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ABSTRACT: F-theory is a non-perturbative formulation of type IIB superstring theory
which allows for the decoupling of gravity and for the formulation of GUT theories based
on the gauge group FEg. In this paper we explore F-theory models in which the low energy
supersymmetric theory contains the particle content of three 27 dimensional representations
of the underlying Fg gauge group, plus two extra right-handed neutrinos predicted from
F and D flatness. The resulting TeV scale effective theory resembles either the E6SSM
or the NMSSM+, depending on whether an additional Abelian gauge group does or does
not survive. However there are novel features compared to both these models as follows:
(i) If the additional Abelian gauge group is unbroken then it can have a weaker gauge
coupling than in the E6SSM; (ii) If the additional Abelian gauge group is broken then
non-perturbative effects can violate the scale invariance of the NMSSM+ leading to a
generalised model; (iii) Unification is achieved not at the field theory level but at the F-
theory level since the gauge couplings are split by flux effects, negating the need for any
additional doublet states which are usually required; (iv) Proton decay is suppressed by
the geometric coupling suppression of a singlet state, a mechanism peculiar to F-theory,
which effectively suppresses the coupling of the exotic charge —1/3 colour triplet state D to
quarks and leptons; (v) The D decays as a chiral leptoquark with couplings to left-handed
quarks and leptons, providing characteristic and striking signatures at the LHC.
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1 Introduction

Recently there has been a resurgence of interest in F-theory as a non-perturbative formu-
lation of type IIB superstring theory which allows for the decoupling of gravity and for
the formulation of GUT theories (first proposed in [1]) based on the gauge group Egs (see
e.g. [2] and references therein). Although descending from a high energy Fg group, most



of the models in the literature [3—14] focus on reproducing the minimal supersymmetric
standard model (MSSM) at low energies, making it difficult to obtain an experimental link
to F-theory. In this paper we explore F-theory models in which the low energy super-
symmetric theory contains the particle content of three 27 dimensional representations of
the underlying Eg gauge group. The resulting low energy models will resemble either the
E6SSM [15-20] or a generalised NMSSM+- [21] depending on whether an additional Abelian
gauge group does or does not survive. However there are novel features compared to both
these models which, if observed, would provide circumstantial evidence for F-theory.

The F-theory models considered in this paper all descend from a parent Eg gauge
theory [2]. A crucial question for model construction is whether a gauged U(1) from the Eg
gauge theory can survive down to low energies, where the gauged U(1) may arise from one
of the Cartan generators of the non-Abelian gauge group. A clear example of this is the case
of hypercharge U(1)y, arising from SU(5) after flux breaking in many F-theory models [11].
More generally, if we begin with the case of an Fg gauge theory, we can break Fg down to
a SU(5) GUT group with a VEV for an adjoint Higgs, and then break SU(5) down to the
Standard Model gauge group by turning on flux along U(1)y. In order to label the different
U(1)s, we can look at the Higgs breaking to SU(5) and subsequent flux breaking to the
Standard Model as going through the following sequence of rank preserving breakings:

Eg — SO(10) x U(1)y (1.1)
SO(10) — SU(5) x U(1), (1.2)
SU(5) — SU(3) x SU(2) x U(1)y- (1.3)

For example, the U(1)y under which the right handed neutrinos have no charge is given
in terms of these U(1)s by,

U(l)y = %U(l)x + ?U(l)w. (1.4)

In the F-theory models considered in this paper, there will either be a surviving gauged
U(1)n, or it will be broken at the GUT scale.

The F-theory models with a surviving Abelian gauge group resembles the E6SSM [15—
17] which is a supersymmetric standard model in which precisely such an extra U(1)y
gauge symmetry survives down to the TeV scale. However in the F-theory model the
gauge coupling of the U(1)y may differ from that on the E6SSM and may be much weaker
for example. The matter spectrum is similar to that of the E6SSM, namely three 27s
of E6 which ensures anomaly cancellation. This implies light exotics with the quantum
numbers of Higgs doublets and colour triplets of exotic quarks, arising from three 5 + 5
representations of SU(5), plus three SU(5) singlets which are charged under U(1)y. The
coupling one of these singlets to H,H,; generates an effective u term after the the sin-
glet acquires a low scale vacuum expectation value (VEV). The F-theory version of the
E6SSM does not require any additional states in order to achieve unification, unlike the
E6SSM which includes an additional pair of doublet states called H' and H’ [17]. It more
closely resembles the Minimal E6SSM (ME6SSM) proposed in [18, 19]. However, in the



F-theory model, the gauge couplings at the GUT scale are split by flux effects, while in
the ME6SSM, unification is achieved via an intermediate Pati-Salam gauge group. Proton
decay represents another important difference between the two models. In the F-theory
model proton decay is suppressed by the geometric coupling suppression of a singlet state,
which effectively suppresses the coupling of the exotic charge —1/3 colour triplet state D to
quarks and leptons, while in the ME6SSM all proton decay couplings are allowed but with
highly suppressed coefficients. This tends to give long lived D decays in the ME6SSM, but
prompt D decays in the F-theory model, with large couplings to left-handed quarks and
leptons, providing characteristic and striking signatures at the LHC.

If there is no surviving extra Abelian gauge group then the F-theory model resembles
the NMSSM+ which also involves three compete 27 dimensional families [21]. However,
whereas in the NMSSM+ the U(1)y is broken by an additional sector close to the GUT
scale, in the F-theory model it is simply broken by flux breaking. Another important dif-
ference is that the NMSSM+ is a scale invariant theory, involving only trilinear couplings
such as the trilinear singlet couplings, while in the case of F-theory there are in addition
singlet mass terms arising from non-perturbative effects, giving rise to a generalised version
of the NMSSM+. The phenomenological comments in the preceding paragraph concerning
unification, proton decay and the D couplings at the LHC all apply to this case as well
where the U(1)y is broken. The main advantage of the NMSSM+ over the E6SSM is that
the fine-tuning is lower due to the absence of U(1)y D-terms which would introduce a term
in the Higgs potential proportional to the fourth power of the Z’ mass as discussed in [21].
The NMSSM+, involving three compete 27 dimensional families, has lower fine-tuning than
the NMSSM, which in turn has lower fine-tuning than the MSSM [21], making it the lowest
fine-tuned model consistent with perturbative unification.

FE based F-theory models have been discussed previously, for example, issues concern-
ing the global resolution of Eg GUTs in [22, 23], and the models of [24]. It should be noted
that here we use Abelian fluxes, whereas [24] uses non-Abelian fluxes.

The layout of the rest of the paper is as follows. Since many readers will not be fa-
miliar with F-theory, in section 2 of the paper we give a basic review of the motivation
and basics of F-theory, building up to analysing the flux breaking mechanism in this way.
In section 3, the model building strategies are applied to the case of Fg models. The D
flatness conditions are considered in order to calculate the singlet VEVs of the model. This
allows us to calculate the scale at which the exotics decouple. Quark, charged lepton and
neutrino masses are also discussed. In section 4, unification and proton decay are studied
in the F-theory models. In section 5, the Eg based F-theory models are compared to the
known E6SSM and NMSSM+ models. Section 6 concludes the paper.

2 A basic introduction to F-theory

2.1 Motivation and basics

A major motivation for string theory is that it provides a consistent formulation of quantum
gravity, the effects of which are expected to become important at the Planck scale. With
this achievement though, comes the drawback that it is very hard to predict anything



about low energy physics, due to the vast numbers of consistent solutions to the string
theory equations of motion. If, however, we follow the arguments of [25] and impose the
conditions of unification and decoupling on the search for realistic models, the possibilities
are severely restricted. Unification refers to the existence of a GUT structure whereby
the strong, weak and electromagnetic forces are described by a single gauge group and a
single coupling constant at some high energy scale. The fact that gravity is observed to be
much weaker than the other forces is linked to the term “decoupling”, which refers to the
existence of a theoretical limit where MGiUTk — 0. A class of models which satisfy both
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the criteria of unification and decoupling are F-theory GUTs.

