JHEP07(2014)013

Published for SISSA by Springer

Received : January 31, 2014 Accepted : June 13, 2014 Published : July 2, 2014

Rational F-theory GUTs without exotics

Sven Krippendorf,^a Damián Kaloni Mayorga Peña,^a Paul-Konstantin Oehlmann^a and Fabian Ruehle^b a Bethe Center for Theoretical Physics, Physikalisches Inst itut der Universität Bonn, Nussallee 12, 53115 Bonn, Germany bDeutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany E-mail: krippendorf@th.physik.uni-bonn.de,

damian@th.physik.uni-bonn.de, oehlmann@th.physik.uni-bonn.de,
fabian.ruehle@desy.de

Abstract: We construct F-theory GUT models without exotic matter, lea ding to the MSSM matter spectrum with potential singlet extensions. Th e interplay of engineering explicit geometric setups, absence of four-dimensional anom alies, and realistic phenomenology of the couplings places severe constraints on the allowed lo cal models in a given geometry. In constructions based on the spectral cover we find no model s atisfying all these requirements. We then provide a survey of models with additional U(1 ) symmetries arising from rational sections of the elliptic fibration in toric constru ctions and obtain phenomenologically appealing models based on SU(5) tops. Furthermor e we perform a bottom-up exploration beyond the toric section constructions discus sed in the literature so far and identify benchmark models passing all our criteria, which c an serve as a guideline for future geometric engineering.

Keywords: Strings and branes phenomenology

ArXiv ePrint: 1401.5084

Open Access , © The Authors. Article funded by SCOAP^3. doi:10.1007/JHEP07(2014)013

JHEP07(2014)013

Contents

1 Introduction and summary of results 1

2 Review of F-theory model building techniques 3 2.1 The spectral cover 4 2.2 Compactifications with multiple sections 7 2.3 Explicit examples from toric constructions 8 2.4 Fluxes and anomaly cancellation 10 2.5 Status of spectral cover model building 13

3 Systematic F-theory model building 15 3.1 Search strategy 15 3.2 Models from spectral cover constructions 18 3.3 Constructions with rational sections 18 3.4 Beyond toric sections 23

4 Conclusions and outlook 25

A Second benchmark model 27

1 Introduction and summary of results

F-theory [ 1] is a very fruitful patch in the string landscape to connect s tring theory to particle physics phenomenology. It has the potential to rea lize exceptional gauge groups and as such it provides a promising starting point for engine ering grand unified theories (GUTs) [ 2–5]. Being the non-perturbative formulation of type IIB strin g theory, F-theory is expected to inherit its successful mechanisms for moduli stabilization. Hence it allows for a realization of a bottom-up approach to string model bui lding [6].

Here we focus on engineering GUT theories in standard F-theo ry N = 1 compactifications on elliptically fibered Calabi-Yau fourfolds Y_4 with base space B_3. The fiber degenerations over the base manifold B_3 encode the particle content as well as the corresponding interactions of the theory: if the fiber becomes sin gular at complex codimension one in the base, this singularity corresponds to gauge degre es of freedom for a non-Abelian symmetry of the ADE-type. Matter fields arise along so-calle d matter curves which are codimension two loci in the base. Finally, from codimension three singularities, i.e. points at which the matter curves intersect, one can obtain the corr esponding Yukawa couplings.

We follow the usual model building strategy by considering a local four-cycle S in the base, along which the fiber degeneration leads to an SU(5) sym metry.^1 Then one identifies

1For model building approaches based on other grand unified gr oups see e.g. [ 7–10].

– 1 –

JHEP07(2014)013

the matter curves giving rise to 5- and 10-plets and turns on fluxes along these curves to obtain a net chirality of the matter fields. Flux along the hyp ercharge direction is used to break the SU(5) to the Standard Model gauge group and to pro ject out exotic triplet matter [ 5, 11, 12]. We assume here that these local constructions can be embed ded in a global compactification such that the hypercharge remains m assless, as has been shown in explicit global realizations [ 7, 13–16]. We also assume that the flux is such that problems with gauge coupling unification can be avoided [ 12, 17–19].

As in many other model building approaches, additional U(1) symmetries are used in F-theory to generate a phenomenologically viable structur e of operators [ 16, 19–24]. In this setup, already the consistency conditions from four-d imensional anomaly cancellation place severe constraints on the local GUT construction [ 25, 26]. Furthermore, previous explorations (see for instance [ 19, 20]) have shown that dangerous operators (e.g. proton decay operators) tend to carry the same U(1) charges as desir ed couplings (e.g. Yukawa couplings). As of now there is no consistent local setup with just the MSSM matter content and phenomenologically acceptable couplings.

In the spectral cover approach to F-theory model building, t he U(1) symmetries are realized as Cartan elements of an enhanced gauge group which can be maximally an E_8 symmetry. This gauge group is constraining the U(1) charges that can appear upon breakdown to an SU(5) × U(1)^N gauge group. More generally, U(1) symmetries in F-theory ar e associated with extra sections of the elliptic fibration [ 27, 28], which appear in addition to the generic zero section which specifies the base space. Sign ificant progress has been made in constructing these sections and computing the U(1) charg es for the matter representations and the singlets [ 29–37]. These new U(1) symmetries allow for a wider pattern of charges as compared to the U(1) symmetries arising in spectr al cover constructions.

In this paper we explore the pattern of U(1) charges that can a rise from the constructions outlined above and address the question of whether an e xact MSSM construction can be obtained consistently within this class of F-theory comp actifications. We systematically search for models that have the exact MSSM spectrum (up to sin glet extensions), satisfy the four-dimensional anomaly cancellation conditions, an d allow for phenomenologically viable couplings. In contrast to previous F-theory GUT model b uilding, where one requires the MSSM fields to arise from complete SU(5) representations , we allow for incomplete multiplets — a feature which commonly appears in the heterot ic mini-landscape [ 38].

Following this strategy we revisit F-theory model building based on spectral cover constructions and take steps towards model building based o n models with rational sections. We assume that the breakdown of the grand unified group in rati onal section models can proceed via hypercharge flux breaking, as in models based on t he spectral cover. We focus on constructions with up to two additional U(1) factors.^2 For models with rational sections, we consider those with toric sections where the matter curve s and the U(1) charges have been worked out. In this class we find examples that satisfy al l constraints derived from imposing phenomenologically viable couplings and four-di mensional anomaly cancellation,

2In the context of spectral covers it has been argued that the pr esence of more than two U(1) symmetries can spoil the flatness of the fibration and hence would lead to i nfinitely many undesired massless states.

– 2 –

JHEP07(2014)013

apart from the U(1)^3-anomaly discussed in [ 26, 39], whose presence is (as of now) not visible in the local spectral cover approach. From this exploration we present one benchmark model in detail where the standard �_2 matter parity can be realised. We then search for extensions of the currently available U(1) symmetries whic h follow a similar charge pattern as that appearing in rational section models, and ask which o nes allow for a model satisfying all anomaly conditions, including the U(1)^3 anomaly. In this way we find lamppost models whose geometric realization would be very intriguing.

The rest of this paper is organized as follows: in section 2 we briefly review the basics of model building in F-theory, with special focus on the spec tral cover and the recent constructions with rational sections, which can be skipped by the experienced or only phenomenologically interested readers. In section 3 we explain our systematic search and present our results. We conclude in section 4 and provide a second benchmark model in appendix A.

2 Review of F-theory model building techniques

F-theory can be thought of as a non-perturbative formulatio n of type IIB string theory (see [40–43] for recent reviews). It is a twelve-dimensional theory in w hich two dimensions are spanned by an elliptic curve. These two extra dimensions are not physical but can be regarded as a bookkeeping device that encodes in its complex structure the variation of the type IIB axio-dilaton

τ = C_0 + i e^{− ϕ} .

