freedom for model building, we shall focus on the geometry of the C'Y; with an

embedded dP; surface [53] in the next subsection.

5. (2,2) Factorization and CY} with a dP; Surface

We again consider the geometric background in Eq. (3.122)and the (2,2) factorization.

In this case, the refined Euler characteristic is given by
X(X4) = 636 + (1265 — 12&m + 48&¢y). (3.134)
The self-intersection of the cover flux I' is

[? = —2(ka, +ma,)* (14 + & — 26 + 66a¢1) + 4mi, (6 + &5 — 265m + 862¢1)
—2(kay +ma,)* (63 + 262¢1) + 4m3, €5 + 8ma,ma, (65 — Ean + 4€a¢1)

+4p* — 8my, (pn — p&a — 4pcr) + 8mg, po. (3.135)
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The generations of matter on the curves are

Nigsy = (ma, — ka,)& — ma,Eon + (dmg, — 2ka, — 2mg,)ézcr + pa, (3.136)
Nigan = —(14ka, +8my,) + (may, — kay)&5 + (2ka, — ma, )éan
+(4myg, — 6kq, + 2my, )¢ — pn + 4per + péa, (3.137)
Nigtn)as) = —8mg, + 2(mg, +may)&S + 2(ma, + 5ma, )éacr — 2ma, Ea1
+2pc; + 2p€s, (3.138)
Ny = —2(kg, +ma,)(6+ 285 — 3&n + 12&¢y), (3.139)
Nyog@pay = (12kq, +20myg,) + (4kq, + 2ma, — 2ma,)&5 — 2(3kq, + 2ma, )éan
+(24kq, — 2mg, + 14dmg, )ac1 — 2pcy — 2p6s. (3.140)

The supersymmetry condition is then

2mg,& — 2mg, (n — 41 — &) + 2p] -5 [wap,) = 0, (3.141)

where [wgp,] is an ample divisor dual to a Ké&hler form of dP;. For simplicity, we

choose [wqp,] to be

7

wap,) = 1480 — (58— a) Y e, (3.142)

i=1
with constraints 56 > « > 0.

In the (2,2) factorization of the SU(4) cover, we expect the matter spectrum for
an SO(10) model to be Table XXXIX. The U(1)¢ is of the U(1)? Cartan subalgebra
of SU(4) that is not removed from the monodromy. The Yukawa coupling is filtered
by the conservation of this U(1)c. The possible Yukawa couplings for construct-
ing a minimum SO(10) GUT are then 16(@)16(4)10(¢2)(%) and 16(42)16(%) 10 (),
We will demonstrate examples of the flipped SU(5) GUT model from the following

models.
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Maatter | Copy | U(1)¢
161 | 0/3 -1
16¢@) | 3/0 1

100@2)(d2) |y, -2

10(d1)(d2) No

10 |y 2

Table XXXIX. Matter spectrum for (2,2) factorization.

kdz kdl Mgy | M4, P 52 « B

-1 0 1.5 -0.5 —%(h - 261 + 262 + 263 + 264 + 67) h — €1 1

Table XL. Parameters of Model 1 of the (2,2) Factorization in dP;.

a. Model 1

In this example we demonstrate a three-generation model. The numerical parameters
are shown in Table XL, and the matter content and the corresponding classes with
the flux [F'x] = ey — e3 are listed in Table XLI. By using Eqs. (3.134) and (3.135),

we obtain y(X,) = 600 and I'> = —18 which gives rise to Np3 = 16.

b. Model 2

In this model, we show a four-generation example with non-zero restrictions of Fx
on the matter curves. The spectrum can maintain a three-generation model after
the gauge is broken to SU(5) x U(1)x by Fx. The parameters are presented in
Table XLII, while the matter content and the corresponding classes with the flux
[Fx] = e3 — e4 are listed in Table XLIII. In this model, we have x(X,) = 600 and

I'? = —26 which gives rise to Np3 = 12.
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Matter Class in S Class with fixed &, Generation | Restr. of F'y
16(%) & h— e 0 0
16(4) n—4e; — & 3h— 2% e — 2er 3 0
10(%2)(d2) c1+ & 4h —2e; — 30 e, — 2ey 4 0
101)@2) [ 9 —8e; — 26 | 6h—230 ,e; — 4der -3 0
10(@) (@) ¢+ & 4h —2e; — 30 e; — 2eq -1 0

Table XLI. The Matter content of Model 1. The flux is tuned that the restriction is

zero on each curve.

ka, | kay, | ma, | ma, p ) a | B

1 0 |-0.5]-0.5 —%(h—2€1+262—263—€7) 2h —e; —ey—eg3—er|| 1|3

Table XLII. Parameters of Model 2 of the (2,2) Factorization in dP;.

c¢. Discussion

The number of (—2) 2-cycles in dP; is large enough that it is possible to remain the
chirality unchanged by tuning F'x with vanishing restrictions on all the curves. An
example is presented in Model 1, and the corresponding flipped SU(5) spectrum can
be found in Table XLIV.

The Yukawa couplings of the flipped SU(5) model from Model 1 then are

W D 1011101 15294 + 101,—1M51,3M5—2,—2h + 51,3M11,—5M5—2,2h

+ 10y 1510y 15 22, + TOl,lel,lHS—Q,—Qh +.... (3.143)

Similar to the examples with trivial restriction of Fx in the previous models,
the spectrum in this model is standard in the sense that there are no exotic chiral
fermions, and the quantum numbers of the matter are typical. We claim that the

superheavy Higgses 10y and 10y come from a vector-like pair on the 16(®) curve,
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Matter Class in S Class with fixed &, Gen. | Restr. of Fx
16(%) & 2h — e — ey — e3 — €7 0 1
16(@) n—4c; — & 2h —eqs —e5 —eg — €7 4 -1
10(¢2)(d2) ¢ +&  [Bh—2e; —2e —2e3— 30 e — 27| 4 1
10@)(@d2) 12 — 8¢ — 26, 4h — 2e4 — 2e5 — 2e6 — 267 -3 -2
10 () c1+&  [Bh—2e; —2ey —2e3— S0 e —2e7| -1 1

Table XLIII. Matter content of Model 2. The flux [Fx] = e3 — e4 has restrictions on

the curves.
however again it is not obvious and we are not able to fix the number of such pairs.
In addition, there exist a few exotic 5 fields from the 10 curves.

On the other hand, the restrictions of the flux Fx on the curves in Model 2
are non-vanishing, thus they contribute to the chirality on the curves. From the
information in Table XXVII we can interpret the matter content to fit the flipped
SU(5) GUT spectrum in Table XLV.

In this case, the Yukawa couplings for flipped SU(5) are the same:

W D 101 13101 135225 + 101 13513050 —2n + D131 -1 _5150.0n

4+ 10_1_1510_1 14522, + 10115101145 5 o + . ... (3.144)

The 10 + 10 superheavey Higgses are identified as a vector-like pair from the 16
curve. In this model there are a few unavoidable exotic fields descended from both

16 and 10 curves.

d. The Singlet Higgs

In the flipped SU(5) model, the matter singlet is the right-handed electron, while

it is the right-handed neutrino in the Georgi-Glashow SU(5) GUT. Different from



Matter Rep Generation
10, 10, 3
5u 513 3
1o 1, s 3
Sp 529 1
5n 5_5 2 1
10y + 10y | 1051 + 104, 1
S_99+ 5—2,—2 3
5+ 5 exotics | 5ga+ 5o 2 3
9529 + 52,—2 -1
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Table XLIV. Flipped SU(5) spectrum of Model 1 of the (2,2) factorization in dP;.

the SU(5) spectral cover construction, the flipped SU(5) matter singlet is naturally

embedded into the 16 representation of SO(10) in the SU(4) spectral cover configu-

ration. Thus there is no need of additional effort to identify it in the spectrum.

Moreover, in flipped SU(5) models, a Yukawa coupling needed to explain neutrino

masses with the seesaw mechanism is [125,126]

101,101 410,

(3.145)

This singlet 1, is an SO(10) object and descends neither from the 16 nor from the

10 curves. Naively, one might think that it can be captured by the spectral cover

associated to the adjoint representation in SU(4) and the matter curve corresponds

to £(\; — Aj) = 0 with 7 # j. The locus would then be given by [66]

4
05 [ [ (A — Aj)* = —403b3 — 27bob + 16b3bs + 144bobobzbs — 128bob3b; + 256b5b5 = 0.

1<J
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Matter Rep. Generation
10 10, _, 3
5 513 3
Las 1 s 3

10y + 10y | 10 + 10, 1
55 5 s 1
5 5.9 9 1
5 513 1
1 115 1
1 1, 2
5 + 5 exotics from the 10 curves*®

Table XLV. Flipped SU(5) spectrum of Model 2 of the (2,2) factorization in dP;.

However, this is not the case. In fact, this singlet matter curve lives in the base
Bj instead of the surface S and can not be described by the spectral cover. To cal-
culate the matter chirality on this singlet matter curve, we need the information of
global geometry transverse to the surface S. In other words, we need to go beyond
the spectral cover construction®®. In the future, we hope there will be a global under-
standing of this singlet curve [66]. Therefore, we just assume this singlet exists and
can provide the above Yukawa coupling.

®The (5,5) exotics from the 10 curves of SO(10) can be obtained from Table
XXVII.