F-theory is a 12 dimensional, strongly coupled formulation of type IIB superstring
theory. Before considering this strongly coupled case, we can note the case of perturbative
type IIB string theory, which refers to a 10 dimensional theory where 6 of the dimensions are
compactified, and the string coupling constant gs (which governs how strongly the strings
interact with one another) is small, g; < 1. In this perturbative regime, the particles of the
Standard Model (SM) are described by excitations of open strings, whereas the graviton
and gravitino are related to closed strings. Motivated by the weakness of gravity, one could
try and formulate the SM by just using open strings, the ends of which are attached to
D-branes [26]. In the effective field theory of such D-brane constructions, SM or GUT
matter arises when strings are attached to pairs of D-brane stacks, and so these matter
fields are localised along the intersections of branes called “matter curves”.

A problem with this perturbative setup in SU(5) GUTSs, however, is that whilst we
can generate a tree level Yukawa coupling for the bottom quark, we cannot for the top
quark since both its chiral components live in the same GUT representation (the 105; of
SU(5)) and the Yukawa interaction terms with a Higgs 55, namely 551037105, do not
match up an equal number of fundamental and anti-fundamental indices [25]. GUTs based
on SO(10) or exceptional groups also have problems. The spinor 16 of SO(10) cannot
be realised in open string perturbation theory, and E-type gauge groups are not possible.
This all suggests the need for extra non-perturbative ingredients. With a non-perturbative
string coupling constant g5 2 1, exceptional gauge groups such as Fg, E7 and Fg can be
realised, meaning that now, in the language of an SU(5) GUT, both the 553,10, and the
5710271057 couplings can be realised at tree level, due to the presence of these exceptional
structures which weren’t present in the case of perturbative strings. This, therefore, leads
us to the case where g5 = 1 and F-theory.

Formally, F-theory can be defined on a background R*!' x X where R%! is 4 dimen-
sional space time, and X is a Calabi-Yau (CY) complex fourfold. It is assumed that X is
elliptically fibered with a section over a complex three-fold base, B3. What this means is
that each point of the base Bj is represented by a two-torus, these tori being called the
fibres. The dimensions occupied by the base are the 6 compactified dimensions of type 1B
string theory, and the complex modulus of the torus fibre encodes the axion and dilaton
at each point on the base [4]:

r=Co+ie®=Cy+ — (2.1)

Gs



It is a fact that the presence of D7-branes (filling 7 spatial dimensions and 1 time
dimension) affects the profile of the axio-dilaton, 7 [27-30]. As such, the reason that
F-theory can be viewed as a 12 dimensional theory is that two dimensions are geometric
dimensions which allow us to keep track of the variation of 7 over the other ten dimensions.

In F-theory, the GUT group is realised on a 7-brane which wraps some 2 complex di-
mensional surface S. We can learn a lot by studying so called 'semi-local’ models, where the
complications of global F-theory (as discussed in [7, 9, 31, 32])are avoided by just looking
at regions close to the GUT surface S.

2.2 Semi-local F-theory and the role of Ejg

The ideas of local F-theory focus on the submanifold S, where the GUT symmetry is lo-
calised. We can consider intersections of the gauge brane with other 7-branes wrapping
surfaces S; and supporting gauge groups G;. Along these intersections matter will reside,
and so they are known as matter curves, >; = SN S;. Along the matter curves , the local
symmetry group is enhanced to Gy, D G's x G;. We can go one step further than this and
then study the intersections of matter curves at points in S. When we have an intersection
of matter curves, we induce a Yukawa coupling and there is a further enhancement of the
local symmetry to Gy, X Gx; X Gy, In order to study Yukawa couplings in the local setup,
we can gain information by just considering the local area around the point of intersection
on the surface S [33].

The semi-local approach to F-theory assumes that we have a parent Eg gauge theory
which is broken by a position dependent VEV for an adjoint Higgs field [34]. All the inter-
actions in the theory are assumed to come from a single Fg point of enhancement. At this
point, all the matter curves of the theory meet, and the local symmetry group is enhanced
all the way to Ej.

2.3 An SU(5) example and introducing monodromy
As an example, we can take the GUT group on S to be SU(5). The breaking of Eg to the
GUT group occurs as

Es — SU(5)qur x SU(5) 1 — SU(B)gqur x U(1)4 (2.2)

where the commutant of the GUT group inside FEg is called the perpendicular group, and in
this case is SU(5) . The nature of the matter curves of the theory is found by decomposing
the adjoint representation of Eg as follows

248 — (24,1) + (1,24) + (10,5) + (5,10) + (5,10) + (5, 10) (2.3)

This equation shows us that we have twenty four singlet curves (6;;), five 10 curves, and
ten 5 curves. The equations of these curves can be written in terms of the weights ¢;
(t=1,...,5, > t; =0), of the 5 representation of SU(5) as follows

210 : ti =0
S : —t; —t; =0, i #j
El : :t(ti - tj) == O, 7 7&] (24)



In general, there are non linear relations between the ¢; and the coefficients of the ellip-
tic fibration, which have the effect of identifying some of the ¢;. The way in which the
t; can be identified is determined by the 'monodromy group’ [35]. As we are working in
the semi-local picture, the full Calabi-Yau geometry has been decoupled, and so we must
choose the monodromy group by hand. By requiring a tree level top quark Yukawa cou-
pling, we need at least a Z5 monodromy identifying two of the weights. This is because we
need the 551037103, coupling to be invarient under the perpendicular U(1) symmetries.
As the top and anti-top come from the same 10 representation, they both have charge t;,
and the up type Higgs has charge —t; — ?;, meaning that to cancel the charges we must
have 2t; —t; — t;, = 0. This can only be the case for j = k = ¢, and so we must have an
identification of at least two of the weights. From now on this minimal Z5 case will be
assumed at all times, and we will identify t; < to.

In the model building section of the paper, fields will be labelled by which represen-
tations of Eg, SO(10) and SU(5) they transform under, and also their charge under the
perpendicular U(1)s, given by the appropriate linear combination of weights, as above.

2.4 The origin of the U(1) symmetries

We can take the gauge symmetry on S to be Eg, SO(10) or SU(5) (although F-theory
models with no unification group have also been studied [36]). In this paper, we will
take the gauge symmetry on S to be SU(5). Starting from FEg, there are three equivalent
symmetry breaking chains that can end up with SU(5), namely:

Eg D Eg x SU(3),

— S0(10) x U(1)y x SU(3) 1

— SU(5) x U(1), x U(1)y x SU(3) 1
Es O SO(10) x SU(4),

— SU(5) x U(1), x SU(4) .
Es D SU(5) x SU(5) ..

As we are dealing with an SU(5) GUT group, it is the third breaking which we are inter-
ested in. However, as we are looking at models which consist of complete 27 representations
of E6 at low energy, it is useful to track the E6 origin of the SU(5) states. As such, we label
two of the U(1)s inside the SU(5) as U(1)y and U(1), as shown above. Throughout this
paper, we will assume that the SU(5) GUT group is broken down to SU(3) x SU(2) x U(1)y
via flux breaking.

There are two types of flux that can be turned on: there are fluxes in the U(1)s from
the perpendicular group which preserve the chirality of complete GUT representations,
and there are fluxes that can be turned on in the worldvolume of the 7-brane which break
the GUT structure. Whenever we utilise flux breaking we end up with splitting equations
which tell us the net number of states in a particular representation, for example, breaking
SU(5) down to the Standard Model by turning on a flux in the hypercharge direction (as



discussed in [37]) gives the following equations for the 10 and 5 representations of SU(5)

Rep. # Rep 4
1 .
n Ng o @ M
10 = ?’2 51)’2 10 5= nzl,)’l — n%l s Ms
TL:—,’ 1 TL371 : MlO — N 1 17
; n12_n1,§:M5+N

1 1 . )
ni71 - n171 . Mlo + N

We can see from these equations that the flux associated with the integer M respects the
GUT structure, and so is a flux in the perpendicular U(1)s. The flux associated with the in-
teger N is the hypercharge flux and leads to incomplete SU(5) multiplets. As this breaking
is due to the hypercharge flux, the integer N is given by the flux dotted with the homology
class of the matter curve in question. As such, we can obtain relations between these N
integers (and similar integers for different fluxes) by calculating the homology classes of
the matter curves. In order to do this, the spectral cover formalism is used, and the results
are summarised in [13].