We focus on elliptically fibered compactification spaces whi ch can be described algebraically in terms of the short Weierstrass form

y^2 = x^3 + fxz^4 + gz^6 , (2.1)

where x, y, z are homogeneous coordinates in �_{2,3,1}, and f and g are sections of the base B_3. Thus the fibration over the base is completely determined by f and g. The fiber degenerates at points where the discriminant

Δ = 4 f^3 + 27 g^2 (2.2)

vanishes. At these points one can observe the usual monodrom ies for the axio-dilaton which occur at places where D7 branes sit. These fiber degener ations encode valuable information for particle physics. At complex codimension o ne in the base B_3, one obtains the gauge degrees of freedom: the corresponding gauge symme try can be inferred from the vanishing order of f , g, and Δ according to the Kodaira classification [ 44]. A more intuitive picture on how the gauge symmetry arises is available from th e duality to M-theory: one can smoothen out (blow-up) the singularities by replacing t hem with a tree of �^1’s. The intersection matrix of the �^1’s is the (negative of the) affine Cartan matrix of the ADE type Lie groups where the torus plays the role of the affine node . On the M-theory side, one can argue that in the limit where all �^1’s shrink to zero size, M2 branes wrapping

– 3 –

JHEP07(2014)013

the �^1’s become massless, giving then rise to the necessary degree s of freedom of an ADE type gauge theory. Similar arguments lead to the conclusion that at higher codimensions in the base one encounters the matter representations (codi mension two) and their Yukawa interactions (at codimension three in the base).

2.1 The spectral cover

For some F-theory compactifications, the spectral cover con struction is a widely-used method to keep track of the various matter curves and gauge en hancements in explicit geometric backgrounds. In this approach, it is useful to con sider the Tate form instead of the short Weierstrass form ( 2.1)

y^2 = x^3 − a_1xyz + a_2x^2z^2 − a_3yz^3 + a_4xz^4 + a_6z^6 , (2.3)

where the a_i’s are again sections of the base.^3 In this form, f , g and the discriminant Δ of (2.2) are given in terms of the a_i by

f = − 1 48 (β^2 − 24β_4) , g = − 1 864 (− β^3_2 + 36 β_2β_4 − 216β_6) , Δ = β^2 4 (β^2_4 − β_2β_6) − 8β^3_4 − 27β^2_6 + 9 β_2β_4β_6 ,

(2.4)

where

β_2 = a^2_1 + 4 a_2 , β_4 = a_1a_3 + 2 a_4 , β_6 = a^2_3 + 4 a_6 . (2.5)

The gauge symmetry one obtains for a given singularity can be inferred from the vanishing order of the a_i according to the Tate classification [ 45, 46]. Since our focus is on SU(5) GUTs which are further broken down to the SM gauge group, we ar e interested in a Tate or Weierstrass model that has an SU(5) singularity over a cer tain divisor S (which is of complex codimension one in the base B_3)

S : w = 0 . (2.6)

To obtain the vanishing orders of an SU(5) singularity, we ex press the a_i’s in terms of w and polynomials b_i which do not contain overall factors of w as

a_1 = b_5 , a_2 = b_4w , a_3 = b_3w^2 , a_4 = b_2w^3 , a_6 = b_0w^5 . (2.7)

The b_i are sections of the bundle η− ic_1(S) where η = 6 c_1(S) − t(S), with c_1(S) and − t(S) the first Chern class of the tangent and the normal bundle of S, respectively.

Inserting the parametrization ( 2.7) into ( 2.4), we find for the discriminant Δ

Δ = − w^5 � P^4_{10}P_5 + wP^2_{10}(8b_4P_5 + P_{10}R) + O(w^2) � (2.8)

3The Tate form can be brought to the Weierstrass form by comple ting the square in y and the cube in x and subsequently redefining the fields.

– 4 –

JHEP07(2014)013

with

P_5 = ( b^2_3b_4 − b_2b_3b_5 + b_0b^2_5) , P_{10} = b_5 , R = − b^3 − b^2b_5 + 4 b_0b_4b_5 . (2.9)

The vanishing order of w in Δ is increased to 6 or 7 on the subloci where P_5 or P_{10} vanish, respectively. This hints at an SU(6) and SO(10) gauge group e nhancement.^4 Matter fields arise at the intersections of P_5 = 0 ( P_{10} = 0) with w = 0. The type of matter expected for each of these cases can be deduced from the decomposition of t he adjoint representations into irreducible representations of SU(5) × U(1):

P_5 : 35 ⊃ 5 + 5 , (2.10) P_{10} : 45 ⊃ 10 + 10 . (2.11)

From the SU(6) enhancements one obtains the 5-plets whereas the 10-plets of SU(5) originate from the SO(10) enhancements.

The spectral cover construction keeps the information of th e various matter curves and gauge enhancements only in the vicinity of the GUT diviso r w = 0, which means that in (2.7) one neglects possible terms involving w in the b_i’s. To access this information one constructs a projective auxiliary (non-CY) threefold w hich contains the information about the discriminant locus in a hypersurface of this auxil iary space. In particular, we are interested in the following hypersurface with affine para meter s

b_0s^5 + b_2s^3 + b_3s^2 + b_4s + b_5 = 0 . (2.12)

The correspondence with the matter curves is now as follows: from (2.12) we see that e.g. the spectral surface at s = 0 has b_5 = 0, i.e. to the loci of SO(10) enhancements where P_{10} = 0 (cf. ( 2.8), (2.9)).

More generally, there is a local enhancement to E_8 and one then parameterizes the enhancements of SU(5) to SO(10) or SU(6) in terms of a breakin g of the fully enhanced E_8 into these groups. In order to obtain an SU(5) GUT surface in t his construction, the structure group of the bundle that is responsible for the breaking of E_8 has to be SU(5). In order to distinguish the two SU(5) factors we call t he latter SU(5)_⊥ . In terms of SU(5) × SU(5)_⊥ , the adjoint decomposes as

248 → (24,1_⊥ ) + ( 1,24_⊥ ) + ( 5,10_⊥ ) + ( 5,10_⊥ ) + ( 10,5_⊥ ) + ( 10,5_⊥ ) . (2.13)

The SU(5) matter can then be identified via their charges unde r the U(1)^4 ⊂ SU(5)_⊥ Cartan subalgebra, which we characterize by the 5 weights t_i, i = 1 , . . . ,5. The t_i’s fulfill the tracelessness condition � i t_i = 0 to ensure that the structure group is SU(5) rather than U(5). From ( 2.13) we see that the 10 matter of SU(5) is paired with the 5_⊥ of SU(5)_⊥ , the 5 GUT matter is paired with the 10_⊥ , and the GUT singlets are paired with

4Although the Kodaira classification is only valid in codimens ion one [47], higher codimension singularities behave according to the naive expectations gained f rom the gauge group enhancements discussed here [48].

– 5 –

JHEP07(2014)013

(a) 4+1 factorization

Curve q 10_1 1 10_5 − 4 5_{11} 2 5_{15} − 3

(b) 3+2 factorization

Curve q 10_1 2 10_4 − 3 5_{11} 4 5_{14} − 1 5_{44} − 6

(c) 2+2+1 factorization

Curve q_1 q_2 10_1 1 5 10_3 1 − 5 10_5 − 4 0 5_{11} 2 10 5_{13} 2 0 5_{33} 2 − 10 5_{15} − 3 5 5_{35} − 3 − 5

(d) 3+1+1 factorization

Curve q_1 q_2 10_1 2 0 10_4 − 3 5 10_5 − 3 − 5 5_{11} 4 0 5_{14} − 1 5 5_{15} − 1 − 5 5_{45} − 6 0

Table 1 . U(1) charges of SU(5)_{GUT} representations for different factorizations with up to two U(1) factors. The indices specify the SU(5)_⊥ Cartan weights according to ( 2.14).

the adjoint of SU(5)_⊥ . Thus the corresponding five 10-curves Σ_{10 i} , ten 5-curves Σ_{5ij} , and 24 singlet curves Σ_{1ij} are given in terms of the t_i via

Σ_{10 i} : t_i = 0 ,

Σ_{5ij} : (t_i + t_j ) = 0 , i ≠ j

Σ_{1ij} : ± (t_i − t_j ) .

(2.14)

The b_i’s can be expressed as symmetric polynomials of degree i in the t_i’s. In particular, b_5 = P_{10} = t_1t_2t_3t_4t_5. Thus, on the Σ_{10 i} -curves, one of the t_i vanishes, leaving one Cartan generator of SU(5)_⊥ unbroken. This reduces the structure group and allows for an enhancement from SU(5) to SO(10). Likewise, by plugging t he t_i’s into P_5, we find at the loci exhibiting SU(6) enhancement that ( t_i + t_j ) = 0, i ≠ j. Furthermore, we have b_1 = t_1 + t_2 + t_3 + t_4 + t_5 = 0. This is in accordance with the fact that there is no a_5-term in the Tate form ( 2.3), which would have a coefficient b_1 in (2.7).