" Recently this singlet has been discussed in [127] for the SU(5) GUT, and it is
possible to apply the same idea in this case. We leave this topic for our future work.
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F. Conclusion

In this chapter we built flipped SU(5) models from the SO(10) singularity by the
SU(4) spectral cover construction in F-theory. The 10 curve in the SU(4) spectral
cover configuration forms a double curve, and there are codimension two singular-
ities on this curve [52]. It was also shown that the net chirality on the 10 curve
vanishes [52]. In order to obtain more degrees of freedom and non-zero generation
number on the 10 curve, we split the SU(4) cover into two factorizations. In the
(3,1) factorization there are two 16 curves and two 10 curves on S, while in the (2,2)
factorization there are two 16 curves and three 10 curves. The fluxes are also spread
over the curves, providing additional parameters for model building.

We started model building from setting up appropriate SO(10) spectrum on the
16 and 10 curves. Some Higgs fields, such as 210, 120, and 126 + 126 breaking
the SO(10) gauge group are absent in this construction. Therefore, we introduced a
U(1)x flux to break SO(10) to SU(5) xU(1)x. We interpreted the resulting spectrum
as a flipped SU(5) model. The flux may have non-vanishing restrictions on the curves
such that the corresponding chiralities may be modified. The superheavy Higgs fields
104 and 10 needed for breaking the gauge group to the MSSM are not obvious from
the spectrum. We assumed that they are a vector-like pair from the 16 curve including
the fermion representations, but we are not able to fix the number of such pairs.

In the (3,1) factorization, we discussed first the construction on the geometry
of the Calabi-Yau fourfold with an embedded dP, surface constructed in [64]. We
demonstrated three examples. Two of them have three-generation, minimal SO(10)
GUT matter spectra. The U(1)x flux has always non-vanishing restrictions on the
16 curves, while it generically has vanishing restrictions on the 10 curves. Therefore,

on a 16 curve, the chiralities of the 10, 5, and 1 representations are modified in the
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factor of the U(1)x charges, and the model no longer has three generations after the
SO(10) gauge symmetry is broken. To solve this problem, we constructed a four-
generation model such that its corresponding flipped SU(5) spectrum can possess at
least three generations after the U(1)x flux is turned on. On the other hand, the
U(1)x flux in the case of dP; geometry background [53] can be tuned to have trivial
restrictions on the 16 curves so the chiralities remain untouched. We presented one
three-generation example of the (3,1) factorization based on this geometry.

In the (2,2) factorization, to have more degrees of freedom for model building,
we focused only on the geometry of the Calabi-Yau fourfold with an embedded dP:
surface [53] and presented two examples. The first was a three-generation flipped
SU(5) model from the SO(10) gauge group broken by the flux with trivial restrictions
on all the matter curves. The second example, however, starts from a four-generation
SO(10) model whose gauge group is broken to SU(5) x U(1)x by the flux with
non-trivial restrictions on the matter curves. The resulting chiralities are modified
by the flux restrictions to achieve the spectrum of a three-generation flipped SU(5)
model. Generically, the flipped SU(5) models from a four-generation SO(10) setup
with non-vanishing flux restrictions to the 16 curves results in exotic fields from the

16 curves.
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CHAPTER IV

SEMI-LOCAL Eg MODELS®

In this chapter we approach the MSSM from an Es GUT by using the spectral cover
construction and non-abelian gauge fluxes in F-theory. We start with an Ey singular-
ity unfolded from an FEy singularity, and obtain Eg GUTSs by using an SU(3) spectral
cover. By turning on SU(2) x U(1)? gauge fluxes, we obtain a rank 5 model with the
gauge group SU(3)x SU(2)xU(1)?. Based on the well-studied geometric backgrounds

in the literature, we demonstrate several models and discuss their phenomenology.

A. SU(3) Spectral Cover

Let X, be an elliptically fibered Calabi-Yau fourfold 7wy, : X4 — B3 with a section
op, : Bs — X4, and let S be one component of the discriminant locus of X, with a
projection 7 : X, — S, where X, develops an Eg singularity®'. To describe Xy, let

us consider the Tate model [12]:
y? = 23 4+ bayz® + byxz® + by2P, (4.1)

where x, y are the coordinates of the fibration and z is the coordinate of the normal
direction of S in Bs. Note that the coefficients b, generically depend on the coordinate

z and that Eq. (4.1) can be regarded as unfolding of an Fg singularity®® into an Fg

0Reprinted from Journal of High Energy Physics, Volume 2011, Number 3, 129,
Ching-Ming Chen and Yu-Chieh Chung, On F-theory Es GUTs, Copyright 2011, with
permission from SISSA.

Tn this chapter, S will be assumed to be a del Pezzo surface unless otherwise
stated [49, 50].

21f by = by = 0, the elliptic fibration y? = 2% + byz® possess an Ey singularity at
z=0.
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singularity. For convenience, we define the shorthand notations ¢;(S) = ¢, t =
—c1(Ng/B,), and ) = 6¢; — t where ¢ is the first Chern class and Ng/p, is the normal
bundle of S in Bs. To maintain the Calabi-Yau condition ¢;(X4) = 0, it is required
that = and y in Eq. (4.1) are sections of K;f and K;f, respectively. It follows that
the homological classes [by] are n—kc;. Note that the fiber 771(b) for b € S is an ALE
space [112-117]. The singularity of the fiber over S is determined by the volumes Ay
of (—2) 2-cycles of the ALE space. So unfolding a singularity corresponds to giving
some of these 2-cycles finite volumes. In the Tate model Eq. (4.1), the fibration
singularity is determined by the coefficients by. Indeed, the coefficients b, encode
the information of the volumes \,. In what follows, we shall introduce the spectral
cover construction making the relation between the coefficients by in Eq. (4.1) and
the volumes Ay of (—2) 2-cycles manifest®?.

Let us consider the eight-dimensional N' = 1 gauge theory compactified on S. To
obtain unbroken A = 1 supersymmetry in four dimensions, it was shown [14,17,62]
that the bosonic fields, a gauge connection A and an adjoint Higgs field ®, have to
satisfy the BPS equations (2.10). To solve BPS equations, one may take V' as a
holomorphic vector bundle over S with the connection A and ® being holomorphic.
The simplest solution for (A, ®) is that ® is diagonal and V' is a stable bundle. In

particular, let us consider a 3 x 3 case as follows:

A 0 0 s
o=|[0 A 0], > =0, (4.2)
k=1
0 0 X

where )\ is holomorphic for k = 1,2,3. In this case [®T,®] = 0, and Eq. (2.10) is

then reduced to the Hermitian Yang-Mills equations (2.11). The low-energy spec-

3For more details, please see [47] and references therein.
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trum is therefore decoupled to ® and only depends on the Hermitian Yang-Mills
connection A. The eigenvalues A\, characterize the locations of intersecting seven-
branes. Alternatively, the information of intersecting seven-branes can be encoded in
the characteristic polynomial Pg(s) = det(s/ — ®) associated with a spectral cover
over S. For generically diagonal ®, the polynomial equation Pg(s) = 0 has distinct
roots and the associated spectral cover is smooth. In what follows, we shall focus on
the case of Eq. (4.2) and its associated spectral cover. Notice that the polynomial
equation

bodet(SI - (I)) = b083 + bQS + bg =0 (43)

defines a three-sheeted cover of S inside the total space of the canonical bundle
Kg — S, alocal Calabi-Yau threefold, where by = by|,—o, k = 0,2,3. However, this
threefold is non-compact. For well-defined intersection numbers, one can compactify
the non-compact threefold to the total space of projective bundle P(Og @& Ky) over
S. Let us define X as the total space of the projective bundle with two sections U,
V and with a projection map 7 : X — S. The homological classes of zero sections
{U =0} and {V = 0} are o and o + ¢y, respectively. In compact threefold X, the
spectral cover Eq. (4.3) can be expressed as a homogeneous polynomial as follows:
3
CH: boU? + bUV? + bsVP = by [ [(U + MV) =0, (4.4)
k=1

with a projection map ps : C®® — S where by = by|.—o, k¥ = 0,2, 3. The homological
class of C®) is given by [C®)] = 3¢ 4+ 7*n. The singularities get enhanced at some loci

of S. Let us consider the following breaking pattern

Es — EgxSUQ3) .
248 — (78,1)+ (1,8)+ (27,3) + (27,3). '

The matter 27 is localized on the curve a7 given by the locus of {b3 = 0} where the
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singularity Ejg is enhanced to F-, so it implies the homological class of [Ya7] is 7 — 3¢;
in S. Alternatively, it follows from ); = 0 in Eq. (4.4) that the homological class of
[¥27] can be also computed by [C®)] - o|, = — 3¢;. With a spectral cover C®), one
can obtain a Higgs bundle ps.£ on S by the pushforward of a line bundle £ on C®).
To maintain the traceless condition ¢; (ps.£) = 0, it is required that ps,7® = 0 where
a(L) =% + 1r®) € Hy(X,Z) and r® is the ramification divisor of the projection
map p3 : C® — S. Up to a constant, the unique solution of the traceless condition
P37 = 01is v®) = (3 — pips,)[CP)] - 0, and one can calculate the chiral spectrum by
turning on the traceless flux 4. More precisely, the net chirality No7 of the matter

field 27 can be computed as

Noy = 7(3) Yoy = —n-s(n—3c1). (4.6)

To obtain three generations for 27, it is required that (6¢; — t) -5 (3¢; —t) = =3
which is a non-trivial constraint on embedding of S into the Calabi-Yau fourfold Xj.
On the other hand, the irreducible cover C® only provides a single matter curve, so
we need more matter curves and more degrees of freedom on the cover flux to build
promising realistic models. Therefore we shall study the factorizations of the spectral

cover C® in what follows.