3 FEg models from F-theory

We start by looking at the model of [13] (model 1), which was motivated by the fact that
if we build a model based on complete 27s of Eg with no matter coming from the adjoint
(78) representation, we automatically take care of anomaly cancellation.! Table 1 shows
the model building freedom we have in choosing the M and N integers specifying the flux
breaking, and how these choices determine the Standard Model particle content of the
model. Here we make the same choices for the Ms and Ns as in [13] and these choices are
summarised in table 1. In table 1, arbitrary numbers of singlets are allowed in the spec-
trum for now, so that we can calculate the restrictions on these numbers later on. The final
column of table 1 shows the low energy spectrum of the E6SSM that we want to arrive at
by eliminating the required exotics from the previous column, which shows the SM particle
content after flux breaking. By comparing the final two columns of table 1, we can see that
the exotics which we wish to remove are the vector pairs 2(L+ L), Q + @, 2(u®+u¢), d° + d°
and Hy+ H,. Large masses will be generated for these fields through their coupling to SM
singlet fields which acquire large VEVs.

From the Fg point of view, the only Fg allowed trilinear term in the superpotential is
274,27,,27;,. The vectorlike pairs which we wish to remove from the low energy particle
content are those which have components in both the 27;, and 27;, multiplets. As such,
they are removed by introducing 631, an Ejg singlet, with couplings:

93127,5/1% = 931@@ + 031(2UC)(2F) + egldcﬁ + 031 (QL)(QZ) + 931HdFd. (31)

If 631 gets a large VEV these vector states get large masses as required. The difference
between this case and model 1 [13] is that in model 1, 034 also gets a large VEV. This

'n reality, there is a small region of energy between 1.5 x 10'°GeV and Mgur ~ 2 x 10'°GeV where
a particular anomaly is not cancelled, but the anomalies involving just the U(1)s inside E6 are always
cancelled. There is a discussion of this subtle point in appendix A.



E¢ | SO(10) | SU(5) | Weight vector | Qn | Ny | My | SM particle content | Low energy spectrum
27y 16 53 t1 +ts — 1 4 4d° + 5L 3d° + 3L
27y 16 10s t QJE -1 4 4Q + 5uf + 3e° 3Q + 3uf + 3e°
27,5/1 16 015 t1 — t5 0 0 nis BI/C -
27y 10 51 —t; — 3 - | -1 3 3D+ 2H, 3D +2H,
27y | 10 52 t1 +ta —5o= | 1 3 3D + 4H, 3D +3Hq
27,5/1 1 914 t1 — 14 5 510 0 Nni14 914 914
27y, 16 55 t3 + ts Lm -1 -1 dc + 2L -
274, 16 102 ts 2% 1 -1 Q + 2uc -
2775’ 16 935 t3 — ts 0 0 nss — -
1

27,5& 10 S5m, —2t ~ 3710 1 0 i H,
27y | 10 54 ts + ta —5os | —1| 0 Hq -
27y, 1 034 t3 —t4 3 510 0 N34 O34 034

- 1 031 t3 — t1 0 0 n31 931 -

- 1 053 ts —t3 0 0 n53 053 -

- 1 Os4 ts — 14 5 510 0 N54 054 -

- 1 045 ts —ts -3 510 0 n4s5 045 -

Table 1. Complete 27s of Eg and their SO(10) and SU(5) decompositions. The SU(5) matter states
decompose into SM states as 5 — d°, L and 10 — @, u¢, e¢ with right-handed neutrinos 1 — v¢,
while SU(5) Higgs states decompose as 5 — D, H, and 5 — D, Hy, where D, D are exotic colour
triplets and antitriplets. We identify RH neutrinos as v¢ = 6y5. Arbitrary singlets are included for
giving mass to neutrinos and exotics and to ensure F- and D- flatness.

singlet has the following couplings

0345152 = 034[3D + 2H,][3D + 3Hy] = 034[3(DD)] + 034[2(H, Hy)]- (3.2)

In the E6SSM, these exotics are light, and so instead of getting a large VEV, this sin-
glet now must acquire a TeV scale VEV. It needs to be checked that the F and D-flatness
constraints are satisfied, and that rapid proton decay is forbidden for the realisation of the
spectrum.

3.1 U(1l)y charges

The correctly normalised charge generators for U(1),, and U(1), are

1
= diag|—1,—-1,—-1,—-1,4 3.3
@y = 5-=ding] | (5:3)

1
= ——diag|1,1,1,-3,0 3.4
Qy Wi gl ] (3.4)

As such, from eq. (1.4), the generator for U(1)y is given by
On = ——diag[1,1,1,—4, 1] (3.5)
N 2@ gL, L, 1, ) .



From this, the U(1)y charges of all the particles in the spectrum can be computed, and
the results are shown in table 1. As required (and described in the introduction), the right
handed neutrinos have zero charge under this U(1).

3.2 Singlet VEVs and bad operators

As in the previous model [13], f3; should get a string scale VEV, and as mentioned earlier
f34 now should get a TeV scale VEV to give mass to the exotics. 653 should get a VEV in
order to generate neutrino masses (as discussed later), and in order to generate the effective
w1 term, 014 gets a TeV scale VEV, also discussed later.

The R-parity violating superpotential couplings u®d®d®, Qd°L, Le‘L, kLH, as well as
the dimension 5 terms in the Lagrangian corresponding to the superpotential terms QQQL
and uufde®, are forbidden by the U(1) symmetries that originate in the underlying Eg.
In order to check that spontaneous symmetry breaking terms coming from SM singlet field
VEVs do not allow these dangerous operators to appear, we can identify the following
terms which could potentially give rise to bad operators if certain singlets acquired VEVs:
015 LH,,, (031045 +041035)10M5732 and 031041103,53. As such, taking into account the singlet
VEVs that are required, we can see that the dangerous operators do not arise provided
015, 041 and 045 do not acquire VEVs.

However this is not sufficient to ensure the absence of baryon and lepton number vio-
lating terms because, even in the absence of these VEVs, tree level graphs can generate the
dangerous operators at higher order in the singlet fields. These issues relating to proton
decay will be discussed later. Proton decay in the context of F-theory has been previously
studied, for example in [38, 39].

3.3 The effective y term

In the E6SSM, the p term is effectively generated when a singlet which is charged under
U(1)n, is coupled to H, H; and given a TeV scale VEV. In terms of F-theory model build-
ing, the charge of H, H; under the perpendicular U(1) symmetries can be seen from table 1
to be —2t1 +t1 +t4 = —t1 + t4. As such, the appropriate singlet which could generate the
p term is #14. However, generating the p term by this method requires the feature that
not all the singlets will now be in the massless spectrum. If we wanted to avoid this (the
details will be discussed in more detail in the D and F-Flatness sections), we could try and
generate the p term non perturbatively, as in [13], where non perturbative effects which
break the perpendicular U(1) symmetries generate an explicit p term which can naturally
be at the electroweak scale. However, as H, Hy is charged under U(1)y, this method can’t
be utilised in the E6SSM, and so we must have a 614 singlet in the spectrum which will
acquire an electroweak scale VEV.

3.4 D-flatness

In the model under consideration we assume the SUSY breaking soft masses are such that
only the SM singlet fields acquire very large VEVs. To determine them we consider the F'-
and D-flatness conditions. Taking account of the Z monodromy, ¢; <> to the D-flatness



conditions are of the form given in eq. (3.6) where there are three U4 (1)s with charges given
in eq. (3.9). We wish to show that the D-flatness conditions are satisfied by the massless
fields #31, 053 needed to give mass to exotics and, as to generate viable neutrino masses.
Even though 634 and 614 get VEVs, these VEVs will be at the TeV scale whereas all the
other VEVs are at the string scale. As such, the VEV for 834 and 614 will be ignored in
the following calculations.