Albeit concise, the spectral cover loses the information ab out possible monodromies for the t_i’s. In other words, some of the matter curves might be identifi ed away from the E_8 point, leading to fewer curves. Thus, depending on the monod romies, there can be zero to four extra U(1) symmetries appearing. Each U(1) is re lated to a polynomial of smaller degree n_j in the affine parameter s, which can be factored out of the spectral cover equation ( 2.12), such that all n_j ’s sum to five and that the term s^4 does not occur. For one U(1), the spectral cover has to split into two polynomial s, which leaves us with the two possibilities of either a linear and a quartic polynomial (4 + 1 factorization) or a quadratic and a cubic polynomial (3 + 2 factorization). Since there is o nly one U(1), the t_i’s are identified by monodromies (e.g. t_1 ↔ t_2 ↔ t_3 and t_4 ↔ t_5 in the 3 + 2 factorization). For the case of two U(1) symmetries one proceeds in a similar w ay, finding a 2 + 2 + 1 factorization and a 3 + 1 + 1 factorization. We summarize the m atter fields and their U(1) charges, which can be calculated from the possible E_8 embeddings, in table 1.

– 6 –

JHEP07(2014)013

2.2 Compactifications with multiple sections

Motivated by obtaining more general U(1) charge assignment s which are not constrained by the embedding into E_8 as in the spectral cover, we briefly review how U(1) symmetrie s can appear more generally in F-theory.

In contrast to non-Abelian gauge groups which arise from loc al degenerations of the elliptic fiber [ 1], U(1) gauge factors are related to the presence of addition al sections of the elliptic fibration [ 27, 28]. In general they depend on global properties of the compact ification space.

Compactification spaces which are used in F-theory come with a holomorphic section that specifies the base of the fibration,^5 which is known as the zero section. In terms of the Weierstrass model ( 2.1), it corresponds to the point O = [x : y : z] = [λ^2 : λ^3 : 0] on the torus. In [ 29, 49], additional sections were constructed by factorizing the Weierstrass equation. The novel property is that the corresponding U(1) factors do not necessarily descend from an E_8. These extra sections need not be holomorphic. They simply h ave to be rational, so that in principle they can wrap entire fiber co mponents at base codimensions greater than one.

The set of sections is known to form the so-called Mordell-We il group of the compactification [ 50]. The rank of this group matches the number of U(1) factors si nce sections are related to harmonic two-forms and the U(1) gauge fields are ob tained from expansions of the M-theory three-form in a suitable basis of these. In orde r to study the Mordell-Weil group one fixes a point O on the torus (the one related to the zero section). Addition o f two rational points P and Q on the torus is then defined by translating P by the element of U(1)^2 associated to Q. In terms of the elliptic curve E, the group operation is defined as follows: a line �^1 ⊂ �^2 intersects the elliptic curve in three points (counted with multiplicities). In this way, given two points P and Q, one can define a third point R as the point of collision of the line P Q with E. Group addition is now defined by identifying the point P + Q with the point of collision of the line OR with E. If we consider an elliptic curve to be specified as a cubic in �^2 with coefficients from the field � , we see that the rational points on the elliptic curve indeed form a group, the so-call ed Mordell-Weil group.^6 This can be applied to the previous discussion by mapping the cubi c in �^2 to the Weierstrass form (2.3) in �_{2,3,1}. If one uses the function field � [s] of meromorphic functions, the rational points in � [s] are sections of the bundle of elliptic curves over the compl ex line with coordinate s.

In general, the extra sections do not necessarily intersect the same irreducible fiber component as the zero section; instead, they can intersect a ny of the �^1’s glued into the fiber to smoothen out the singularities over the GUT divisor. Of course, any section can be chosen as the zero section (corresponding to a choice of O on the torus). The �^1 that is intersected by the zero section fixes by definition the affine no de A_0 of the extended Dynkin diagram. In the case of one additional section that intersec ts a different �^1 corresponding to one of the other four nodes A_i (counted clockwise in our convention) of the Dynkin

5See [32] for a discussion with rational sections instead of holomor phic ones. 6See appendix A of [ 33] for an example.

– 7 –

JHEP07(2014)013

Split 5-0 4-1 3-2 2-3 1-4 Q_5 0 1 2 3 4 Q_{10} 0 3 1 4 2

Table 2 . Charge assignments for 5- and 10-curves for all possible splittings.

diagram, the results agree with a so-called i − (5 − i) split. If the extra section also intersects the affine node, this gives rise to a 5 − 0 split. In the presence of two or more U(1) symmetries, one has to choose again a zero section and su bsequently specify the node A_i that is intersected by each additional section independent ly, i.e. one has to specify an i− (5− i) split for each U(1) factor independently. The split is clos ely related to the charges of the matter fields under the corresponding U(1) symmetry, w hich are fixed by the Shioda map. Here we omit its construction which can be found for exam ple in [51], and simply quote the results. The Shioda map contains the intersection numbers for the sections and the irreducible fiber components as part of its input. Furthe rmore, it involves the inverse of the Cartan matrix of SU(5), which implies that the U(1) cha rges will be quantized in multiples of 1 /5. It is common to choose a U(1) normalization such that all ch arges are integral. This is the reason why, under a given split, the cha rges of all 10-plets, 5-plets and singlets are subjected to the following relations:

q_5 = Q_5 + 5 Z , q_{10} = Q_{10} + 5 Z , q_1 = 0 + 5 Z , (2.15)

where Q_5 and Q_{10} are given in table 2 for all possible splits. Note that in all cases the charges for the fields in the different spectral cover fact orizations also obey the relations ( 2.15). For example, the charges in the 4+1 factorization match th ose of a 3-2 splitting, cf. tables 1 and 2. One can also show that all SU(5) allowed operators carry U(1 ) charges divisible by five due to the structure of the Shioda ma p.

2.3 Explicit examples from toric constructions

Sections that can be described by toric geometry constitute a tractable subset of all rational sections. We will focus on them in the following. There are 16 possible ways to write the elliptic fiber as a hypersurface in a toric ambient space [ 52], each of which is characterized by its toric diagram or polygon. The toric sections of these p olygons give rise to (the toric part of) their corresponding Mordell-Weil group^7 and have been analyzed in [ 33]. These polygons can lead to up to three toric U(1) symmetries.

The polygon gives us a description of the elliptic fiber and it s sections. Next we have to include the information about the possible ways for d esingularizing the SU(5) degenerations. In order to do so, we combine two polygons to f orm a three-dimensional polyhedron known as a top. We first place the fiber polygon into the plane z = 0. Parallel to it, at z = 1, we then introduce another polygon whose integer boundar y points correspond to the five nodes of the affine Dynkin diagram of SU(5) (see figure 1(b) for an example).

7In addition, there can be non-toric sections (i.e. sections that are not simply given by setting one fiber coordinate to zero) giving rise to further non-toric U(1) fac tors.

– 8 –

JHEP07(2014)013

s_1

u s_0 w

v z = 1

z = 0

(a) (b)

σ_1

σ_2 σ_0 σ_1

σ_2 σ_0 σ_1 σ_2 σ_0 σ_1

σ_2 σ_0

(c) τ_{5,1} (d) τ_{5,2} (e) τ_{5,3} (f) τ_{5,4}

Figure 1 . (a) Toric diagram for the polygon F_5. It has the sections σ_0: s_0 = 0 (the zero section), σ_1: s_1 = 0 and σ_2: u = 0, which are marked as red points in the diagram. (b) The poly gon is set as the basis for the SU(5) top at z = 0. The intersections of the sections with the tree of P^1’s at z = 1 (see the red lines in the diagram) serve to compute the charge s of the fields via the Shioda map. From the intersections one can also deduce the splitting for each of the inequivalent flat SU(5) tops allowed for F_5: (c) 2-3, 1-4 (d) 3-2, 1-4 (e) 2-3, 2-3 and (f) 1-4, 5-0.

In this way, the facet at z = 0 encodes the generic fiber, whereas the one at z = 1 encodes its SU(5) resolution. However, the top completion is not uni que and for every of the 16 polytopes there can be multiple tops^8 [33].