1. (2,1) Factorization

Let us consider the factorization C®) — C@ x c®).

boU? + byUV? + b3V?3 = (agU? + a1 UV + axV?)(doU + di V) (4.7)
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with projection maps p, : C¥ — S and p;, : C®®) — S, respectively. Let [di] = &. One

can write the homological class of remaining sections as
[an] :77_(”+1)Cl—fa TL:O,]_,2, [d()] :Cl‘|‘€. (48)

It follows from Eqs. (4.7) and (4.8) that the homological classes of the covers C(® and

C® are given by
[C(“)] =20+7"(n—£&—c1), [C(b)] =o+71(€+ ). (4.9)

With the homological classes [C(?] and [C*)], one can compute the homological classes

of matter curves 2(2‘17) and 2(2177) as

=) =€) ol =n—3c1—¢, (2R =[CY]-0l, =¢. (4.10)
The ramification divisors of the maps p, : C¥ — S and p;, : C®) — S are given by
r@ = [CY) . 1% (n — 2¢; — &), r® =[CY] . (=0 + 7%€). (4.11)

The traceless fluxes v\ and v is defined as (2—p:pa.)[C@]-0 and (1—p;pp.)[C?)]-0,

(a) )

respectively, where pg.y, = 0 and pb*véb = 0. The explicit forms of the traceless

fluxes 73" and (" are given by
W =[] 20 -7 (n—3c1 =€), A =1CY] (0= 7). (4.12)

The chirality of matter 27 on each matter curve due to the fluxes ’y(()a) and %()b) is then
shown in Table XLVI.
Due to the factorization, one can introduce the additional fluxes §(* = (1 —

Pipas)[CW] - o and 6®) = (2 — pipy.)[CY] - o. Tt is not difficult to obtain [66]:

6@ =[c@].o —[C®) - 7*(n—3c; — &), 6® =[C?]. 20 —[CY] 7€ (4.13)
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a b

'Vé : '7(())

27@ | —(n—c; — &) -5 (n—3c; =€) 0
270 0 —& 5 (1 +8)

Table XLVI. Chirality induced by the fluxes 7" and 7".

§(a) ) p

27 | —c;g(n—=3c, —&) | =€-s(n—=3c,—€) | —p-5(n—3c1 — &)

270 | —¢£.5(n—3c; =€) —2¢; -5 ¢ 205§

Table XLVII. Chirality induced by the fluxes 6(*, 6®), and p.

Also for any p € Hy(S,R), one can define a non-trivial flux p as

p = (2p, — pa)ps (4.14)

then the chirality induced by these additional fluxes on each matter curve is summa-
rized in Table XLVII.

The total flux I' is then a linear combination of the fluxes above:
I = kavéa) + k:w(()b) +mgd @ +myd® + p =T 4 T, (4.15)

where

@ = 9] . [CW] = [CD] - [(2ky + ma)o — T (ka(n — 3c1 — &) + mu€ + p)], (4.16)

DO = (0] - O] = (9] - [(ky + 2my)o — 7" (ke +maly — 3e1 — €) — 2p)]. (4.17)
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The parameters k,, ky, mq, mp will be determined later by physical and consistency

conditions. In addition, by

PasT' ™ = ma(n — 3c1 — €) — 2myé — 2p, (4.18)

Pl = —mu(n — 3c1 — &) + 2myé + 2p, (4.19)

we find that '@ and '@ indeed satisfy the traceless condition Par[@ + pp,, IO = 0.

In the (2,1) factorization, the quantization conditions are then given by

(2kq +my)o — ¥ (ko(n — 3c1 — &) + mpé + p — %(n —2c1 —&)) € Hy(X,Z), (4.20)

(y + 2my — %)0 (4 ma(n — Ber — €) — 20— %g) € Hy(X,Z). (4.21)
In addition, the supersymmetry condition is
[ma(n —3c1 = &) — 2mp€ — 2p] -5 [ws] = 0, (4.22)
where [wg] is an ample divisor dual to a Kéhler form of S.
2. (1,1,1) Factorization
Let us consider the factorization C® — C1) x C(2) x CUs):
boU? + byUV? + b3V = (foU + fiV) (90U + 91V)(hoU + hy V), (4.23)

with the projection maps p;, : C") — S, p, : C¥ — S and p;, : C®) — S. Let

[91] = & and [hy] = &, the homological classes of the remaining sections are

[fm] =1 — (TTL + 2)01 - 51 - 52, m = 0, 1. [go] = + 51, [ho] =+ 52. (424)
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It follows from Egs. (4.23) and (4.24) that the homological classes of the covers C(1),

C2) and C") are given by

CH=c+7"(n—2c1 -6 &), CW] =0+ +c), [CW]=0c+7"(&+a)

(4.25)
The homological classes of the matter curves can be obtained from the intersection
[CW] . o,

S8 = =8 —&6—&, [EW=6, EW]=¢. (4.26)

In the (1,1, 1) factorization, the ramification divisors are given by

m, = [C0) ot (=3 -6-6)], 1, = [CW(—o+m°61), 11y = (€] (—o7°62).
(4.27)

For general fluxes v = [C?)] - o, we define the traceless fluxes 7@) as
& v 0

W= =pipn ™ =[] o -7 (=3 —& —&)],  (428)
w07 = (L= pipp)r ™ =[] (0~ 76), (4.29)

(Us) _ (1 _ p* ) — ¢ . (g — ¥ 4.30
%Y = (L= pip)y™ =€) (0~ 7°E). (4.30)

It is easy to see that véi) satisfies the condition pi*v((]i) = 0 for all 7. The chirality

induced by the fluxes fy[gll), 7[()[2), and %ls) is summarized in Table XLVIII.
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7 7" 7
2700 | —(n = 2c1 — & — &) s (n—3c1 — & — &) 0 0
27(%2) 0 &1 s (e + &) 0
27(s) 0 0 —& 5 (e1+&2)

Table XLVIII. Chirality induced by the fluxes 7(()[1), yélg), and 7(()[3).

There are many choices of the additional fluxes, for simplicity, we consider

0 = [(1 = piypie) + (1 = pfpu) Iy
=[] 20 — ([€@] + [C™)]) -7 (n = 3er — &1 = &), (4.31)
0 = [(1 = pj,pas) + (1 = pr i)™
= [c®)]. 20 — [cW)] . 7*¢; — [CW)] - 7¥€y, (4.32)
30s) = [(1 = pj pige) + (1 = piprgs) ]y
= [C")] . 20 — [CW] - 7*&, — [CW] - 77&,. (4.33)
p = — o)+ (o, — i)z + (P, — piy)ps, (4.34)
where p; € Hy(S,R), Vi. The chirality induced by these additional fluxes on each

matter curve is summarized in Table XLIX.

The total flux I" with the parameters ki, ki, ki, my,, my,, and my, is [66]

T = ki, ™ + ki + ki 4 my, 6@+ my,602) 4 my,60) 4 5= 14 4 ) 4 )
(4.35)



§) §2) §Us) ﬁ

27 —2¢1 -5 [fl] —&1s [fl] =825 [fl] (p3 - Pl) 'S [fl]

27(>) —&sfi] | 2056 | —&s e (p1 —p2) s &1

270) | —& g [fi] | —&s& | —2c1-5& | (p2—ps) s

Table XLIX. Chirality induced by the fluxes §¢), §¢2), §(s) and p.

where

F(ll) = [C(ll)] ’ [(kll + lel)a - W*(k"h[fl} + m12€1 + ml3§2 +p1— p3)]7
) — [C(b)] Nk, + 2myy)o — 7 (my, [ f1] + k& + mugée + pa — 1)),

[s) = [C(ls)] (K 4 2myy )0 — 7 (my, [ f1] + miy& + ke + ps — p2)).