The D-flatness condition for Uy (1) is

T A
3 QAN ~ 10:7) = ~ 1Ly M3
J

= —XTrQ" (3.6)

This condition must be checked for all the U(1)s, the charge generators of which are given by

@y x diag[—1,—1,—1,—1,4] (3.7)
Qy o diag[1,1,1,—3,0]
Q. o diag[l,1,-2,0,0] (3.9)

In a general basis, Q) = diaglti, to, t3, t4, t5], and with just f3; and 653 acquiring VEVs,
eq. (3.6) can be written

(ts — t3)|053]2 + (t3 — t1)|031]* = —XTrQ" (3.10)
The trace on the right hand side of eq. (3.6) is taken over all states, and is given by
TrQ* =5 nij(ti +t;) +10> ngty + > ma;(t; — t;) (3.11)
For our model, this trace is computed to be

TTQA = (60 — n31 + ni4 + n15)t1 + (n31 + N34 — N53 — 30)t3 + (15 — Ns4 — N14 — n34)t4
+ (15 + ns3 + 154 — nas)ts (3.12)

where n;; = n;; — nj; to simplify the notation, with 7n;; being the absolute number of 0;;
singlets. Evaluating the trace for each of the U(1)s gives

TrQy = 5(3 — n15 + ns3 + ns4) (3.13)
TrQy = —15+ 4(n1a + n3a) + n15 — ns3 + 3nss (3.14)
TrQ =120 4+ nig + n15 — 3nz1 — 2n3g4 + 2ns3 (315)

The flatness conditions with just #3; and 053 getting VEVs then become the three simul-
taneous equations

5(053* = 5(—3 4 115 — 154 — 153) X (3.16)
—|053]* = (15 — n15 — 4(n14 + n3a) + ns3 — 3n54) X (3.17)
2|053|2 - 3|031|2 = (—120 + 37131 — N4 —N15 + 27134 — 2n53)X (3.18)
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Putting egs. (3.16) and (3.17) together gives the relation
N4+ n3q +nse =3 (3.19)

In order to cancel anomalies, we must have three complete 27s of Eg and so we must have
the following contraint on the absolute number of singlets

Nig + N34 =3 (3.20)

If we have n;; # 0, in general we will require that 7j; = 0, as otherwise we would be able
to write a mass term M6;;0;;. This is acceptable provided relations, wich will be discussed
in section 3.5, are satisfied. In order to simplify the model, however, we will take the case
nij # 0 = nj; = 0, and we will take this fact to be implicit from this point onwards. As
such, egs. (3.19) and (3.20) mean that ns4 = 0. The equation for the 653 VEV then becomes

031> = (n15 — n53 — 3)X (3.21)

As 015 corresponds to the right handed neutrino and 653 is required to give neutrino
masses, both nj5 and ns3 must be positive. Eq. (3.21) then gives a lower limit on the
number of right handed neutrinos in the model

nis > 3 + N3 (3.22)

Due to the fact that in this model 637 and 053 acquire large VEVs, we require that
ng1, 53 > 1. Also, we must require ni34 > 0 in order to allow the exotics to get a mass
via the term 634DD, and 7114 > 0 in order to generate the p term. We will take 753 = 1,
meaning that from eq. (3.22), we must have 115 > 4. This model will take the minimal case
of 5 right handed neutrinos. In order to satisfy eq. (3.20) we choose n14 = 1 and 734 = 2,
and we leave ng; > 0 unspecified for now.

3.5 F-flatness

In this model, we have taken the case where no 6;;60;; terms can be written down, so the
only terms in the singlet superpotential which could generate a non zero F-term are

Wy = \ij05305,67 (3.23)

where j corresponds to the number of right handed neutrinos and runs from 1 to 5, and
the range of i represents the number of 631 fields, and is yet unspecified. Minimising the
singlet potential leads to
oWy
01

= Aijb5305) = Aijfs3 (05,) =0 (3.24)

As such, seven independent 37 singlets must have zero VEVs. We must have at least
one 31 which aquires a non zero VEV in order to satisfy eq. (3.18), and so we choose
1 = ng1 = 6. Now we have a full singlet spectrum, consistent with F and D-flatness, where
the choices we have made are given by

ng1 =6, n53 =1, ns5a =0, N4 = 1, ng4 = 2, N5 = 5
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3.5.1 Singlet mass terms

If we were to drop the requirement that a non zero n;; means having nj; = 0, we could
have 6;;0;; terms in the superpotential. If, for example, neutrino masses were generated by
giving a 051 field a VEV the singlet superpotential would be of the form

Wy = NijibijOinbri + M761:67, (3.25)
Considering the F-term for 615, the relevant terms in the superpotential are
Wo = 75504505305, + Miy,0550%, (3.26)

As such, if a 657 field was to exist in the spectrum and acquire a VEV, the following relation
would have to be satisfied

oWy . .

BYD = Vij <0?’)1> <953> + Mij <0%1> =0 (3.27)
15

Similarly, due to the fact that 614 gets a TeV scale VEV to generate the pu term, and 634

acquires a TeV VEV to give masses to the low scale exotics of the E6SSM, the presence of

any 643 fields in the spectrum would mean that we would have the analogous relation

oWy

897}'13 = Yij <9§1> (014) + M;; <0§4> =0 (3.28)

As such, if we weren’t to impose that 6;; # 0 = 6;; = 0, the model would be consistent
with F-flatness provided relations of the type in egs. (3.27), (3.28) were satisfied. In our
model, we take the simplest case where we don’t have equations of this type.

3.6 Calculating the singlet VEVs

Now we have a full spectrum for the model, we can calculate the singlet VEVs, giving us
information about the scale at which the exotics decouple, neutrino masses etc. From the
D-flatness relations, we have

053] = (7115 — fis3 — 3)X (3.29)
31031|* = 114 + 3(fin5 — fiz1) — i34 + i1 (3.30)

Putting the number for the singlet spectrum into these equations gives

053> = X (3.31)
118
01" = ==X (3.32)

2 2
_ gsMg
where X = o232
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Figure 1. Tree-level diagram contributing to the bottom mass.

3.7 Quark, charged lepton and exotic masses

From table 1, we can see that the up quark mass matrix (and the Dirac neutrino mass ma-
trix) will originate from the 27;,27;,27;, E6 coupling. These matrices are rank one in the
absence of flux, but as demonstrated in [40], the rank can be increased by including non per-
turbative effects [41]. The down quark and charged lepton mass matrices arise from the non-
renormalisable couplings originating at the E6 level from 603,27,,27,,27;, /M. Figure 1 shows
the tree-level diagram for the bottom mass, involving the exchange of a massive vectorlike
pair. The origin of the difference in magnitude of the top and bottom quark masses can
be explained by the fact that the 637 VEV is of the same order as the messenger mass, M,
leading to a mild suppression of the down quark Yukawas relative to the up quark couplings.
The terms in the superpotential which are responsible for generating the p term and

the exotic masses are
W ~ Nijb1aHgiHyj + kiji0,D; Dy (3.33)

From table 1, it can be seen that both of these couplings originate from the 27; 27;, 27,
E6 coupling.

In the standard E6SSM, an approximate Z5 flavour symmetry is assumed, in order to
distinguish the active (third) generations of Higgs doublets from the inert (first and second)
generations. However, in this paper we don’t try and solve problems with flavour, as we
can always note that in the absense of flux, matrices are always rank one. As such, we can
always pick a basis where the matrix has a one in the position corresponding to the active
generation and zeros elsewhere. Also, it should be noted that from table 1, we can see that
all three generations of Hy come from the 27;, curve, whereas the active H, comes from a
different curve (27;,) than the inert Hys (27 ). As such, we could generate the up quark
masses via the non-renormalisable coupling 03127;,27;,27;, /M, with H, coming from the
27;, matter curve. In this case, the quark masses would arise from diagrams similar to
figure 1. H, will now come from the from the 5; curve, and the diagram will involve the
coupling 03155,51. However, this coupling will turn out to be forbidden under a discrete
Zo symmetry which will be introduced later in order to stabilise the proton, and so quark
masses won’t be generated in this manner. In any case, it wouldn’t pose a problem, due
to the fact that the f3; VEV is of the same order as the messenger mass, M.