As already mentioned, in order to compute the U(1) charges fo r the fields, one needs to find the intersections of the toric sections with the irred ucible fiber components. Using the top, these intersections can simply be read off from the ed ges that are shared between a vertex of the fiber polygon that corresponds to the toric sec tion and a vertex of the other polygon that corresponds to an irreducible �^1. To exemplify this, the reader is referred to figure 1, where details of the top τ_{5,2} are given. The red lines correspond to the intersections of the sections with the irreducible fiber s. The upper facet of the top in figure 1(b) is shown in figure 1(d), from which one can see that this intersection pattern is consistent with a splitting of the form 3-2 and 1-4 for the firs t and second U(1) symmetries. The singlet fields will emerge from codimension two loci wher e the fiber degenerates to two irreducible components (i.e. the extended Dynkin diagram o f SU(2)). Analogously as for

8Note that tops can be related by symmetries or might not lead to a flat fibration (which means that there will be an infinite tower of massless fields), thus reduc ing the amount of viable tops.

– 9 –

JHEP07(2014)013

the matter curves, the charges of the singlets are computed f rom the intersection pattern of the sections with these two fiber components [ 51].

A very important feature about these constructions is that t he charges of the 10-plets under toric U(1) symmetries are very constrained: the 10 matter curves are given in terms of the triangulation of the facet of the polygon at height one . We want to choose this polygon such that it does not contain an interior point in ord er to maintain flatness of the fibration. Due to this we are left, up to isomorphisms, with on ly one such polygon (see figure 1 (c)-(f)). This polygon admits two different triangulations corresponding to two possible degenerations of the SU(5) to an SO(10) Kodaira fibe r. However, the choice is fixed by the top to be universal over the whole GUT divisor, suc h that the U(1) charges of all 10 matter curves coincide. This is in contrast to the 5 matter curves where the different degenerations can occur over different codimensio n two loci. Note that more general situations where different 10-curves carry different U(1) charges can be obtained by taking complete intersections instead of hypersurfaces. H owever, these constructions have not been studied in the literature up to now such that we do not include this possibility in our subsequent analysis.

In [34, 35] five of the 16 possible reflexive polytopes were completed us ing all inequivalent tops that lead to SU(5). Out of these five polygons only th e polygon F_5, corresponding to dP_2, exhibits two U(1) gauge factors while the others exhibit on ly one or less toric U(1) symmetries. After the completion to SU(5), matter curves an d their U(1) charges have been calculated for every of these tops. As F_5 will be of main phenomenological interest we show the matter content and U(1) charges for its four possi ble inequivalent tops that can lead to a flat fibration in table 3. There we also include the singlet spectrum, which is universal for all of these tops, as it depends only on the base polygon F_5.

So far we have not specified the whole CY fourfold or the base sp ace. Thus, as a next step we would have to complete the top to a polygon which descr ibes the complete CY fourfold. Indeed, whether or not a given base polytope can be combined with any of the tops in such a way that the fibration is flat depends on the choic e of the base [33, 35, 53]. However, a detailed study of the possible base spaces that co mplete the top is beyond the scope of this paper, so that we will simply assume that the re exists a choice for the base such that the fibration is flat with the maximum amount of m atter curves. Given this assumption, the other properties like the amount of toric U( 1) symmetries and non-Abelian gauge factors or the U(1) charges can be studied from the top a lone without the need of specifying a base. Since it will be our main concern to satisf y the anomaly cancellation constraints, it is sufficient for us to know the number of U(1) s ymmetries, how many curves we can expect, and what their U(1) charge pattern can be. As we will show in the following, anomaly cancellation places very strong constraints on the fluxes.

2.4 Fluxes and anomaly cancellation Before switching on fluxes the matter curves support vector- like states. Flux is a crucial ingredient for model building since it is needed in order to o btain a chiral spectrum. However, one has to ensure the absence of anomalies in chiral spe ctra. This constrains the fluxes as we will review in the following.

– 10 –

JHEP07(2014)013

(a) Top τ5,1

Curve q_1 q_2 10_1 − 1 2 5_1 3 − 1 5_2 − 2 4 5_3 − 2 − 6 5_4 3 4 5_5 − 2 − 1

(b) Top τ5,2

Curve q_1 q_2 10_1 1 2 5_1 − 3 4 5_2 − 3 − 6 5_3 − 3 − 1 5_4 2 4 5_5 2 − 1

(c) Top τ5,3

Curve q_1 q_2 10_1 − 1 − 1 5_1 3 − 2 5_2 − 2 − 7 5_3 − 2 3 5_4 3 3 5_5 − 2 − 2

(d) Top τ5,4

Curve q_1 q_2 10_1 2 0 5_1 4 5 5_2 4 0 5_3 − 1 5 5_4 − 1 − 5 5_5 − 1 0

(e) Singlet spectrum and charges

Curve 1_1 1_2 1_3 1_4 1_5 1_6 q_1 − 5 5 5 − 5 0 0 q_2 5 0 10 − 5 − 10 5

Table 3 . U(1) charges of the four inequivalent tops based on the fiber polygon F_5. The singlet charges are the same for all tops.

One can distinguish between the following cases: in the first case, the flux leaves the SU(5) symmetry unbroken [ 4, 54–57]. This can be used to get a net number of 5 (5) or 10 (10) of SU(5) living at the different matter curves. The second po ssibility is to break the GUT symmetry by switching on flux along the GUT surface. In order to break SU(5) down to the SM gauge group, this flux is chosen to be proportion al to the hypercharge U(1) generator (within the SU(5)).^9

Even though the previous constraint depends strongly on the fourfold geometry, there is a prescription to assign the necessary flux quanta for thos e models which can be described in terms of the spectral cover. In this context it was observe d that the flux distribution is subject to certain constraints which are common to all con sistent models, referred to as the Dudas-Palti (DP) relations [ 22]. Later it was shown that these conditions are nothing but the requirement of anomaly cancellation for the various gauge factors in four dimensions [25]. Given their origin, it is thus expected that the DP relatio ns are automatically fulfilled in global constructions and hence one expects them to hold beyond spectral cover models. In this section we review the DP relations following the arguments given in [ 25].

After switching on fluxes, the net amount of chiral matter in t he representation R from a matter curve Σ is counted via the following index theor em

χ(R) = � Σ c_1 � V_Σ ⊗ L^{YR}_Y � = � Σ � c_1(V_Σ ) + rk( V_Σ ) c_1(L^{YR}_Y ) � , (2.16)

where the bundle V_Σ accounts for the G_4 flux and L_Y is a line bundle used to specify the hypercharge flux and Y_R denotes the hypercharge carried by the representation R. The

9However, one has to ensure that the hypercharge generator doe s not get a Stückelberg mass, i.e. it must not couple to the closed RR sector. This is guaranteed by putt ing the hypercharge flux along a cycle which is trivial in the homology of the base but not in the homology of the GUT surface [ 58].

– 11 –

JHEP07(2014)013

previous relation can be split as

χ(R) = � Σ c_1(V_Σ ) � � �

M_Σ

+ Y_R � rk(V_Σ ) � Σ ω_Y � � � �

N_Σ

, (2.17)

where we introduced the (1 ,1)-form ω_Y ∼ c_1(L_Y) which is trivial in the full Calabi-Yau, as needed in order to ensure that the hypercharge remains mas sless [5, 12]. The quantities M_Σ and N_Σ are the same for all R’s that belong to the same curve. With this we arrive at the following chiralities for the SM components originat ing from a 10- or a 5-curve

Σ_{10 a} : (3,2)_{1/6} : M_a , Σ_{5 i} : (3,1)_{1/3} : M_i ,

(3,1)_{− 2/3} : M_a − N_a , (1,2)_{− 1/2} : M_i + N_i ,

(1,1)_1 : M_a + N_a ,

(2.18)

where the non-curly M’s and N’s are related to the quantities in ( 2.17) via

M_a = M_a + 1 6 N_a , M_i = M_i + 1 3 N_i ,

N_a = 5 6 N_a , N_i = − 5 6 N_i .

(2.19)

Having obtained the expressions for the field multiplicitie s, we can now discuss the anomaly cancellation conditions in generic F-theory model s with the gauge group SU(5) × U(1)^N . First of all, from the vanishing of anomalies including SM g auge factors only, one obtains � i M_i − � a M_a = 0 , (2.20) � i N_i = � a N_a = 0 . (2.21)

Note that the the first condition is reminiscent of the D7 tadp ole cancellation condition in type IIB models.