It is then straightforward to compute

P LW = 2my (0 — 31 — & — &) — mpés — my&e — o1+ s,
plg*F(lz) = —my, (n —3c1 — & — &) + 2my &y — my&e — pa + pa,

pl3*F(l3) = —my, (n — 3c1 — & — &) — my,& + 2my,&s — ps + po.
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(4.36)
(4.37)

(4.38)

(4.39)
(4.40)

(4.41)

The sum is zero, as it should be for the traceless condition. In this case, the quanti-

zation conditions are given by

(kh + 2ml1 - %)0— - ﬂ-*{(kh - %)[fl] + mlz£1 + ml3§2 +p1— p3} € H4<X7 Z)> (442)

(klz + 2ml2 - %)G - W*{mh [fl] + (klz - %)51 + m13£2 + p2 — pl} € H4(X7 Z)v (4'43)

(ki + 21, — )0 7 {mu [+ mu,6a -+ (b — 5)6 + s — 2} € Hi(X, ), (4.44)
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and the supersymmetry conditions are as follows:

[27”11(77 —3ci =& — §2) —my, &1 — my&e — p1 + ,03] ‘S [WS] =0, (4.45)
[=my, (1 — 3e1 — & — &) + 2my, & — mu€a — p2 + p1] s [ws] =0, (4.46)

[_mh(n —3c1 — &1 — 52) —my,&1 + 2myée — ps + ,02] ‘S [ws] =0. (4.47)

B. Breaking FEg

The MSSM fermion and electroweak Higgs fields can be included in the same 27
multiplet of a three-family Fs GUT model. On the other hand, it is possible to
assign the Higgs fields to a different 275 multiplet where only the Higgs doublets
and singlets obtain the electroweak scale energy. The Yukawa coupling for these two

cases can be written as
W D 27-27-27 (Case A) or 27-27-27y (Case B). (4.48)

The Yukawa coupling of Case A is either a triple-intersection of one 27 curve or
an intersection of three different curves in F-theory model building. It is difficult
to obtain a three family model from a single curve and the geometry of a triple-
intersection is generally complicated. On other hand, it is not easy to achieve the
mass hierarchy of the third generation in the three-curve model. Therefore, we do not
consider Case A in this paper. In case B, there are two possible constructions from
spectral cover factorizations. In the (2,1) factorization, the fermions are assigned
to 27 curve and the Higgs fields come from the other 27® curve. The Yukawa
coupling then turns out

WD ~ o7(@)  gr(a)  gr(d) (4.49)
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In the (1,1,1) factorization, the matter fields are assigned to curve 27@ and 27®
while the Higgs fields come from the 27(®) curve. In this case the Yukawa coupling is
then

WLLY ~ om(a)  om®)  gr(c). (4.50)

In order to realize the MSSM in the Eg GUT models, it is useful to study the
subgroups of Fg. In our F-theory model building we consider the picture that the Fg
gauge group is broken by the SU(2) x U(1)? flux on the seven-branes. This flux may

tilt the chirality of the matter on the curve after Ejg is broken.

1. Subgroups of Ejg

The subgroups of Eg including the Standard Model gauge group can be denoted Eg D
SU(3) x SU(2) x G,.. Here G, marks a rank 3 group which is a product of U(1) or
SU(2). It has been shown (for example, [90,94,100,128]) that by suitable assignments
of the hypercharge of the SM and the B — L symmetry, these Eg subgroups with
different GG are equivalent to different matter content arrangements. This property
would be useful for the analysis of the non-abelian fluxes of type G.. In this section
we will briefly review the subgroups of Fg.

Let us consider the following breaking patterns of Fjg:

(la) Eg — SO(10) x U(1) — SU(5) x U(1)?, (4.51)
(1b) Eg — SO(10) x U(1) — SU(4) x SU(2) x SU(2) x U(1),  (4.52)
(2a) Es — SU(6) x SU(2) — SU(5) x U(1) x SU(2), (4.53)
(2b) Es — SU(6) x SU(2) — SU(4) x SU(2) x U(1) x SU(2),  (4.54)
(2¢) Eg — SU(6) x SU(2) — SU(3) x SU(3) x U(1) x SU(2),  (4.55)

(3) Eg— SU(3) x SU(3) x SU(3). (4.56)
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In all of these cases, there are two possible outcomes when FEg is broken down to the

subgroups containing the Standard Model group. Case (1la) turns out to be

E¢ — SU3) x SU(2), x U(1)y x U(1)y x U(1)y, (4.57)
and the other cases become

Es — SU3) x SU2) x SU2) x U(1)y x U(1)w. (4.58)

Note that the assignments of U(1)y and U(1)w groups of the cases (1b), (2a), (2b),
(2¢) and (3) are different, but they are equivalent up to linear transformations. Take
case (3) as an example, the breaking is through a trinification model, therefore we
can write

Es D SUB) x SU2)r x SU(2)r) x U(1)y, x U(1) (4.59)

Yy
The parenthesis on R in SU(2)p) indicates that it has three different assignments de-
noted by SU(2)r, SU(2) g/, and SU(2)g [128]. The third component I3(ry of SU(2)r)

along with the quantum numbers of U(1)y, and U(1)y,,, can have a linear relation

Y(r)

to the quantum numbers of U(1)y, U(1), and U(1), of case (la) in (4.57), i.e.,

Y = a1Yp +axY(ry +aslsr), x =01YL +02Y(g) +b3l3r), ¥ = 1YL+ Y (r +c3lyr),
(4.60)
where a;, b; and ¢; are coefficients of the transformation. These three different kinds
of SU(2)(r) assignments also confine the three different embedding of SM matter
representations into the SU(5) multiplets belonging to 27 of Fg, as well as the cor-
responding assignments of the hypercharge. The three assignments of U(1)y should
be orthogonal to the three SU(2) gy, respectively.
The U(1)p_r symmetry is conserved in SUSY FEg models, which is not difficult

to see from the gauge breaking via the Pati-Salam gauge group. U(1)p_, has a
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linear relation with U(1)y,, U(1) and the third component of SU(2)r). There

Yiry
are also three U(1)p_; assignments orthogonal to the three SU(2)g), respectively.
For consistency with the SM structure, U(1)g_; and U(1)y are not orthogonal to
the same SU(2)(ry. Therefore, there are six totally different charge assignments of
the SM multiplets - six different embedding of SM multiplets in 27 of Eg. For the
detailed analysis, we refer readers to [128].

The Egs subgroups listed in Eqs. (4.57) and (4.58) are rank 6. In heterotic

string compactifications, Eg can be broken by a non-abelian flux down to a rank 5

subgroup [91,93-95]:
E¢ — SU3) x SU(2)p x U(1)y x U(1),,. (4.61)

This model is usually marked as the n-model. Rank 6 models [96,98,99] have more
symmetries, but it is common practice to give a large VEV to one U(1) gauge group
to reduce them to the so called effective rank 5 models. For instance, from Eq. (4.57)

the remaining abelian gauge group U(1)y is a reduction
U(l)g = cosOU(1), +sinQU(1),. (4.62)

Particularly, the rank 5 n-model can be regarded as a special case of this setup by

v, = 2o, - 2o (4.63)

In our F-theory models, a non-abelian flux SU(2) x U(1)? is turned on to break the Eg
gauge group to SU(3) x SU(2) x U(1)? taken to be the n-model. However, since U(1),
is only determined by the two U(1)s while the SU(2) is integrated out, the n-model
does not possess the degrees of freedom from the mixing angle 6 preserving some
symmetries such as the B — L symmetry [100]. The corresponding phenomenology of

the F-theory rank 5 model will basically follow the properties of the n-model.
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The particle content of the Fg model we will consider is conventional. It includes
three copies of 27-plets, each copy includes an SM ordinary family, two Higgs-type
doublets, two SM singlets, and two exotic SU(2)-singlet quarks. The 27 matter con-

tent of the SU(3) x SU(2) x U(1)y x U(1), model with the corresponding charges are

2t (371)7é2 +€c(171>2,2

wh—‘

27 — Q(3,2)
L(1,2)_

12) 4+ A3, )e 511,
%—4"‘]1( )1—4

L +h(1,2) 1,1t S(1, 1)0,5)

_ (4.64)
+ D(3, 1)
D( 71)%

where the first subscript denotes the U(1)y charge and the second indicates the U(1),

charge. The superpotential for the 27 - 27 - 27 coupling can be expanded as

W=Wo+Wi +Wot+ Wi+ -, (4.65)
Wo = MAQuE + \ahQd® + AzhLe® + A\hhS + A\sDDS, (4.66)
W1 = A¢Du‘e® + \yDQL + A\ Dvede, (4.67)
Wa = A DQQ + \jgDu‘de, (4.68)
Ws = A\ hLVC. (4.69)

Additional symmetries should be considered to avoid the terms that may cause se-
rious phenomenological problems. The exotic fields are only confined by the charge,
isospin, and hypercharge assignments while their baryon and lepton numbers remain
unspecified. By assigning baryon and lepton numbers to D, it is possible to forbid
some of the interactions in W by the conservation of baryon and lepton numbers. For
example, if the baryon number B(D) = 3 and the lepton number L(D) =1, W, =0
if B(D) = —2 and L(D) = 0, then W, = 0. In the case B(D) = § and L(D) =0, D is
regarded as a conventional quark - able to mix with the d-quarks - then decaying via

flavor changing neutral currents (FCNC) or charged currents (CC) [100]. By setting
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B(h,h) = L(h,h) = 0 and B(S) = L(S) = 0, h and h are the usual MSSM Higgs
doublets, and the VEV of S provides a mass for D. See [100] for a detailed review.
Another possibility is considering the MSSM Higgs fields coming from a different
27y (or 27g). In this case the exotics of the matter 27-plet are taken as the ordi-
nary quarks and leptons, B(D) = 1 and L(D) = 0, as well as B(h, h, 1% S) = 0 and

L(h,h,v°,S) = 1. The doublets H;(1,2) Hy(1,2) , , and Hy(1, 2), 4 and

—1,—1>
the singlets H3(1,1),; and Hy(1,1),, of 27y develop VEVs so that the superpoten-

tial takes the form

W' > HyQuf + HyQd® + HyLe® + Hihe® + hhH,

+  HyhS + HyhS + DDH, + HiQD + H3Dd® + HyLv© + --- . (4.70)