3.8 Neutrino masses

Due to the t; <> to monodromy, the conjugate states 012 and 651 are identified, and so we
can write down a term M ;6012621 in the superpotential which corresponds to a Majorana
mass for the 015 states. Using the same notation as [13], the right handed neutrinos, 65,
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couple to the Majorana states through the term )\gM6510§29{5, where O51 = 953’%. As
both 053 and 631 acuire VEVs, ©15 also has a VEV. As in [13], we allow for an arbitrary
number of 09 fields (the fact that these fields carry no charge under the perpendicular
U(1)s means that we can have any number of them in the spectrum without affecting
flatness conditions etc.), but the difference in this paper is that now the number of 6;5
fields is 5, not 3. (For a reference on models with Z right handed neutrinos, see [42]).

The method of generating masses for the light neutrinos will be a double see-saw
mechanism, where the 05 fields will get Majorana masses through their coupling to the
Majorana states 012, and then the light neutrinos will get masses via a see saw mechanism,
made possible by their coupling to the right handed neutrinos 615. The relevant terms for
lepton mass generation are (after the two Higgs doublets have got their VEVs):

Winass = (Ha) Y€ &)y + (Hy) X775 0% + (O51) Xih 05505 + My 0505, (3.34)

where Az is a (3 x 5) matrix of couplings, Aras is (5 x n) (where n is the number of 69
states) and M)y is an (n x n) matrix. We can put the notation into a more familiar form
by writing Me? = (Hy) Yo, mity = (Hy) X, M&S, = (051) A%,. Also, for clarity, we
can relabel the fields as 015 = vg, 012 = Sg. Eq. (3.34) can then be written

Winass = ML el + mifpTivh + M vhSs + My SHSh (3.35)

In the basis (v, vg, Sg), the mass matrix is, in block form

0 mrLRr 0
M=1mrrg 0 Mgru
0 Mgrym My

Applying the double see-saw mechanism, we have (in matrix notation) for the light left-
handed Majorana neutrino masses [43]

mrL = mprMpy My (M) " 'mig (3.36)

4 Unification and proton decay

4.1 Review of F-theory unification in SU(5)

In the case where a U(1)y flux mechanism is used to break an SU(5) gauge symmetry
down to the Standard Model, there is a splitting of the gauge couplings at the unification
scale [44-48]. The splitting at Mqur is

11
az(Mg) ag
71 1 + (4 1)
= — — T .
as(Mg) ~ag Y
1 1 n
= — -z
a1(Mg)  ag y 5
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where # = —1ReS [c}(Ly), y = iReS [c}(L,) L, is a non-trivial line bundle and
S = e=? +iCy is the axion-dilaton field as discussed in [44]. Combining the above, the
gauge couplings at Mgyt are found to satisfy the relation

1 5 1 B 1 N 2 1 (4.2)
ay(Mgur) 3 ai(Mgur) a2(Mgur) 3 as(Mgur) '
The origin of egs. (4.1) can be seen by following [49]. We can write the gauge kinetic

functions for SU(3), SU(2) and U(1)y embedded inside SU(5) in the form

fa=A+ Bcy, a=(1,...,8) (4.3)
fo= A+ Bea, a=(21,22,23)
fi=A+ Bey, a=24

where « is an index running from 1 to 24, over all the generators of SU(5), and the missing

as are the generators belonging outside the SU(3) x SU(2) x U(1) subgroup of SU(5). A
and B are arbitrary gauge invariant functions and the ¢, coefficients are given by

da624 = Caéaﬁ (46)

with the index 24 corresponding to the hypercharge generator and the group theory coef-

ficients d,p3, defined as

dapy = 2T7[{Ta, Tp} T (4.7)

As such, in order to calculate the three gauge kinetic functions, we just need dj 124,
d21’21’24 and d24724724, where the generators Tl, TQl and T24 are given in block matrix no-

T ()\1/2 0)
0 0
(0:12)

T, =
0 0'1/2

1 3 3
Toy = ——di 1,1,1, ——, —=
24 \/ﬁ 1ag< 5 Ly Ly 27 2>

where Aq refers to the first Gell-Mann matrix, and o7 to the first Pauli matrix. These

tation by

definitions can be used trivially to calculate c; = dy,1,24 = \/%, co1 = d21,21,24 = —\/% and

co4 = doa 404 = —ﬁ, which can be put together with eqs. (4.3), (4.4), (4.5) giving (after
a redefinition of the arbitrary function B)

fs=A+2B (4.8)
fo=A-3B
fi=A-B (4.10)

The gauge couplings at the unification scale are then related by [49]

ag = a3(Mg)fs = aa(Mg)fo = an(Mg) f1 = gaY(MG)fl (4.11)
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Combining this equation with egs. (4.8), (4.9), (4.10) gives the following constraint on the
gauge kinetic functions

3 5
—fo== 4.12
fs+sh=5h (4.12)
which, when combined with the relations f; = %, leads to eq. (4.2). Comparing this
picture with eq. (4.1), we have the following equations relating x and y to A and B
5B 1-A-2B
e B (4.13)
ag ag

This argument would be useful if we wanted to generalise the SU(5) relations to a different
GUT group.

4.2 The spectrum, and one loop renormalisation group analysis

In the considered model we have the following vector pairs of exotics, which get large
masses when 31 gets a VEV: (d +d°), (Q + Q), (Hg + Ha), 2(L + L), 2(u® + ). Below
some scale Mx < Mgut these exotics decouple. We then have the extra exotics 3(D —i—ﬁ),
2(H,, Hy) which survive to low energy and decouple at a scale Mx, = 1TeV. Below the
scale M/, we have the low energy matter content of the MSSM. The low energy values of
the gauge couplings are given by the evolution equations

1 1 bt Mgur Y Mx b, . Mx
- + 2% n— 4 % In—
Oéa(Mz) Oéa(MGUT) 2 MX 27 MX/ 2 MZ

(4.14)

where b% is the beta-function above the scale My, b? is the beta-function below My and
b is the beta-function below Mx:. Combining the above equations, we find that the GUT
scale is given by ,

Mgyt = ePa? MOMY "My (4.15)

where A is a function of the experimentally known low energy values of the SM gauge
coupling constants

1.5 12
A - 3 al(Mz) az(Mz) 30[3(Mz)

cos(20w) 2 1

_ _z 4.16
Qem 3 Oég(Mz) ( )
We have also introduced the ratios p and v
/8 5[6,
=L ~= 4.17
=5 B (17

where 3, (., 3, are the beta-function combinations in the regions My < u < My,
My < p < Mx and Mx < p < Mgur respectively

2
Be = b5 — b — 205 (4.18)
! ! 2 /
L (4.19)
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2
B =by — b2 — bs (4.20)

The beta function coefficients are given by (b1 = 2 by)

3 1 1 4 3
by = —0+2ny + E(nh +nr)+ 5T + 107 + = e + 5 Tlee (4.21)
1 3
by = —6+2nf+§(nh+nL)+0ndc+§nQ+0nuc (4.22)
1 1
b3 = =94 2n¢ +0(ny +nr) + 5 nge +nQ + = Nue (4.23)

2 2

with ny = 3 the number of families and ny, 1, .. counting Higgses and exotic matter. For
our spectrum, the coefficients are given by

by = 6.6, by = 1, by = —3 (4.24)
T/ - 9, :281 = 37 g' =0 (425)
b = 14.6, bt =9, =5 (4.26)

Plugging these numbers into eq. (4.15), we see that Mgyt becomes independent of the
My and M scales and in fact it is identified with the MSSM unification scale