Mixed anomalies between the SM gauge factors and the U(1) sym metries outside of SU(5) do not need to vanish. However, the axionic shift which cancels the anomaly at the SU(5) level does not get modified after GUT breaking, beca use the hypercharge flux does not couple to the closed string sector [ 26, 59]. This requirement leads to the following condition on the flux quanta � a q^α_a N_a + � i q^α_i N_i = 0 , (2.22)

where q^α_a and q^α_i are the corresponding charges for the 10- and 5-curves of the additional U(1)_α symmetries.

An additional condition arises from anomalies of the form U( 1)_Y–U(1)_α –U(1)_β , which would vanish as they descend from the trivial SU(5)–U(1)_α –U(1)_β anomalies [26]. Such conditions read 3 � a q^α_a q^β_a N_a + � i q^α_i q^β_i N_i = 0 . (2.23)

– 12 –

JHEP07(2014)013

However, in contrast to ( 2.21) and ( 2.22), this condition does not have any counterpart in terms of homology constraints obtained from spectral cov er considerations. In particular, it has been shown in [ 26] that only very few of those constructions are in agreement with ( 2.23). Interestingly, it was shown in an exploration of perturba tive type IIB models that the so-called orientifold-odd GS mechanism could s erve to cancel some of these anomalies [39]. For this mechanism to work the U(1) symmetries have to be ge ometrically massive. However, even if this mass is present and a can cellation of the U(1)_Y–U(1)^2 anomalies is possible, it is argued that there is a shift in th e other anomalies G^2_{SM}–U(1), which alters ( 2.22). However the ‘F-theory version’ of this mechanism is not kn own yet.

2.5 Status of spectral cover model building

As mentioned above the spectral cover constructions yield a n explicit framework for realistic model building attempts within F-theory [ 16, 20, 21, 23, 60, 61]. However, when building GUT models within F-theory one has to deal with similar probl ems as those faced in standard SUSY GUTs. First, one needs to ensure that the tripl ets accompanying the Higgs multiplets are decoupled from the low energy theory. T his is achieved by breaking the GUT group via hypercharge flux; with this flux it is possibl e to project out the triplets in the Higgs multiplets. Second, one needs to guarantee that all couplings are well under control, such that, for example dangerous operators which m ediate fast proton decay are sufficiently suppressed. For this purpose additional U(1) sy mmetries are used as they appear naturally in this framework.

Let us start the discussion on F-theory model building by int roducing the MSSM superpotential at the level of SU(5) up to dimension five

W = μ5_{H u} 5_{H d} + β_i5_i5_{H u} + Y^u_{ij} 10_i10_j 5_{H u} + Y^d_{ij} 5_i10_j 5_{H d} + W_{ij} 5_i5_j 5_{H u} 5_{H u} + λ_{ijk} 5_i5_j 10_k + δ_{ijk} 10_i10_j 10_k5_{H d} + γ_i5_i5_{H d} 5_{H u} 5_{H u} + ω_{ijkl} 10_i10_j 10_k5_l ,

(2.24)

in which the representations 5_i and 10_i correspond to the i-th family and 5_{H u} , 5_{H d} are the SU(5) multiplets giving rise to the up- and down-type Higgs r espectively. The operators in the first line of ( 2.24) are those leading to the μ-term and the bilinears between H_u and the lepton doublets. In the second line we have the Yukawa coupli ngs Y^{u,d}_{ij} and the Weinberg operator W_{ij} . R-parity violating dimension four and five operators are gi ven in the third line, whereas the R-parity allowed dimension five operator ( that leads to proton decay) is given in the fourth line. One also has dangerous proton decay operators arising from the Kähler potential [ 20, 62], namely

K ⊃ κ_{ijk} 10_i10_j 5_k + κ_i5_{H u} 5_{H d} 10_i . (2.25)

The models can be relevant for phenomenology if all dangerou s operators and the μterm in ( 2.24) and ( 2.25) are forbidden by virtue of some U(1) symmetries. It is also d esired that the top-quark Yukawa coupling is generated at tree leve l (i.e. allowed by the U(1)

– 13 –

JHEP07(2014)013

symmetries). These U(1) symmetries are typically GS massiv e but are present as global symmetries in the effective field theory (EFT). However, ofte n these U(1) symmetries can be broken for example by singlet VEVs or instanton effects [ 63–65]. Independently of the breaking mechanism, discrete subgroups can remain unbroke n and hence some operators can still be protected in the EFT. The crucial property is the difference in the U(1) charges for desired and undesired couplings. The breakdown of these U(1) symmetries has been used to realize a Froggatt-Nielsen (FN) type explanation of the flavor structure in the quark and lepton sector [ 19, 20].

Previous searches for models in the spectral cover construc tions have been based on the idea that the three families arise from complete SU(5) repre sentations (i.e. from curves on which the hypercharge flux acts trivially). In addition to th at one has two further 5-curves on which the hypercharge flux acts by projecting out the tripl et components so that one ends up with only one pair of doublets (namely the Higgses). T he couplings of the fields are determined by the extra U(1) symmetries and additional s inglet fields in the spirit of FN, as described in the previous paragraph.

After choosing the factorization, the matter representati ons with their corresponding U(1) charges are fixed, and the model building is based on tuni ng the flux quanta carried by the different curves. This is not arbitrary and one has to en sure that the anomaly cancellation conditions ( 2.21)–(2.22) are satisfied. It turns out that these restrictions are far from trivial and severely constrain the possibilities f or promising models. Previous explorations have lead to the following two observations:

• If one insists on the exact MSSM spectrum, there is only one fla vor-blind U(1) symmetry available. This symmetry corresponds to a linear comb ination of hypercharge and U(1)_{B− L}. As it allows for a μ-term as well as dimension five proton decay [ 19], this construction is not suitable for phenomenology.

• If one requires the presence of a U(1) symmetry which explici tly forbids the μ-term, i.e. a so-called Peccei-Quinn (PQ) symmetry, this implies t he existence of exotic fields which are vector-like under the Standard Model gauge group a nd come as incomplete representations of the underlying SU(5) [ 22].

These observations suggest a strong tension between a solut ion to the μ-problem and the absence of light exotics in the spectrum. As already ment ioned, in these models the matter arise from SU(5) representations which are not split by hypercharge flux. Here we explore whether in models with split multiplets these ten sions can be avoided and whether, in principle, these permit us to obtain an exotic fr ee spectrum with appealing operator structure.

An additional phenomenological constraint is the requirem ent of correct gauge couplings at the observed energy scales which in the context of S USY GUTs is translated into the question whether gauge coupling unification is consiste nt with low-energy data. To address this question, it should be noted that not only the ma tter content below the unification scale but also high-scale threshold effects influence unification. In particular, it was argued that some high-scale threshold effects can appear and can spoil unification but can

– 14 –

JHEP07(2014)013

also be absent depending on the exact geometry and flux backgr ound [12, 17]. The combined effect of such potential threshold corrections and exo tics has been explored in [ 18]. As the exact presence of these high-scale threshold correct ions depends on the structure of the geometric background, their exact size has to be calcula ted in the context of the new backgrounds with rational sections. However, note that the inclusion of split-multiplets (i.e. MSSM matter from incomplete SU(5) multiplets) is expe cted to add an additional effect to the high-scale threshold corrections as explicitly analyzed in the context of heterotic orbifold compactifications [ 66]. We do not address the question of unification at this state as it is beyond the scope of this paper, and assume for now that in F-theory, a model with the exact MSSM spectrum can comply with grand unification.

3 Systematic F-theory model building

In this section we aim at constructing models with the exact M SSM spectrum (plus singlet extensions) based on SU(5) F-theory GUTs with additional U( 1) symmetries emerging from spectral cover or rational section constructions. In t his spirit, we first discuss the consistency conditions and phenomenological constraints we implement along our search. After that we present the results for spectral cover and rati onal section models. Finally we apply the same criteria in order to find bottom-up models wh ich share the same overall features regarding the U(1) charges but go beyond the explic it rational section models considered to date.