We can see the mixings between the ordinary fermions and their corresponding exotic
fields. These kinds of mixings allow the exotics to decay via FCNC or CC [100].
There can be one or more additional Higgs-like doublets from (27 + 27) vector-
like pairs preserving the gauge unification without introducing anomalies. In sum-
mary, with the picture of electroweak Higgs fields from a different 275, the minimum

spectrum at low energy is

3 x 27 + (275) + (27 + 27). (4.71)

2. Non-abelian Gauge Fluxes

In what follows, we shall analyze the effects on the chirality after the SU(2) x U(1)?
flux is turned on. We choose the breaking chain (1) in Eq. (4.52) via SO(10) and
SU(4) x SU(2) x SU(2). When the flux is turned on, the matter on the bulk decom-
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poses as
Es —— SO(10) x [U(1),]
——— SU(4) x SU(2); x [SU(2)y x U(1),]

—— SU(3) x SU(2); x [SU(2)y x U(1), x U(1),]

78 —  45,+ 1y +16_35+ 165
—  (15,1,1),+(6,2,2),+(1,3,1),+(1,1,3), + (1,1,1),
[(4,2,1) .+ (4,1,2) , +c.c]
- (81, 1)0,0 + (3.1, 1)0,—4 +(3,1, 1)0,4 + (1,1, 1)0,0
+(3,2,2), + (3,2, 2), 5+ (1,3, 1)+ (1,1,3)4+ (1,1,1)y 4

+[(37 27 1)—3,—1 + (1’ 27 1)—3,3 + (‘5’7 17 2)—3,1 + (1’ 17 2)—3,—3 + C'C']'
(4.72)

The SM hypercharge is defined as

%[U(l)a + %U(l)b]. (4.73)

Uy =
Under the breaking pattern (4.72), the gauge group Eg can be broken down to SU (3) x
SU(2); x U(1), x U(1), by turning on a gauge bundle on S with the structure group
SU(2)y x U(1)q x U(1)p. Let us define L; and Ly to be the line bundles associated
with U(1), and U(1),, respectively. V5 is defined as a vector bundle of rank two
with the structure group SU(2). To preserve supersymmtry, the connection of the
gauge bundle W = V, & L; & L, has to satisfy the Hermitian Yang-Mills equations
(2.11)%* Tt was shown in [118,119] that the bundle W has to be poly-stable with
P (Va) = pg(Lh) = p(L2) = 0, where slope p(£) of a bundle E on S is

defined by p(E) = MQ(E) -5 [w] and [w] is an ample divisor of S. The poly-

"More precisely, L; and L, are fractional line bundles [14-17].
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stability also requires that V5 is a [w]-stable bundle. Since S is a del Pezzo surface,
it was shown in [14] that for any non-trivial holomorphic vector bundle E satisfies
Eq. (2.11), h°(S, E) = h*(S, E) = 0. This vanishing theorem dramatically simplifies
the calculation of the chiral spectrum. It turns out that the matter spectrum can be
calculated by the holomorphic Euler characteristic [109,110]. By the decomposition

Eq. (4.72) and the vanishing theorem, the spectrum is given by

nea, , = —X(5,G7) =m, (4.74)
n@E1,, = —X(9,G) =7, (4.75)
n@22),, = —X(9,U2) = 13, (4.76)
n@a2a2), , = —X(SUy) =, (4.77)
n@21)_, , = —X(5F) =15, (4.78)
nE21),, = XS, F7) =1, (4.79)
ne12), , = XS, Uy @ F7') =, (4.80)
n@12) ,, = XS, U2 @ F) =1, (4.81)
naa2)_,_, = —X(S, Uy ® F) = éi, (4.82)
n112),, = —X(S, U ® F7') = 6y, (4.83)
na21)_,, = —X(5,G®F) =0, (4.84)
na21), , = XSG @F) =4y, (4.85)

where V stands for the dual bundle, y is the holomorphic Euler characteristic defined
by X(S7 E) = Zz hO?i(Su E)7 U2 = ‘/2 ® L%v F= Lfg ® L517 G = Lgv and Yis 51 € Z?O-
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After some algebra, Eqs. (4.74)-(4.85) can be recast as

a(G)? = =2 —m — ", (4.86)
c1l(F)? = =2 — 75 — %, (4.87)
c1(S) - a(G) =71 — e, (4.88)
c1(S) - er(F) = — s, (4.89)
c2(Va) = 2(6 — M = Y2+ 273+ 274), (4.90)
a(G) - a(F) = %(4 + 93+ 71+ 275 + 2% — 77 — 78); (4.91)
Y=+ =71 =0, (4.92)
Y= = 2%+ 2% — 77+ =0, (4.93)
0 = %(8+% — Y2+ 273 + 274+ 675 + 276 — 17 — ), (4.94)
0y = %(8—71 + 92 + 2793 + 274 + 2795 + 676 — 7 — 8), (4.95)
03 = —%(2—272+73+74+2%—77—%;), (4.96)
0y = —%(2—2%+73+74+275—77—78)- (4.97)

Note that given v, k = 1,2,...,8 satisfying the constraints Eqs. (4.92) and (4.93),
(F, G, V3) are constrained by Eqs. (4.86)-(4.91) and (61, d2, d3,d4) are then given by
Egs. (4.94)-(4.97). In particular, we are interested in the configurations of the vector-

like pairs, namely (717 Y25 V35 V4> V55 V6, V75 V8 517 527 537 64) - (CL, a, b7 b7 G, d7 d? €6, f7 f)a
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where a, b, ¢, d, e are all non-negative integers. Then Eqs. (4.86)-(4.97) reduce to

(

c1(G)?*=—-2—2a
ci(F)?=-2-2c
c1(S)-a1(G)=0
c1(S) -1 (F)=0 (4.98)
ca(Ve) = 5(3 +2b —a)
1(G)-ci(F)=2+b+2c—d
e=4+2b+4c—d
| f=-1+a—-b—c+d.

It was proven in [129] that for an algebraic surface S with a given n > 4([h°(S, Kg)/2]+
1), there exists a [wg]|-stable bundle V' of rank two with ¢; (V) = 0 and (V) = n.
When S is a del Pezzo surface, h°(S, Ks) = 0 and this theorem implies that for any
given number m > 4, there exists a |[wgl-stable bundle of rank two with ¢;(V) = 0
and c(V) = m. To apply this theorem to our case, we require that co(V5) > 4.
In general, ¢;(V) and (V') of a stable bundle V' over a compact Kéhler surface S
with ¢;(S) > 0 satisfy the inequality 2rcy(V) — (r — 1)er(V)? = (r? — 1), where r is
the rank of V' [111]. When r = 2 and ¢;(V)) = 0, one can obtain the lower bound
c2(V)) = 2. Tt is possible to obtain a [wg]-stable bundle V' of rank two with ¢;(V) =0
and (V') < 4 for S being a del Pezzo surface. One can start with V' defined by the
following extension:

0—-L—-V—->M-=—D0. (4.99)

To obtain vanishing ¢;(V'), one can set M = L' and compute co(V) = —ci(L)>.
The extension is classified by Ext'(L, M) = H'(S,L ® M*). When M = L', the

obstruction of the non-trivial extension is h'(S, L?) # 0. Let L be a non-trivial line
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bundle and S be a del Pezzo surface. By the vanishing theorem, one can obtain
RY(S,L*) = =1 —¢1(9) - e1(L) — 2¢; (L) (4.100)

If ¢1(S) - e1(L) = 0 with negative ¢;(L)?, it is easy to see that h'(S,L?*) > 1. The
simple example for such a line bundle is L = Og(e; — €j), i # j, where {eq,...,eg} is
a set of the exceptional divisors of S. With non-trivial extensions, one may construct
a [wg]-stable bundle V' with (r,c1(V), c2(V)) = (2,0, 2) and with the structure group
SU(2). In what follows, we shall focus on the case of c3(V2) > 4. We summarize the

constraints for (a, b, ¢, d) as follows:

p

2b+4c—d > —4

a—b—c+d>1
(4.101)
a—2b< -5

L a, b,C,d € Z}O-

Note that a must be odd otherwise c¢3(V3) cannot be integral. It follows from the
condition co(V2) > 4 that b > 3. Let us consider the case (a,b,c) = (1,3,0). Then

Eq. (4.98) becomes

a(G)? =—4
o1 (F)? = —2
c1(S) - e1(G) =0
c1(S)-a(F)=0 (4.102)
ca(Vo) =4
(
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Note that for the case (a,b,c) = (1,3,0), the necessary condition for d is 3 < d < 10.
From the conditions ¢1(G)? = —4 and ¢ (F)? = =2, we set G = Og(e; —ej + e, —
e), i #j#k#land F = Og(ey — e,), m # n. Clearly, G and F also satisfy the
conditions ¢;(S) - ¢1(G) = 0 and ¢;(5) - ¢;(F) = 0. We shall not attempt to explore

all solutions (G, F') and only list some solutions as follows:

(Os( ); Os(
(Os( ); Os(
(G, F) =19 (Osle; —e;+ e —e), Os(e: — ), (d,e, f) = (5,5,2) (4.103)
(Os( ) Os(
(Os( ); Os(

Let us consider another example, (a,b,¢) = (3,4,0). In this case Eq. (4.98)

reduces to

(4.104)

| f=—2+d
When (a,b,c) = (3,4,0), it follows from Eq. (4.104) that the necessary condition
for d is 2 < d < 12. From the conditions ¢;(G)? = —8 and ¢;(F)? = —2, we set
G = Os(2e; — 2¢;), i # j and F = Og(e,, — €,), m # n. It is not difficult to see
that G and F satisfy the conditions ¢;(S) - ¢1(G) = 0 and ¢;(5) - ¢1(F) = 0. Some



140

solutions of (G, F') are as follows:

(

s(ei —¢;)), (de, f) =(10,2,8)
) (d7€7f> = (8’476)

)
), (de, f) = (6,6,4) (4.105)

(Os( ); Os(
(Os( ); Os(
(G, F) =1 (Os(2¢; — 2¢;), Os(em — e5)
(Os( ); Os(
(Os( ): Os(

\
Let us turn to the chiral spectrum on the matter curves. The breaking pattern
of the presentation 27 is
Es — SU(@3)x SU(2); x [SU(2)a x U(1)y x U(1)y]
~ (4.106)
27 — (37 27 1)1,71 + (17 27 1)1,3 + (37 17 2)1,1 + (17 17 2)1,73
+(37 1a 1)—2,2 + (gv 17 1)—27—2 + (17 27 2)—2,0 + (17 17 1)4,0'
Let us define Var ® Li|uw = Dlyw = M®, Fl . = N, and G|,w = Ni¥. The
27 27 27 27
chirality of matter localized on matter curves 2(2];) is determined by the restrictions of
the cover flux I' and gauge fluxes to the curves. The spectrum induced by the cover

flux and gauge fluxes is summarized in Table L.