My = Mgyt = €74 My ~ 2 x 1019GeV (4.27)

4.3 Model dependence of the splitting parameter, x
From eq. (4.1), the splitting of the standard model gauge couplings is given by

1 1
"7 0a(Ma)  as(M) 2

We can now use the evolution equation (4.14) to relate x to the low energy coupling
constants ao and ag, giving

11 bE — b M, bt — b’ Mx \ by — b My
<—> —z4+ 23 3log< G>+2 510g< X) 2 3103;( X)
(%) (65} My 2w MX 2 MX/ 2w MZ

(4.29)
Using eqs. (4.24), (4.25), (4.26), (4.27) and the relations aey, = azsin® 6y, = = 150 0w)
and o = %Cky, we arrive at the following expression for x
41 11 71 1 M,
r=-———=-——————1In
3as 3ay 9a3 2« M,
in? 6, — 1 11 M,
_Gsnfy 1) 71 1 (M (4.30)
3Qem 9as3 27 M,

It can be seen that the factors which affect the splitting are the matter content of the
spectrum (which manifests itself in the numbers multiplying the Standard Model param-
eters), and the ratio of the two exotic mass scales. At this point, we can compare the
E6SSM model with the E6 based model of [13] (model 1), where the E6SSM light exotics
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Figure 2. The running of a1, as and a3 from their SM value at Mz up to Mgy for the case of
the F-theory E6SSM.

are heavy. We can use the above equation for both models as they have the same spectrum,
the difference being in the scales at which the exotics decouple. In the E6SSM case we
have My, = 1TeV and from the calculated singlet VEVs, Mx = 1.44 x 10'6GeV, whilst in
model 1, we have My = 0.306 x 10'°GeV and Mx = 1.31 x 10'6GeV. Taking the values
ast(Myz) = 127.916, sin?0,,(Mz) = 0.23116 and a3 = 0.1184, the part of the right hand
side of eq. (4.30) involving these parameters is evaluated as 0.07. Due to the fact that this
number is small, in order for x to be close to zero (corresponding to the usual case of gauge
coupling unification) the masses of both sets of exotics need to be close together. This is the
case in model 1 where we have x=0.3, but not in the case of the E6SSM model where x=4.9.

Taking the low energy values of a1, ag and a and using the one loop remormalisation
group equations to run the couplings up to the unification scale (taking into account the
presence of the exotic matter) results in figure 2 for the F-theory E6SSM, and figure 3
for model 1. In figure 2, the reciprocals of the gauge couplings are split by approximately
35 percent (relative to the largest value) at unification, whereas in figure 3 they meet to
1.3 percent accuracy. The fact that the gauge couplings meet in model 1 means that our
spectrum is special for the case of heavy exotics. If we want the couplings to unify in the
F-theory E6SSM, it may be possible to change the spectrum, adding in extra exotics which
modify the renormalisation group running.

In [13], we used the fact that > 0 in order to obtain a lower bound on a3 (given the
low energy experimental values of o1 and g as input parameters). As x is close to zero in
this model, the result is near the limiting case, and the bound is a3 > 0.113, consistent with
(but quite close to) the experimental value. Repeating the calculation for the E6SSM gives

ag > —— ~ 0.068 (4.31)
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Figure 3. The running of a1, as and a3 from their SM value at Mz up to Mgy for the case of
model 1, presented in [13].

Figure 4. The general proton decay diagram generating the dimension 5 operator QQQL.

As such, we have a bound which is consistent with experiment, and much less stringent
than that of model 1.

4.4 Baryon- and lepton-number violating terms

As discussed above the R-parity violating superpotential couplings u¢d°d®, Qd°L, Le‘L,
kLH, are not allowed because of the underlying U(1) symmetries which play the role of
R-parity. Dimension 5 terms in the Lagrangian, corresponding to the superpotential terms
QQQL and u“ud‘e®, which would be allowed by usual R-parity, are forbidden by the U(1)
symmetries that originate in the underlying Fs.

Of course one must be careful that spontaneous symmetry breaking terms coming from
SM singlet field VEVs do not allow these dangerous operators to appear. Allowing for arbi-
trary singlet fields to acquire VEVs the dangerous the baryon- and lepton-number violating
operators arise through the terms 615 LH,, (631045 +041035)10M5732 and 031041103 ,53. Thus,
provided 615, 041 and 645 do not acquire VEVs these dangerous terms will not arise.
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Figure 5. The specific proton decay diagram generating the dimension 5 operator QQQL in this
model.

However this is not sufficient to ensure the absence of baryon and lepton number
violating terms because, even in the absence of these VEVs, tree level graphs can generate
the dangerous operators at higher order in the singlet fields. As such, we must look for
graphs of the type shown in figure 4. In these models, the dangerous graph is shown in
figure 5 and is driven by colour triplet exchange coming from the couplings

10M 1OM 5Hu — QQDh + ...
5Hu5Hu — MDDhDh + ...
9345152 — <934> D;thW + ... = <934> DD +....

The notation has been simplified here by calling the light exotics D}, and D" simply D
and D. In figure 5 the full notation is used, but in figure 4 and figure 6 the simplified
notation is used, with D representing a light colour triplet.

As may be seen from table 1 only the states D and D (i.e. D}, and D}’ in figure 5) appear
in the spectrum with mass generated by the singlet VEV (034) which is at the TeV scale.
Since the choice of fluxes in table 1 eliminates light colour triplet states Dy, in the low energy
spectrum, arising from 5y, , there is no reason to expect any KK modes with the quantum
numbers of Dj, below the string scale since there is no ground state with the colour triplet
quantum numbers of Dy, below the string scale. Similarly the choice of fluxes in table 1 elim-
inates light colour triplet states Dj” in the low energy spectrum, arising from 54, so there is
no reason to expect any KK modes with the quantum numbers of D}” below the string scale.

If string states with the quantum numbers of Dy, D} exist they are expected to have
string scale masses, of O(Mg). In this case the diagram of figure 5 gives the proton decay
operator QQQL with coefficient 1/Ag given by

15 () 1
Aeff_)\ (MS> Os2) (4.32)

In (4.32), A% represents the the product of the five Yukawa couplings in the relevant diagram
and according to ref [33] it is expected to be

A= )\10~10~5)\10.5.5)\§,5,1 ~ 1073
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This implies

2
Aeﬂr ~ 103 <<A;\§f>> <934> .

This, multiplied by the appropriate loop-factor due to higgsino/gaugino dressing and
other theoretical factors [51-55], should be compared to experimental bounds on nucleon
decay. This bound, relevant to the case that the operator QQQL involves quarks from
the two lighter generations only, requires Aiif‘fght > (108 — 10%)Mg. Since (f34) ~ TeV <
Mg, there will be a large discrepancy between Aiif‘}]ht and Agg, even when the suppression
factors for the first and second generations (due to non perturbative flux corrections) are
considered [13]. As such, it is clearly necessary to forbid the light quark operator generated
by the diagram of figure 5. One way to do this would be to forbid the coupling 0315HU51.
Note that all the other vertices in figure 5 are necessary for various phenomenological
reasons. For example, the couplings in figure 1 are necessary to generate the bottom
quark Yukawa coupling, and so these couplings cannot be set to zero. Similarly the top
quark Yukawa coupling originates from the coupling 103/103/55,. The coupling 6345152
is necessary to give the exotics a TeV scale mass term (f34)DD . In order for the bounds
on proton decay to be satisfied, the 9315ﬁu51 coupling must be suppressed by a factor of
1072, This can be seen by looking at eq. (4.32) and comparing to the bound Ai’ght > (108 —
10%) Mg, whilst taking into account a suppression factor for the light quarks (as in [13]).

In fact we only need to forbid the colour triplet components of the 9315ﬁU51 coupling.
This can be achieved by imposing a discrete Zs symmetry with the following set of fields
chosen to be odd: (D, EZ/, Dy, E/,;) Either the set (L, e¢) or (Q,d°, u®) are also chosen
to be odd. All other fields are chosen to be even under Z5. These assignments forbid the

proton decay diagram in figure 5 but allow the top quark Yukawa coupling.