3.1 Search strategy

The first requirement of our search is that the models have the MSSM matter content (i.e. three families of quarks and leptons and one pair of Hig gses) up to possible SM singlets and extra U(1) gauge bosons. Thus, from the beginning w e impose the absence of extra states charged under the Standard Model gauge group. W e also require the spectrum to satisfy the four-dimensional anomaly cancellation cond itions ( 2.21)–(2.22) such that the masslessness of the hypercharge is guaranteed. With regard s to this, we should remark that in the class of models we study it is not possible to make t he anomalies of the type U(1)_Y–U(1)_α –U(1)_β to comply with condition ( 2.23) (even in the cases where one allows for exotic matter). To apply a similar search strategy as in t he spectral cover, we relax this condition ( 2.23) and impose only the anomaly constraints that are visible in the spectral cover approach, to allow a comparison between these rationa l section models and spectral cover models. We also explore the possibility of having phen omenologically appealing models which comply with the condition ( 2.23) together with the other anomaly requirements. For this purpose we implement a bottom-up survey with at most two U(1) symmetries in addition to the SU(5) GUT group. The charges for the fields und er these U(1) symmetries are set to fit a particular splitting as given in table 2. We elaborate more on this survey in section 3.4.

The phenomenological requirements we impose on our models a t tree level are the presence of a top quark Yukawa coupling and the absence of ope rators that induce proton decay and the μ-term. We then look at the U(1) charges carried by all relevan t operators

– 15 –

JHEP07(2014)013

in order to unveil the mechanisms which could generate all de sired operators (e.g. Yukawa couplings) while keeping dangerous couplings well under co ntrol. Among those mechanisms one could think of the Froggatt-Nielsen mechanism in which s ome singlets get a VEV to induce certain effective couplings, but instantonic or othe r effects could also serve for this purpose.

For both the spectral cover and the rational sections models we scan over possible choices for the hypercharge and chirality flux. This input de termines the spectrum and the allowed couplings, and we check which couplings satisfy the aforementioned constraints. Note that we do not explicitly require complete SU(5) matter multiplets after turning on fluxes.

Matter content and anomaly cancellation conditions After fixing the matter curves and their U(1) charges from a gi ven spectral cover or rational section model, the only freedom left is to switch on the fluxes such that the desired MSSM content is obtained and the four-dimensional anomaly cance llation conditions are satisfied. Using the notation of section 2.4, we obtain the following requirements for the flux choices: requiring three chiral families imposes that the chirality flux has to satisfy � Σ_{10}

M^a = � Σ_5

M^i = 3 with M^a , M^i ≥ 0. (3.1)

This relation guarantees that the anomaly constraint from ( 2.20) is satisfied. We demand that in addition to the MSSM matter content, no exotics^{10} are present in the spectrum (with the exception of singlet fields neutral under the SM gau ge group). This requirement constrains the quanta of hypercharge flux to obey the followi ng relations � Σ_{10}

N^a = 0 with − M^a ≤ N^a ≤ M^a , (3.2) � Σ_5

N^i = 0 with − M^i − 1 ≤ N^i ≤ 3. (3.3)

Note that this flux configuration automatically satisfies the constraints ( 2.21). The additional flux constraint on the 5-curves � Σ_5

|M^i + N^i| = 5 , (3.4)

guarantees three lepton doublets together with exactly one pair of Higgses .

The above constraints fix the matter spectrum to that of the MS SM; note however that additional singlets under the SM gauge group are typically p resent. For a configuration with such a spectrum, one has to check whether the flux choices satisfy the additional constraints ( 2.22) from anomaly cancellation. As already mentioned, at this p oint we do not take the condition ( 2.23) into account.

10 Note that it is also possible to allow for additional exotics. However, as this complicates the control of proton decay inducing operators, we restrict ourselves to m odels without such exotics.

– 16 –

JHEP07(2014)013

Phenomenological constraints. We also have to constrain the operators of the effective field theory in order to obtain a realistic model. As the charg es for the fields are given ab initio, we have to ensure that dangerous operators are not generated at tree level, so that the U(1) charges for these operators have to be non-zero . Since we are not dealing with complete SU(5) multiplets, it is necessary to decompos e the SU(5) couplings ( 2.24) and ( 2.25) in terms of the SM fields. In order to have a heavy top quark we d emand the presence of the top Yukawa coupling at tree level, i.e. we req uire that at least one of the up-type Yukawa couplings

10_i10_j 5_{H u} ⊃ Q_iū_j H_u (3.5)

is allowed by all U(1) symmetries. In the case where all Q_i and ū_j descend from only one 10-curve the up-quark Yukawa matrix is of rank one. Neverthele ss, this matrix can acquire full rank when appropriate flux or non-commutative deformat ions [67–73] away from the E_6 Yukawa point are included.

In order for low energy SUSY to solve the μ-problem, we require the μ-term

μ5_{H u} 5_{H d} ⊃ μH_dH_u (3.6)

to be forbidden by any of the U(1) symmetries. The above coupl ing will be generated upon breakdown of these symmetries. Let us also remark that in add ition to the expected suppressions in the couplings due to singlet VEVs (or instanton s) some additional suppression is expected when the couplings arise from the Kähler potent ial. This fact is particularly appealing for the generation of the μ-term as it can be sufficiently small, if induced from the Kähler potential along the lines of the so-called Giudi ce-Masiero (GM) mechanism [ 74].

The μ-term is closely linked to the presence of dimension five B-L invariant operators (see section 3.3 for further discussions)

ω_{ijkl} 10_i10_j 10_k5_l ⊃ ω^1_{ijkl} Q_iQ_j Q_kL_l + ω^2_{ijkl} ū_iū_jē_kd̄_l + ω^3_{ijkl} Q_iū_jē_kL_l . (3.7)

We demand these operators to be forbidden by the U(1) charges , keeping in mind that they can be generated in a similar fashion as the μ-term.

In order to avoid fast proton decay , the U(1) symmetries must also forbid the following superpotential and Kähler potential couplings:

β_i 5_i5_{H u} ⊃ β_iL_iH_u , λ_{ijk} 5_i5_j 10_k ⊃ λ^0_{ijk} L_iL_jē_k + λ^1_{ijk} d̄_iL_j Q_k + λ^2_{ijk} d̄_id̄_jū_k , δ_{ijk} 10_i10_j 10_k5_{H d} ⊃ δ^1_{ijk} Q_iQ_j Q_kH_d + δ^1_{ijk} Q_iū_jē_kH_d , γ_i 5_i5_{H d} 5_{H u} 5_{H u} ⊃ γ_iL_iH_dH_uH_u , κ_{ijk} 10_i10_j 5_k ⊃ κ^1_{ijk} Q_iū_jL̄_k + κ^2_{ijk} ē_iū_j d_k + κ^3_{ijk} Q_iQ_j d_k , κ_i 5_{H u} 5_{H d} 10_i ⊃ κ^1_i H^∗_u H_dē_i .

(3.8)

For a consistent model we need to require that upon breakdown of the U(1) symmetries these operators are not generated. This is for example achie ved by demanding the presence of an effective matter parity symmetry.

– 17 –

JHEP07(2014)013

Curve q_1 q_2 M N Matter 10_1 1 5 2 1 Q_{1,2} + ū_1 + ē_{1,2,3} 10_5 − 4 0 1 -1 Q_3 + ū_{2,3} 5_{11} 2 10 0 -1 H^c_u 5_{15} − 3 5 0 1 H_d 5_{35} − 3 − 5 3 0 (L + d̄)_{1,2,3}

Table 4 . Spectral cover model and its corresponding flux quanta alon g the different matter curves in the 2+2+1 splitting. The lower indices of the matter repre sentations are family indices.