C. Tadpole Cancellation

The cancellation of tadpoles is crucial for consistent compactifications. In general,
there are induced tadpoles from 7-brane, 5-brane, and 3-brane charges in F-theory.
The 7-brane tadpole cancellation in F-theory is automatically satisfied since X, is
a Calabi-Yau manifold. The cancellation of the D5-brane tadpole in the spectral
cover construction follows from the topological condition that the overall first Chern

class of the Higgs bundle vanishes. Therefore, the non-trivial tadpole cancellation in



Curve Matter Bundle Chirality
_ k
(3,2,1), _, Var © Ly ® Ly yn M® 4+ N®
(1, 2, 1)173 Vor @ L1 ® L%’Z(QI;) ]\/[(k) + Nl(k) + Ng(k)
(3.1.2), | Ver @%@ L@ Lolgw | 20M® + NF) + N
_ k k
it (1L,1,2), 5 | Var ® Vo ® Ly @ ¥ | 2(M® + N®)y - NP
(3,1,1)_,, V27®L1_2 ®L%|E(2'f,) M) +2N1(k) —I—NQ(k)
(B.1,1) 5 5 | Var®Li" @ Ly [y M® 4 oN®
(1,2,2) ,, Vor @ Vo ® L1_2|2(2k7) 2(M® +2N®y 4 NP
(1,1,1),, Var @ Ll M®)

Table L. Chirality of matter localized on matter curve 27%).

F-theory needed to be satisfied is the D3-brane tadpole which can be calculated by

the Euler characteristic x(X4). The cancellation condition is of the form [122]

X)) 1
ND3:X< 4)——/ GAG,
Xy

4.1
24 2 (4.107)

where Nps is the number of D3-branes and G is the four-form flux on X,. For a
non-singular elliptically fibered Calabi-Yau fourfold Xy, it was shown in [122] that

the Euler characteristic y(X4) can be expressed as

c1(Bs)[ca(Bs) + 30¢,(Bs)?], (4.108)

X(X4) = 12 /

B3
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where ¢ (Bs) are the Chern classes of Bs. It follows from Eq. (4.108) that x(X4)/24
is at least half-integral®>. When X, admits non-abelian singularities, the Euler char-
acteristic of X, is replaced by a refined Euler characteristic, the Euler characteristic
of the smooth fourfold obtained from a suitable resolution of X4. On the other hand,

G-flux encodes the two-form gauge fluxes on the 7-branes. It was shown in [123] that
/ GAG=-T? (4.109)
X4

where T' is the universal cover flux defined in section A and I'? is defined as the
self-intersection number of I' inside the spectral cover. It is a challenge to find com-
pactifications with non-vanishing G-flux and non-negative Np, to satisfy the tadpole
cancellation condition (4.107). In the next two subsections, we shall derive the formu-
lae of the refined Euler characteristic x(X4) and the self-intersection of the universal

cover fluxes I'? for the (2,1) and (1,1, 1) factorizations.

1. Geometric Contribution

In the presence of non-abelian singularities, X, becomes singular and the Euler char-
acteristic y(X4) needs to be modified by resolving the singularities. To be more
concrete, let us define H to be the gauge group corresponding to the non-abelian sin-
gularity over S and G to be the complement of H in Eg. Then the Euler characteristic

is modified to

X(Xa) = X" (X4) + X6 — XBs» (4.110)

For a generic Calabi-Yau manifold Xy, x(X,)/24 takes value in Z, [122].
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where x*(X}) is the Euler characteristic for a smooth fibration over B given by Eq.
(4.108) and the characteristic xg, is given by [53,123,124]

XEs = 120 / (3n% — 2Tnec; + 62¢7). (4.111)
S

For the case of G = SU(n), the characteristic x sy () is computed as

XSU(n) = /(n3 —n)ct + 3nn(n — ney). (4.112)
S

When the group G splits into a product of two groups G; and G, x¢ in Eq. (4.110)

is then replaced by XG) + XE; , where 7 in ¢ is split into the classes 7™ as shown

in the footnote below. It turns out that the refined Euler characteristic of the (2,1)
factorization is given by
(X0) = X"(X0) + Xu + Xst.
XAy X \A4) T Xgpz) T Xsu@) — XEs
== X*(X4) + / 3[61(3201 — 16t — 155) + (2t2 + 4t§ + 3§2>] - XE8(4]‘13)
S
In the (1,1, 1) factorization, the refined Euler characteristic®®
(X)) = X*(X)+ () + (I2) + (l3)
X\Aq X 4 Xsu(1) XSU(l) Xsu() — XEs
(X)) 43 / 1 [120; — 7t — 6(¢1 + &)]
S

+ 3/3 [ +2t(6 + &) +28 + 6% +8)] —xm  (4114)

2. Cover Flux Contribution

Under cover factorizations, the universal cover flux is of the form

r=>1%, (4.115)
k

%For the (2,1) factorization, n(® = (n—c; — &) and n® = (¢; +€). For the (1,1,1)
factorization, n) = (1 — 21 — & — &), 1" = (1 + &), and n®) = (1 + &).
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where the fluxes I'®) satisfy the traceless condition ok eI ®) = 0. In what follows,
we shall compute the self-intersection I'? of the universal fluxes for the (2,1) and

(1,1,1) factorizations.

a. (2,1) Factorization

Let us recall that in the (2, 1) factorization, the universal cover flux is given by
I = kav{ 4+ k7 + mad®@ + mys® + =@ 4 1), (4.116)
where T'@ and I'® are

L@ = [C@] - [(2k, + ma)o — 7 (ka[as) + myldi] + p)] = [€@] - [C@),  (4.117)

IO = €] - [(ky + 2mp)o — 7" (ksdi] + malaz] — 20)] = [€®] - [E¥).  (4.118)

Then the self-intersection I'? is calculated by [66]

2 =[C@].[C@]-[Cc@] +[c®]-[c®]-c®). (4.119)

In the (2,1) factorization, [C¥] = 20 + 7*(n — ¢; — £) and [CY)] = o + 7*(c; + €).

With Eqs. (4.117) and (4.118), it is straightforward to compute

o= G+ el 160
1

= —5(2ka + ma)°[0s] - [ao] — (R + 2m)°[d1] - [do]

42 (malan] — 2m )] — 2p)” (1120)
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b. (1,1,1) Factorization
In the (1,1, 1) factorization, the universal flux is given by
L=k 17(% 1) + /fzﬁél?) + kl375l3) + mll(s(ll) + mZQ(S(lz) + ml35(13) +p= ) + ) + I‘(l3)7

(4.121)

where I'1) T(2) and T'") are

D = [C(ll)] ’ [(kh + 2ml1)g - W*(kh[fﬂ + mlzgl + ml3§2 +p1— p3)]7 (4'122)
2) = [C(lz)] ’ [(klz + leQ)U - ﬂ-*(mh [fl] + klzgl + ml3§2 + p2 — Pl)], (4'123)

P = [CU)] - [(kyy + 2mug)o — 7 (mu, [f1] + muéa + kibo + ps — p2)]. - (4.124)
In this case the self-intersection I'? is computed as
[C(ll)] [C ] [C(ll)] [C(l2)] . [5(12)] . [5(52)] + [C(lg)] . [5(13)] . [5(13)]. (4.125)

Recall that [CU)] = o + 7*(n — 2¢1 — & — &), [C)] = 0 + 7% (c1 + &), and [CH)] =
o+ 1*(c1 + &). It follows from Eqs. (4.122)-(4.124) that

2 = [CW].[(W)2 4 [c0)]. [(@)2 4 [c)]. [(W)2
= —(ky, +2mu, *[Ai] - [fo] = (ki + 2mu,)%[0n] - [g0] — (uy + 2mu,)? (] - [ho]
+(p1 = p3 — 2my, [fi] + muy[g1] + 1, [ ])?
+(p2 — p1+my, [fi] = 2mu, (1] + gy [P ])?