Note that with these charge assignments the Z5 symmetry is absolutely conserved.
Also Zy doesn’t respect SU(5), as for example EZ(&) must be odd, but the H, state
coming from the same curve must be even. This is because it gets a large mass from the
coupling 031 HyH 4, and the A3; and Hy fields must be even otherwise Z5 would be broken
leading to cosmological domain walls. The Zy symmetry clearly goes beyond the rules of
local F-theory, which corresponds to the fact that we are appealing to global F-theory to
forbid the colour triplet components of the 93153U51 coupling by a geometric suppression
mechanism. However, in the present paper this just corresponds to an assumption related
to the uncertain nature of singlet fields and their couplings in F-theory. Such assumptions
about singlets are always required in any case. In particular, the forbidden coupling in-
volves 031 which doesn’t live in a 27 of E6, and the Yukawa couplings of such singlets are
particularly poorly understood.?

2Note that the 614 and 034 are different types of singlet since they are contained in 27s of E6 and hence
have matter curves.
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Figure 6. Coupling DQQ forbidden by the imposed Z5 symmetry, where the field D is a TeV scale
exotic.

Figure 7. Coupling DQL allowed by the imposed Z, symmetry, where the field D is a TeV scale
exotic.

5 Comparison with known models

5.1 E6SSM

The low energy spectrum in table 1 resembles that of the standard E6SSM [15-17]. The
F-theory model with a surviving Abelian gauge group is also a supersymmetric standard
model involving the same U(1)y gauge symmetry surviving down to the TeV scale. How-
ever, whereas the E6SSM matter content appears to arise from three 27 representations
of Eg, in the F-theory model there is a rather subtle doublet-triplet splitting involved
in achieving this spectrum, due to the effects of flux, as indicated in table 1. The light
exotics with the quantum numbers of colour triplets D and D arise from three 5; and
three 55 representations of SU(5), while the third Higgs doublet H, arises from a different
representation 5y, .
The low energy gauge invariant superpotential of the E6SSM can be written

WEeSSM Wo + WLQ, (5.1)
where Wy 12 are given by
Wo = Wukawa + NijeSiHaj Hug + KijxSiD; Dy, (5.2)
Wy = ggkﬁiQLjQLk + giqjkDiCchjﬁ%k, (5.3)
WQ = g{;[szcﬁ]CZ%k + ggkf?lﬂ%jé%k + gngiQLjﬁLk. (54)

with Wy o referring to either W7 or W, giving two alternative models in the usual E6SSM.
In the E6SSM the three SU(5) singlets S; which are charged under U(1)x may be labelled
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as So, a = 1,2 and S3, where the latter couples to exotics, giving them mass and generat-
ing the effective p term after they acquires a non zero VEV. In the F-theory model these
are identified as two copies of #34 which give the light exotics mass, and the 614 which gen-
erates the p term in the F-theory model. The other GUT singlets which get VEVs in the
F-theory model are 631 (which removes unwanted exotics from the low energy spectrum),
and 053 (which helps generate neutrino masses). These singlets acquire string scale VEVs,
and are uncharged under the U(1)y as required. The other important singlet is 612, as this
is the Majorana state which we call Sg. This singlet is uncharged under the perpendicular
U(1)s and so can get a Majorana mass and play a role in the double see-saw mechanism
for generating neutrino masses.

Another difference between the models is that in the E6SSM there are the H', H
states coming from an incomplete 27 and 27 representation, which are necessary to ensure

!/

gauge coupling unification. In F-theory however, we have splitting of the gauge couplings
at unification as discussed, and so these extra fields are not needed. As such, the model
presented in this paper more closely resembles the ME6SSM of [18, 19]. However, in the
F-theory model, no intermediate Pati-Salam gauge group is required. Due to the splitting
of the couplings at unification, we cannot know about the size of the U(1) 5 gauge coupling.
As the normal limits on the Z’ come from the assumption of unification, these limits do
not apply in the F-theory model.

It should be noted that in the local F-theory version of the E6SSM all the couplings
of egs. (5.3) and (5.4) are forbidden at the level of renormalisable operators due to the
perpendicular U(1)s. At the level of local F-theory, they are all allowed at the effective
level after including one insertion of the 63; field. However at the level of global F-theory we
have assumed that not all couplings involving 631 are allowed, and we have described this by
imposing a Z symmetry so that certain effective diagrams involving the exchange of heavy
colour triplet states are forbidden, in particular those which would lead to proton decay.

The effective DQ@ coupling is forbidden by Z, since D is odd. In detail, the reason
why this operator is forbidden is shown in figure 6 since D is odd and (Dj,, Dj,) are both
even. Note that the Zy symmetry that we imposed has a global F-theory interpretation
as being due to a geometrically suppressed 031 vertex. Similar arguments would forbid the
effective Du‘e® coupling being generated by a diagram analogous to figure 6. Note that
even though a renormalisable Du‘e® operator would be allowed by Zs, it is forbidden by
the rules of local F-theory.

On the other hand the DQL coupling is allowed by Z3 and can be generated effectively
by non-renormalisable operators as shown in figure 7. All couplings in this diagram are
allowed by Zs since D is odd and in this case also (Dy, ﬁ;;) are odd, as is the combination
QL. Thus the effective coupling DQL is successfully generated, allowing the D to decay as a
chiral leptoquark with couplings to left-handed quarks and leptons. Note that the effective
Dd¢u® coupling is forbidden by Z, since D is odd while the combination d°u¢ is even.

By contrast in the MEG6SSM all the couplings involving D and D are all highly sup-
pressed coefficients. This tends to give long lived D decays in the ME6SSM, but prompt
D decays in the F-theory model, with large couplings to left handed quarks and leptons,
providing characteristic and striking signatures at the LHC.
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In summary, proton decay is suppressed by the geometric coupling suppression of a
singlet state 631, which we interpret in terms of a Z5 symmetry. This symmetry effectively
forbids all the couplings of the exotic charge —1/3 colour triplet state D to quarks and
leptons, while allowing the coupling involving DQL. However the coupling Dd‘u is for-
bidden by Z,. Thus D decays as a chiral leptoquark with couplings to left-handed quarks
and leptons, with D coupling to D to make a TeV scale Dirac fermion. We emphasise
again that the effective coupling Due¢ is forbidden, while DQL is allowed providing a
distinctive signature of chiral leptoquarks.

5.2 NMSSM+

The low energy spectrum in table 1 may also apply to a version of the F-theory model in
which there is no additional Abelian gauge group present, in other words where the U(1)x
gauge group is broken by flux at the GUT scale. This was the case for the F-theory model
in [13]. The difference between the present F-theory model and that in [13] is then mainly
in the order of magnitude of the the singlet #34 VEV as determined by the different flatness
conditions in the two models. In the previous model the singlet 634 acquired a string scale
VEV which gave large masses to the exotic states. In the present model the singlet 634
acquires a TeV scale VEV which remain light in the current model. It was also assumed
in [13] that the u term is generated when the U(1) symmetries are explicitly broken by non-
perturbative effects. Here we assume that the singlet 614 acquires an electroweak scale VEV
which generates an effective p term. There will also be non-perturbative corrections which
generate trilinear self-couplings and additional electroweak scale masses for 614, explicitly
breaking all global U(1) symmetries.

The resulting F-theory model with the spectrum in table 1 but with no additional
Abelian gauge group present, resembles that of the NMSSM+ [21]. However in the F-
theory model the U(1)y is broken by flux at a high scale, whereas in the NMSSM+ it is
broken by an explicit sector. Recall that the usual NMSSM is based on the scale invariant
superpotential [56],

1
Winssm = Wyukawa + ASH Hy + gfiSB, (5.5)

where Wykawa represents the MSSM Yukawa couplings. In the F-theory model we identify
the singlet S of the NMSSM with #14. The trilinear self-coupling and other linear and
quadratic terms are generated by non-perturbative corrections, resulting in a generalised
NMSSM (GNMSSM) [57, 58] with superpotential,

1 1
Wanmssm = Wyukawa + (0 + AS)Hy Hy + EMsSQ + gﬁSg, (5.6)

where the singlet S of the GNMSSM is again identified with 614. The non-perturbative
corrections responsible for these terms are similar to those which were used to generate the
p term in [13].