We also expect that while the operators in ( 3.8) remain absent, it is possible to generate full rank Yukawa matrices^{11} Y^u_{ij} , Y^d_{ij} and Y^L_{ij} . This necessarily implies that the charges of the desired operators must differ in comparison to the undesi red ones. As a consequence, one observes that the field H_d has to come from a different curve than all the other leptons and triplets to guarantee that dimension four operators (su ch as λ^0 and λ^1 in (3.8)) are not introduced together with the Yukawa entries.^{12}

3.2 Models from spectral cover constructions

Among the spectral cover models we considered those which ha ve at most two additional U(1) symmetries, corresponding to the splittings presente d in section 2.1. The requirement of having H_d and no further leptons arising from the H_d curve, together with the requirement of forbidding all dangerous operators at tree level, le ads to only six models with the MSSM spectrum, all of which are based on the 2+2+1 splitting. Unfortunately, all these models are phenomenologically unappealing for various rea sons. We present one model to exemplify the generic problems of those setups. The matter c ontent and the U(1) charges are summarized in table 4. The main problem of these models lies in the tension for the charges among the following operators:

q(Q_2ū_2H_u) = q(H_uH_d) = q(Q_1d̄_1L_i) = q(ū_1ū_1d̄_k) = ( − 5,− 5) . (3.9)

There is, at this level, no mechanism available to generate a hierarchy among these operators, hence in this class of models we would expect some dime nsion four B-L violating operators to be of the same order as some Yukawa couplings and this is an undesired feature in a realistic model.

3.3 Constructions with rational sections

In this section we repeat our model building analysis for mod els that are derived from the rational section constructions introduced in section 2.3. We restrict ourselves to the subset of models whose tops have already been examined in the literature. Compared

11 Recall that, as the matter fields need not to arise from comple te SU(5) multiplets, so that the down and lepton Yukawas do not necessarily coincide.

12 We thank H.P. Nilles for pointing this out.

– 18 –

JHEP07(2014)013

to the spectral cover models, they have the advantage that th ey allow for more general U(1) charge assignments, but the restriction that all 10 matter curves have the same U(1) charges.^{13} Hence we cannot put hypercharge flux along those. This restri cted setup also allows us to find some analytic relations between the U(1) cha rges of certain operators which substantially influence the phenomenological proper ties of the models.

U(1) charge pattern. In the context of rational section models, the requirements outlined in section 3.1 simplify due to the fact that all 10-curves have the same charge, which implies that all 10-plets stay complete. For that reason, we suppress the famil y indices of their corresponding Standard Model representations.

First of all, the presence of a tree level top Yukawa fixes the H_u charge to be

q(H_u) = − 2q(10) . (3.10)

For the subsequent discussion, we introduce the following n otation for the charges of the operators:

μ : q(H_dH_u) = q(H_d) + q(H_u) := q^μ , Y^L : q(ēH_dL_i) := q^{YLi} , Y^d : q(ūH_dd̄_i) := q^{Ydi} , β_i : q(L_iH_u) = q(L_i) + q(H_u) := q^{βj} .

(3.11)

Among these operators, all but the β_i terms should be induced upon breakdown of the U(1) symmetries.

Now we can express the charges of all unwanted operators in te rms of the charges defined above. The dangerous dimension four proton decay ope rators are:

λ^0_{ij} : q(Qd̄_iL_j ) = q^{Ydi} + q(H_d) − q(L_j ) = q^{Ydi} + q^μ − q^{βj} λ^1_{ij} : q(ēL_iL_j ) = q^{YLi} + q(H_d) − q(L_j ) = q^{YLi} + q^μ − q^{βj} λ^2_{ij} : q(ūd̄_id̄_j ) = q^{Ydi} + q(H_d) − q(d̄_j ) = q^{Ydi} + q^μ − q(H_u) − q(d̄_j ) .

(3.12)

Since we want to generate the down-type Yukawa matrices, we s ee that the previous couplings are only forbidden due to the charge difference betwee n the H_d - and L_j -curves in the case of the λ^0_{ij} and λ^1_{ij} couplings, and due to the charge difference between H_d - and d̄_j -curves in the case of the λ2_{ij} . Thus, as already pointed out, it is necessary that the 5_{H d} -curve contains only the down-type Higgs, since any lepton o r down-type quark with identical charge will automatically induce a dangerous ope rator. As we want to induce the μ-term as well, we observe that no d̄_i field can arise from the H_u-curve either.^{14} Overall, note that the charges can also be written in terms of those of the forbidden operators β_i. Thus, if we find a configuration such that the Yukawa coupling s and

13 Note that this restriction is true for all models considered here but is not a generic feature of rational section models.

14 Note that if Hu and d̄j come from the same curve their U(1) charges carry opposite si gns.

– 19 –

JHEP07(2014)013

the μ-term is induced but the β_i-terms stay forbidden, the dimension four operators stay forbidden as well.

Furthermore, we observe that the dimension five operators in the superpotential

ω^1_i , ω^3_i : q(QQQL_i) = q(QūēL_i) = − q^μ + q^{YLi} := q(10 10 10 L_i) , ω^2_i : q(QQūd̄_i) = q(ūūēd̄_i) = − q^μ + q^{Ydi} := q(10 10 10 d̄_i) ,

(3.13)

will be unavoidably induced together with the Yukawa coupli ngs and the μ-term. It should be noted that the μ-term charge enters with a minus sign in the previous equatio ns. This implies that the mechanism (such as a singlet VEV) which indu ces the ω^i-terms in the superpotential will not induce the μ-term directly in the superpotential but can generate it from the Kähler potential after SUSY breakdown. Estimat ing the exact suppression of the resulting coupling seems very interesting but is beyond the scope of this paper. Note also that it is possible to induce a Weinberg operator

W_{ij} : q(L_iL_j H_uH_u) = q^{βi} + q^{βj} (3.14)

without inducing the β_i-terms by using, for example, singlet VEVs with charge q(s_i) = − 2q^{βi} .

In a similar fashion, we observe that the operators

δ^1 , δ^2 : q(QQQH_d) = q(QūēH_d) = − q^{βi} + q^{YLi} , γ_i : q(L_iH_dH_uH_u) = q^μ + q^{βi} ,

(3.15)

will remain absent as long as the β_i-terms are not induced. The same holds for the Kähler potential terms

κ^1_i : q(QūL^∗_i ) = − q^{βi} ,

κ : q(ēH^∗_u H_d) = q^μ + q^{βi} ,

(3.16)

with the exception of

κ^2_i , κ^3_i : q(QQd̄^∗_i ) = q(ūēd̄^∗_i ) = − q(H_u) − q(d̄_j ) = − q^μ + q(H_d) − q(d̄_i) := q(10 10 d̄^∗_i ) , (3.17)

for which one has to ensure that no triplets emerge from the Hi ggs curves as a necessary (but not sufficient) condition.

Note that the above observations are independent of the numb er of 5-curves and U(1) symmetries. However, there remains a crucial interpla y between the Higgs charges compared to those of the down-type quarks and those of the sin glet fields, which have to be checked on a case by case analysis.

Results of the scan. Based on the previous considerations, we have scanned over a ll available fiber polygons. We find that models with a single U(1 ) factor do not allow for a configuration with the desired properties. This rules out t he polygons F_3, F_8 and F_{11}

– 20 –

JHEP07(2014)013

top MSSM fields No anoms Heavy top q^λ ≠ q^Y p stable suitable VEV

τ_{5,1} 5795 140 26 18 4 2 τ_{5,2} 5795 140 27 22 3 2 τ_{5,3} 5795 140 34 29 0 0 τ_{5,4} 5795 140 27 22 0 0

Table 5 . Results of the model scan with two U(1) symmetries using rat ional sections. Every step in our search strategy reduces the amount of models, leaving four satisfactory models in the end, out of which two are inequivalent.

of [33] as potential candidates^{15} and leaves us with F_5, which allows for two toric U(1) symmetries, and its corresponding four inequivalent SU(5) tops [31].

In table 5 we summarize the details of the scan for spectral cover and ra tional section models. We want to emphasize that we start from O(2 ·10^4) rational section models that feature the exact MSSM matter content but only four of them fe ature a viable phenomenology. For every top one obtains 5795 models with the spectrum o f the MSSM. The fact that up to this point all tops feature the same amount of model s is due to the similar charge pattern they exhibit, giving rise to similar flux solu tions. From the second column in table 5 we see that the anomaly constraints ( 2.22) reduce the available models considerably. In all cases, the requirement of a tree level Yukawa f or the top further reduces the amount of models by about 80 percent, cf. column three. In the end only the first two tops provide models in which all undesirable operators are forbi dden by the U(1) symmetries. We find four models that satisfy all conditions discussed in s ection 3.1. Out of these, only two feature different phenomenology. We present one of these benchmark models^{16} in the following, while the other one can be found in appendix A.