+(p3 — p2 +my, [fl] + [91] - 2Tnl:% [hl])2 (4'126)



146

D. Models

In this section we give some numerical examples in the geometric backgrounds dP;

studied in [64] and dP; in [53]. The basic geometric data of dP; in Xy is
cp=3h—e —ey, t=h, n=17h— 6e; — 6e,. (4.127)

It follows from Egs. (4.113) and (4.114) that the refined Euler characteristic x(X4)

for the (2,1) and (1, 1,1) factorizations are
X(X1)e1y = 10662+ /53[—15501 + 4t€ + 3€7), (4.128)
X(Xa)aan = 10320 + /S 6[(t=3c)(G+ &)+ (@ + 0L +&)], (4129)
where x*(X4) = 13968 has been used. The ample divisor [wgp,] is chosen to be
[wap,] = aler +e2) + B(h —e1 —e2), 2a>[>a>0. (4.130)
For the dP; studied in [53], the basic geometric data is

c1 = 3h-€1—€2—63—64—65—€6—€7,
t = 2h-€1—€2—63—64—65—667 (4131)

n = 16h — bey — bey — bez — Hey — Hes — Heg — ber.

with x*(Xy) = 1728. By Eqgs. (4.113) and (4.114), the refined Euler characteristic

x(Xy) for the (2,1) and (1,1, 1) factorizations are

XXy = T08+ / 3[—15€c, + 4t€ + 3¢7), (4.132)
S

X(Xa)apy = 594+ /36 [(t=3c) (& + &)+ (G +&&+&)] . (4.133)
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In this case we choose the ample divisor [wgp.| to be

7
[wap,) = 1480 — (58 —a) Y Je;, 53 >a > 0. (4.134)
=1

We shall discuss the models of the (2,1) and (1,1,1) factorizations. In each case the
trivial and non-trivial restrictions of the U(1) fluxes to the matter curves will be
discussed. Non-trivial restriction leads to the modification of the chirality of each
matter on the curve after g is broken according to the calculation in section B. In
addition, there could exist vector-like pairs on each curve since we only know the net
chirality. The Higgs vector-like pair (27 + 27) needed for the gauge unification is
therefore assigned to one of these pairs, though the machinery to calculate the exact

number of these vector-like fields is not clear yet.

1. Examples of the (2, 1) Factorization

In the (2,1) factorization the matter fields are assigned to 27(® curve and the Higgs

fields come from the other 27® curve. The Yukawa coupling then turns out to be
W D 27@ . 27@ . 270), (4.135)

Since the fermion and Higgs fields are not on the same 27 curve, the exotic fields
in 27 can be taken as exotic quarks and leptons which are able to mix with the
ordinary ones by suitable discrete symmetries and to decay via mechanisms such as

FCNC after Eg is broken mentioned in section B.

a. A three-family Fg model in dP,

The parameters of the model are listed in Table LI. These parameters give the
spectrum Nyp) = 3 and Nyye) = 3 with Nps = 415 as shown in Table LII. The dP,

surface is probably too limited for the fluxes to break the Eg gauge group. Therefore,
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ka kb Mg | M p 5 o ﬁ

05 |-15|-1|-1|-3h+3e1—3es|e1 | 2]3

Table LI. Parameters of an example of a three-generation Fg GUT.

Curve Class Gen.

27@ | 8h —4ey —3ey | 3

27®) e 3

Table LII. The 27 curves of the three-generation Fg example in dPs.

we stop at a three-generation Fg GUT model in this example.

b. An example of three-generation without flux restriction in dPs

The parameters of the model with Np3 = 12 are listed in the Table LIII. The matter
contents on the curves are listed in Table LIV. If the line bundles G and F' associated
to SU(2) x U(1), x U(1), flux are chosen to have trivial restrictions®” to both matter
27 curves, for example, F' = Og(es — eg) and G = Og(e; — ey + e3 — e4) °®, then
the chirality on each matter curve remains the same after Eg is broken down to
SU(3) x SU(2) x U(1), x U(1),. After suitably transforming the U(1) gauge groups,
the corresponding matter content and phenomenology at low energy is a conventional

rank 5 model discussed in section B.

5"To avoid receiving a Green-Schwarz mass, it is required that [H] -5 ¢;=0 and

[H] 1 =0, for H=F, G [14-17,65).
5@ can be chosen also as G = Og(2(e3 — €4)) from Eq. (4.105).
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ko | ky | mg | mp p & a | B

05 [ 15| 0 |-05|5(3er+ex+es+es) | h—es—es+er || 3|1

Table LIII. Parameters of an example of the (2,1) factorization in dP;.

Curve Class Gen.

27((1) 6h — 261 - 262 - 263 - 264 — €5 — € — 467 3

27(b) h — €5 — €g + ey 2

Table LIV. The 27 curves of the example of the (2,1) factorization without flux re-

strictions in dPs.

c. An example with non-trivial flux restrictions in dPs

In this example we consider a model with non-trivial flux restrictions to the matter
curves in dP;. From the chirality formulae discussed in section B and listed in Table
L, we find that it is unavoidable to have exotic fields under this construction. To
maintain at least three copies for the MSSM matter after the gauge group Fjg is
broken, we may have to start from a model with more chirality on the 27 curves. The
parameters of an example of this scenario are listed in Table LV.

It follows from Eq. (4.107) and the parameters in Table LV that Np3 = 14. We
choose chirality-three curve for the matter fields and a chirality-four curve for the
Higgs fields to make sure that there are enough MSSM matter after the gauge group
Eg is broken. From Eq. (4.103), we can turn on the fluxes F' = Og(e; — e2) and

G = Og(ey — e+ e4 — e5) in dP; . The detailed information of the curves and the

%G can be chosen also as G = Og(2(e4 — €5)) from Eq. (4.105).
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ka kb Mg | My p f o ﬁ

0.5]-05]| -1 |-0.5 —h+%(61—262+63—|—64—|—66)h—62+65—67 13|11

Table LV. Parameters of an example with non-trivial flux restrictions in dPx.

Curve Class M || Ny | Ny

27 | 6h — 2e; — ey — 2e3 — 2e4 — 3e5 — 2e6 — 2¢7 | 3 1 | -2

27 h—ey+es—e; 4 | -11] 2

Table LVI. The 27 curves with non-trivial flux restrictions in dPx.

restrictions of fluxes to each curve are listed in Table LVI.
The low energy spectrum is listed in Table LVII. One can see that there are

exotic fields from non-trivial restrictions of fluxes to the curves.

2. Examples of the (1,1, 1) Factorization

The Yukawa coupling of the 27 curves in the (1, 1, 1) factorization is 27 27(2)27(s),
The fermions are assigned to the two 27 curves while the Higgs fields are located on

the third 27 curve. For instance,
w o 270 . 2702 g7lls). (4.136)

In this scenario the fermions are separated on different matter curves and the sum
of the generations should accomplish a three-family model, for example, two families
on 27%") and one family on 27%2), or vice versa. However, this construction generally
has some problems with the mass matrices. With the assistance from the flux restric-

tions, the method studied in [27] can be applied to obtain a more reasonable Yukawa
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Rep. Gen. on 27 Gen. on 27"
(3, 2)1,71 3XQ+1x(3, 2)1,71 3
(3,1) 5 5 [ 3xu+2x(3,1)_, , 2
(3,1);, 3xd°+3xD 444
(1,2) 5, 3xXxL+5xh 3 x (Hy + Hs)
(1,1),, 3 x e 4
(1,1); 4 Ixve+TxS 2 x (Hs+ Hy)
(3,1)_,, 3xD 4
(1,2), 2xh 5 x Hy

Table LVII. The MSSM spectrum of the (2,1) factorization in dP;.

ki, | ki, | K | muy | muy, | M p1 & ) a|pB

-1.5]-051 15| O 0 0 |=h+e+2e e |2h —2¢; —ea+e3—e7|| 1|3

Table LVIII. Parameters of a three family model in dP; with p, = 2p; and p3 = 0.

structure. However, from the chirality given in Table L. we expect exotic fields to
remain in the spectrum after this mechanism. In what follows, we demonstrate one

example for each case in the (1, 1,1) factorization.

a. An example of three-generation without flux restriction in dP;

The parameters of the model are listed in Table LVIII. These parameters give the

spectrum shown in Table LIX with Np3 = 10. Let us choose the line bundles to



Curve Class Gen. | Matter
270 | 5h — e; — ey — 3e3 — 2e4 — 2e5 — 2e6 — 267 2 Fermion
27(2) el 1 Fermion
27(0s) 2h —2e; — ey +e3 — ez 4 Higgs

Table LIX. The spectrum of the three-generation model in dP;.
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ki,

ki,

Ky

3

mll

mlz

my

3 | P1

&1

S «

g

-0.5

-0.5

-0.5

0

0

-1

€2

2h — 2e1 —e3 — ey

h—e —ey |l 1

3

Table LX. Parameters of a three family model in dP; with p, = 2p; and p3 = 0.

be F = Og(es — es) and G = Og(es — eq + e3 — ¢) ° having trivial restrictions

to each 27 curve. Then the chirality remains the same after Eg is broken down to

SUB)xSU(2)xU(1),xU(1). After suitably transforming the U(1) charges, the cor-

responding matter content and phenomenology at low energy is again a conventional

rank 5 model.

b. An Example of non-trivial flux restrictions in dPs

The parameters of the model are listed in Table LX. These parameters confine the

spectrum of Fg shown in Table LXI with Np3 = 10. If the line bundles associated to

SU(2)xU(1)ax U (1) flux are chosen as F' = Og(eg—es5) and G = Og(e1 —ea+e4—eg)

61 then the chirality of MSSM matter after Eg is broken will be modified by numbers

Ny and N5 shown in Table LXI.