However the model is more than the usual GNMSSM since it also involves the exotic
sector of the NMSSM+, so it more closely resembles a sort of GNMSSM+ with three
compete 27 dimensional families [21]. The superpotential terms involving the other exotic
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states (apart from 614) are similar to those of the E6SSM in eq. (5.1) and discussed in
the preceding subsection. The phenomenological comments also discussed in the preceding
subsection concerning unification, proton decay and the D couplings at the LHC all apply
to this case as well where the U(1)y is broken. The main advantage of the NMSSM+ over
the E6SSM is that the fine-tuning is lower due to the absence of U(1)y D-terms which
would introduce a term in the Higgs potential proportional to the fourth power of the Z’
mass as discussed in [21]. The NMSSM+, involving three compete 27 dimensional families,
has lower fine-tuning than the NMSSM, which in turn has lower fine-tuning than the
MSSM [21], making it the lowest fine-tuned model consistent with perturbative unification.

6 Summary and discussion

In this paper we have explored F-theory models in which the low energy supersymmetric
theory contains the particle content of three 27 dimensional representations of the underly-
ing Fg gauge group, plus two extra right-handed neutrinos predicted from F and D flatness.
Using the techniques of semi-local model building in F-theory, we have shown that it is
possible to formulate F-theory models whose TeV scale effective theory resembles either
the E6SSM or the NMSSM+, depending on whether an additional Abelian gauge group
does or does not survive. However there are novel features compared to both these models
as follows:

1. If the additional Abelian gauge group is unbroken then it can have a weaker gauge
coupling than in the E6SSM.

2. If the additional Abelian gauge group is broken then non-perturbative effects can
violate the scale invariance of the NMSSM+ leading to a generalised model.

3. Unification is achieved not at the field theory level but at the F-theory level since the
gauge couplings are split by flux effects, negating the need for any additional doublet
states which are usually required.

4. Proton decay is suppressed by the geometric coupling suppression of a singlet state,
which is possible in F-theory, which effectively suppresses the coupling of the exotic
charge —1/3 colour triplet state D to quarks and leptons.

5. The D decays as a chiral leptoquark with couplings to left-handed quarks and leptons,
providing characteristic and striking signatures at the LHC.

The particle spectrum of the F-theory models is summarized in table 1. The models
here may be compared to the F-theory model in [13] in which the singlets 034 acquired a
string scale VEV which gave large masses to the exotic states, yielding a low energy theory
as in the MSSM, which we can call an F-MSSM. The new models here have a singlet spec-
trum where the new flatness conditions allow the singlets 034 to have small VEVs resulting
in a light exotic mass spectrum. In addition the singlets 614 are used to generate elec-
troweak scale effective p terms. Five right handed neutrinos, as well as other restrictions
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Model Features F-MSSM F-E6SSM F-NMSSM+
(053), (U31) ~ Mx ~ Mx ~ Mx

(034) ~ Mx ~ 1TeV ~ 1TeV

(014) 0 ~ 1TeV ~ 1TeV
U(1)n breaking Flux ~ Mx | (f34) ~ 1TeV | Flux ~ Mx

Non perturbative p term uNPH,H, - -

Effective p term - 014 H,H, 014 H,H,

Non perturbative singlet masses - - ms62,, m2014

Table 2. Similarities and differences between different F-theory based models which go beyond the
MSSM.

on the numbers of certain singlets in the spectrum, are required to make the model consis-
tent with F and D-flatness conditions. If the gauged U(1)y is broken by flux at the GUT
scale then we have either the F-MSSM as discussed previously or the F-NMSSM+ as inves-
tigated here, where non-perturbative corrections break all global U(1) symmetries via 6014
mass terms. However if the gauged U(1)y is unbroken then we are led to an F-E6SSM but
with the phenomenological differences discussed above. For example, we emphasise that
unification in the F-MSSM [13] may be achieved approximately at the field theory level,
since the exotic states occur at high energy and have a small mass splitting, while in the F-
E6SSM and F-NMSSM+ models discussed here the gauge coupling splitting due to flux in
F-theory plays a crucial role. The three different F-theory models are compared in table 2.

In order for proton decay to be controlled, the geometric suppression at the field theory
level corresponds to the imposition of a discrete Zs symmetry. To understand the origin
of this geometric suppression would require knowledge of the GUT singlet matter curves,
which in turn requires a knowledge of the global geometry. From our limited understanding
of the global aspects of F-theory this just corresponds to an assumption about the global
completion of the model.
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A Anomaly cancellation

It has been noted in [59] that in models with multiple perpendicular U(1) symmetries,
there is a U(1)y — U(1) — U(1) anomaly which is not automatically cancelled through the
spectral cover approach. In order for this anomaly to be cancelled, the following condition
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Curve QX Qw QJ_ Ny
1 1 1
Wy | 55| 56 | 25 | 1
10 | —3— L -L 11
2v/10 2v/6 V3
5 L -1 -1 1
Hu V10 V6 V3
51 L _ L 1 -1
V10 V6 2v/3
5 L 1 1 | 1
2 V10 V6 2v/3
5 3 |1 | __1 | 3
3 2410 2,6 23
5 1 1 1 1
4 V10 V6 V3
5 _ 3 | __1 1 1
> 2,/10 26 | 3

Table 3. U(1) charges of the 10 and 5 matter curves.

is required:
3 Qi) (Q10) " Nio + D (@)D (@3)° NS =0 (A1)
Cio a3
where the sums are over all the 10 and 5 matter curves, Q denotes the charge under either
the U(1) labelled A or the one labelled B (allowing for mixed anomalies in the case of mul-

tiple U(1)s), and the Ns refer to the chirality induced by hypercharge flux. In the models
considered in this paper, we have 3 U(1)s, with generators

1
= diag(—1,-1,—1,—1,4 A2
1
= —diag(1,1,1,-3,0 A3
Qu = 5 pdin( ) (A3)
L.
QL = 2\/§d1ag(1,1,—2,0,0) (A.4)

As such, we can tabulate the U(1) charges of all the 5 and 10 curves in the model.
We can now check if eq. (A.1) holds for all the combinations of A,B = x,%, L in

U(l)y — U(1)? — U(1)B. Plugging in the charges and the Ny values from table 3 into the
left hand side of eq. (A.1) gives

1 1 1 1 1 9 1 9
A:X, B:X—)S - — + :|—|—|: 7777777 ++:|:0
0

1 1 1 1 1 1 1
A:w) B=vy—3 —+:|—|—|: 777777 _|_+:|:

1 1 1 1 1 3 1 3
A=y, B=¢ 53| —————|+| - —F———=— —t ]:
v B=vs| |t e e v e v e
This shows that the relation is indeed obeyed for the cases U(1)y — U(1)X—=U(1)X, U(1)y —
U(1)¥ = U(1)¥ and U(1)y — U(1)X — U(1)¥. (This was to be expected, as U(1), and U(1),,
are both embedded in E6). However, for the 3 anomalies involving U(1),, eq. (A.1) is
not satisfied, meaning that the anomalies involving U(1), are not cancelled. This U(1),
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however, is broken by the 031 VEV, so there are no problems below this scale. Also, we

know that all anomalies are automatically cancelled above the GUT scale so there is only

a problem in the gap in energy between the GUT scale and 037 VEV. As we have (031) ~
1.5x10'GeV and Mgyt ~ 2 x10'6GeV, the ratio of the GUT scale to the U(1) breaking
scale is only a factor of 1.5 and we do not regard anomalies in such a small energy interval

as being problematic, especially bearing in mind the error in our energy scale estimates.
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