0@ can be chosen also as G = Og(2(e4 — €5)) from Eq. (4.105).
61G can be chosen also as G = Og(2(e3 — ¢4)) from Eq. (4.105).
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Curve Class M || N7 | Ny | Matter

2700 | A+ ey — eg — e3 — 2e4 — 205 — 2e6 — 2e7 | 3 -1 | -2 | Fermion

27(%) 2h — 2e; — ez — ey 0 1 2 | Fermion

27(s) h— e — e 41 0| 0| Higgs

Table LXI. The spectrum of the three-generation model in dP;.

Originally, there is no chirality on curve 272 so it does not look realistic before
the Fg gauge group is broken. However after the fluxes are turned on, the chirality is
“reshuffled” and shared between curves 27¢) and 27(2). Therefore, we can interpret
the model in the way studied in [27] that is able to give a rich structure to the
mass matrices via the Yukawa couplings. We demonstrate the corresponding MSSM

spectrum in Table LXII.

E. Conclusion

In this chapter we discussed Fg GUT models where the gauge group is broken by the
non-abelian flux SU(2) x U(1)? in F-theory. The non-abelian part SU(2) of the flux
is not commutative with Eg so the gauge group after breaking is SU(3) x SU(2), x
U(1), x U(1), which is equivalent to a rank-5 model with SU(3) x SU(2),, x U(1)y X
U(1),. We start building models from the SU(3) spectral cover and then factorize
it into (2,1) and (1, 1,1) structures to obtain enough curves and degrees of freedom
to construct models with MSSM matter content. The restrictions of the line bundles
associated with two U(1) gauge groups to matter curves can modify the chirality of
matter localized on matter curves. This modification generally results in plenty of

exotic fields that may cause troubles in the phenomenological interpretation of the
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Rep Gen. on 270") Gen. on 27() Gen. on 27()
(3,2); ;4 2xQ 1xQ 4
(3,1) 5, 1 x uf 2 xuf 4

(3,1);, |[1xd°+1xD 2xd°+2xD 8
(1,2) ,, 0 3xL+3xh 4 x (Hy + Hs)
(1,1),, 3 X e° 0 4
(1,1); 3 | 3xv°+3xS 0 4 x (Hs + Hy)
(3,1) 55 | 1x(3,1),_ 5 |3xD+1x(3,1)_,, 4
(1,2), 4 0 3xh 4 x H,

Table LXII. The MSSM matter shared by two curves in dFP;.

models.

One way to arrange the matter content in the conventional Fg GUT model build-
ing is that all the MSSM matter and Higgs fields are included in the same 27-plet
with three copies and the Yukawa coupling is 27 - 27 - 27. Such kind of interac-
tion implies a structure of either one curve intersecting itself twice or three curves
intersecting, which causes difficulties in geometry or the mass hierarchy structure in
F-theory model building. Therefore, we adopt an alternate way that the weak scale
Higgs particles are assigned to another 27 curve while the representations of their
original assignments in the matter 27 curve are taken as exotic leptons. By using
additional symmetries such as baryon and lepton numbers, we can rule out the unde-
sired interactions coupled to the exotic fields. The (2, 1) factorization providing two

curves 27 and 27® with the interaction 27(®.27(®.27®) gatisfies the basic require-
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ments of this picture. One the other hand, the (1,1,1) factorization confines three
curves to the interaction 270 . 2702) . 27() In this case we have to distribute the
MSSM matter to both 27%) and 27%2) curves while the electroweak Higgs fields are
assigned on the third curve. The fermion mass matrices are generally not able to ad-
mit the hierarchical structures except they are tuned by appropriate flux restrictions.
As mentioned before, the additional one or more (27 + 27) pairs can be included
to make sure that the gauge unification occurs. These vector-like pairs generically
exist on the curves in F-theory and can be assigned to the same curve containing
the electroweak Higgs fields. However, the exact number of the vector-like pairs on
a matter curve is still unclear in the present construction, so we assume that there
exits at least one pair.

We demonstrated several models both in the (2,1) and (1,1,1) factorizations
with geometric backgrounds dP, and dP; studied in [64] and [53], respectively. We
also discuss the cases that the restrictions of the line bundles associated with U(1)s
to the curves are trivial or non-trivial. Due to the chirality constraints to the fields
on the bulk, it is hard to construct consistent U(1) fluxes in dP,. Therefore, we
only demonstrated a three-family Fg GUT model without gauge breaking in the dP,
geometry. On the other hand, the dP; geometry has more degrees of freedom for
the parameters to build realistic models. We therefore showed in the (2, 1) case an
example of a three-generation model without U(1) flux restrictions, and an example
with non-trivial U(1) flux restrictions which gives rise to exotic particles. In the
(1,1,1) factorization, we also presented an example of three-family model without
flux restriction. In that case there are two flavors on one matter curve and the
third flavor on the other. In the model with non-trivial flux restrictions, we adjusted
the parameters so that the total chirality of each representation on the two matter

curves remain three while the hierarchies of the mass matrices can be maintained.
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Regardless of the exotic fields, the matter contents of our examples are conventional

and the corresponding phenomenology has been discussed in the literature.
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CHAPTER V

SUMMARY

The Grand Unified Theory is a natural framework to unified gauge symmetries in
particle physics. F-theory is a twelve-dimensional geometric version of string theory
which is so far the most promising candidate for a fundamental unified theory. How
to realize GUTs in F-theory is an natural and important question one might ask. In
this dissertation, we studied supersymmetric F-theory GUT models. In particular,
we focused on local and semi-local model GUT building. In chapter II, to obtain
non-minimal local SU(5) GUTs with doublet-triplet splitting, we considered super-
symmetric U(1)? gauge fluxes associated with polystable bundles of rank two over
a del Pezzo surface. We explicitly solved all U(1)? flux configurations for the re-
quirements of an exotic-free bulk spectrum and supersymmetry. We also constructed
examples of a non-minimal spectrum of the MSSM with doublet-triplet splitting. We
then considered semi-local GUT models in F-theory. In chapter III we constructed
semi-local flipped SU(5) models in F-theory by using the spectral cover construction.
We started with an Ejg singularity and unfolded it into a Ds singularity controlled
by an SU(4) spectral cover. We calculated the spectra induced by cover fluxes and
by U(1)x gauge fluxes. We constructed three-generation models satisfying the tad-
pole cancellation condition and discussed their phenomenology. In addition to flipped
SU(5) models, we also studied semi-local Eg GUTs in chapter IV. We started with
an Fg singularity and unfolded it into a singularity of type Fg. This unfolding can
be described by an SU(3) spectral cover. We broke the gauge group Eg down to
SU(3) x SU(2) x U(1)y x U(1), by turning on non-abelian fluxes and found three-

generation models satisfying all constraints including the tadpole cancellation condi-
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tion. It is becoming clear that F-theory open a new window for model building and
provides a powerful framework to study four-dimensional particle phenomenology.
There remain interesting directions for future research. Here are two: First, we
could construct GUT models by using spectral covers associated with non-diagonalizable
Higgs fields. The heart of the spectral cover construction are Hitchin’s equations gov-
erning the dynamics of the resulting four-dimensional N' = 1 supersymmetric gauge
theory. The spectral covers used to construct semi-local GUT models are only a spe-
cial class of spectral covers. In this special class, the adjoint Higgs field parameterizing
the normal motion of a seven-brane stack in the ambient space is diagonal and the
spectral cover is then given by the characteristic polynomial of the Higgs field. In
this case the low-energy spectrum is decoupled to the Higgs field, and the eigenvalues
of the Higgs field characterize the locations of intersecting seven-branes. It would be
interesting to construct GUT models by using spectral covers associated with non-
diagonalizable Higgs fields, for example, nilpotent Higgs fields [130, 131]. Second,
model building in M-theory has been studied for a long time, but computation of
the matter spectrum has been deemphasized due to the difficulty of carrying out
the procedure in conventional approaches. One can obtain four-dimensional N' = 1
theory by compactifying M-theory on a seven-dimensional G5 manifold. To obtain
interesting physics in four dimensions, this GGy manifold is required to admit particu-
lar kinds of singularities where matter fields are localized [132]%2. Similar to F-theory
model building, one may use a bottom-up approach to construct GUT models in M-
theory. It was conjectured [134] that locally a Go manifold can be described by an
ALE fibration over a three-dimensional manifold (3. With the bottom-up approach,

one can only focus on a seven-dimensional super-Yang-Mills theory on R*! x Qs.

%2For a nice review, see [133].
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The ALE fibration admits the singularities of A,,_;, Dy, and FE,, types correspond-
ing to the gauge symmetries of SU(n), SO(2k), and E,, types, respectively. In this
framework, chiral matter is localized at critical points of the Morse functions of ()3,
and the four-dimensional physics is governed by Hitchin’s equations arising from the
compactification of the seven-dimensional super-Yang-Mills theory on Q3 [134]. It
would be interesting to study semi-local GUTs in M-theory by using the spectral

cover construction or Hitchin’s equations.
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