The properties of the model are shown in table 6, where we have included the spectrum together with the singlet fields needed to generate the requi red couplings. We also give the charges of those dangerous operators which are automati cally absent as long as no β_i-term is allowed. For this model we see that a singlet s_1 with charge (0 ,5) that develops a VEV will generate a μ-term from the Kähler potential and induce the Yukawa coupl ings and dimension five operators in the superpotential, while al l dimension four operators stay forbidden. The orders of magnitude for these couplings are

Y^L_i ∼

⟨s_1⟩ Λ , Y^d_i ∼ δ_{1,i} +

⟨s_1⟩ Λ (δ_{2,i} + δ_{3,i}) ,

ω^1_i , ω^3_i ∼

⟨s_1⟩^2 Λ^3

, ω^2_i ∼

⟨s_1⟩ Λ^2 δ_{1,i} +

⟨s_1⟩^2 Λ^3

(δ_{2,i} + δ_{3,i}) , (3.18)

15 It could be that certain choices of the base allow for further non-toric sections. In that case one could expect models from such fibers.

16 The models are based on the tops τ5,1 and τ5,2 which contain couplings leading to non-flat fibrations. To guarantee flatness of the fibration we have to apply the first op tion mentioned in [ 35], i.e. tuning the complex structure of the base manifold to avoid these couplings. Sin ce the affected couplings induce dimension 6 operators of the form 10 M 5M 5H_d 5H_d ⊂ K, they are currently phenomenologically rather unconstrain ed. The second option in [ 35], i.e. deletion of a specific curve, would result in phenomen ologically unacceptable models since matter essential for our models would be absent .

– 21 –

JHEP07(2014)013

1. Spectrum 2. Singlet VEVs: s 1 , a

q(s1) = (0 ,5) , q(a) = (10 ,0) . Curve q1 q2 M N Matter

10 − 1 2 3 0 (Q + ū + ¯e)1,2,3 51 3 − 1 1 − 1 d̄1 3. μ - and β i -terms 52 − 2 4 0 − 1 Hu q(Hu L̄i ) = (5 ,0) , q(Hu Hd ) = (0 ,− 5) .

54 3 4 2 1 L1,2,3 + d̄2,3 55 − 2 − 1 0 1 Hd

4. Yukawa couplings

q(Qiūj Hu ) = (0 ,0) , q(Qid̄j Hd ) = � � � � (0,0) (0,5) (0,5)

� � � � j , q(ēi Lj Hd ) = (0 ,5) .

5. Allowed dimension five proton decay and Weinberg operator s

q(10 10 10 Li ) = (0 ,10) , q(10 10 10 d̄i ) = � � � � (0,5) (0,10) (0,10)

� � � � j , q(Li Lj Hu Hu ) = (10 ,0) .

6. Forbidden operators

q(ūd̄id̄j ) = � � � (5,0) (5,0) (5,0) (5,0) (5,10) (5,10) (5,0) (5,10) (5,10)

� � � i,j , q(10 10 d̄^∗_i ) = � � � (− 5,5) (− 5,0) (− 5,0)

� � � .

Table 6 . Details of benchmark model A. We give the charges for the ope rators λ^2_{ij} and κ^3_{ij} , κ^2_{ij} discussed in ( 3.12) and ( 3.17).

where Λ is the appropriate cutoff scale, which depends on the g lobal embedding of the local model. Following the analysis in [ 75, 76], the only severely constrained operators that are induced are

ω^1 ≲

10^{− 7} M_P and ω^2 ≲

10^{− 7} M_P

. (3.19)

All other operators that are induced stay unproblematic as l ong as no λ^i-terms are generated. The coupling ω^2 only leads to a constraint if there is a non-diagonal degener acy of quark and squark masses [ 75, 76]. The ω^1-operator, however, puts constraints on the size

– 22 –

JHEP07(2014)013

(Q + ū + ē)_{1,2,3} d̄_1 H_u L_{1,2,3} + d̄_{2,3} H_d s_1 a q_1 − 1 3 2 3 − 2 0 − 10 q_2 2 − 1 − 4 4 − 1 − 5 0 q^′_1 = ( q_1 − 2q_2)/5 − 1 1 2 − 1 0 2 − 2 q^′_2 = (2 q_1 + q_1)/5 0 1 0 2 − 1 − 1 − 4

Table 7 . The U(1) charges for the benchmark model in a rotated U(1) ba sis. Note that after giving VEVs, the charges q^′_1 are those of matter parity, whereas the charges q^′_2 become all trivial since s_1 has charge − 1.

of the singlet VEV of s_1 that induces the operator after two insertions, to be

⟨s_1⟩^2 Λ^3 ≲ 10^{− 7} M_P

. (3.20)

Such a size of the VEV seems compatible with down-quark and le pton-Yukawa couplings at the weak scale [ 77].

As mentioned before, it is possible to generate the Weinberg operator while keeping dangerous operators forbidden. In the matter spectrum of F_5 there exists no singlet with charge ( ± 10,0) whose VEV can introduce that operator. However, one might envision a non-perturbative effect (e.g. via instantons) which allows to generate this coupling. Note again that such an instanton resembles the effect of a singlet VEV and we will parameterize it by ⟨a⟩ such that the operator is introduced by^{17}

W_{ij} ∼ ⟨a⟩ Λ^2

. (3.21)

Another interesting question is which symmetries remain af ter the U(1) symmetries are broken. For this purpose it is more convenient to rotate t he U(1) generators as specified in table 7. There we see that after appropriate normalization, the cha rges of the singlets break the U(1) symmetries to a �_2 subgroup under which the charges q^′_1 coincide with those of R-parity. On the other hand, we see that the second U( 1) with charges q^′_2 gets broken completely by the VEV of s_1.

3.4 Beyond toric sections

In the previous section we only considered the subclass of po lytopes which have been studied in the literature so far. For example, the polytopes F_7, F_9 and F_{12} still remain to be analyzed. Also, one could have additional, non-toric, ba se dependent U(1) symmetries which could lead to different phenomenological patterns. As all of the above models do not satisfy the anomaly constraints ( 2.23) quadratic in the U(1) symmetries, one has to determine to which extent this constraint applies and how mo dels can circumvent such constraints as for example suggested in the context of type I IB constructions [ 39].

17 Note that the expected order of magnitude for this operator is the same for all generations as all lepton doublets in this model are found to arise from the same matter curve.

– 23 –

JHEP07(2014)013

1. Spectrum 2. Singlet VEVs: s 1 , s 2

q(s1) = (0 ,± 5) , q(s2) = ( ± 10,0) . Curve q1 q2 M N Matter

10 − 3 − 1 3 0 (Q + ū + ¯e)1,2,3 51 9 − 2 0 1 L1 3. μ - and β i -terms 52 9 − 7 1 − 1 d̄1 53 − 1 8 2 − 1 L2 + d̄1,2 q(Hu Li ) = � � � � (15,0) (5,10) (5,− 5)

� � � � , q(H^u H^d ) = (0 ,10) .

54 − 1 − 7 0 1 L3 55 − 6 8 0 1 Hd 56 − 6 − 2 0 − 1 Hu

4. Yukawa couplings

q(QūH u ) = (0 ,0) , q(Qd̄j Hd ) = � � � � (0,0) (− 10,15) (− 10,15)

� � � � , q(ēL^j H^d ) = � � � � (0,5) (− 10,15) (− 10,0)

� � � � .

5. Allowed dimension five proton decay and Weinberg operator s

q(10 10 10 Li ) = � � � � (0,− 5) (− 10,5) (− 10,− 10)

� � � � , q(10 10 10 d̄_i ) = � � � � (0,− 10) (− 10,5) (− 10,5)

� � � � ,

q(Li Lj Hu Hu ) = � � � � (30,0) (20,10) (20,− 5) (20,10) (10,20) (10,5) (20,− 5) (10,5) (10,− 10)

� � � � .

6. Forbidden operators

q(ūd̄id̄j ) = � � � � (15,− 15) (5,0) (5,0) (5,0) (− 5,15) (− 5,15) (5,0) (− 5,15) (− 5,15)

� � � � , q(1010 d̄^∗_i ) = � � � � (− 15,5) (− 5,− 10) (− 5,− 10)

� � � � .

Table 8 . Details of a benchmark model beyond the toric sections. We g ive the charges for the operators λ^2_{ij} and κ^3_{ij} , κ^2_{ij} discussed in ( 3.12) and ( 3.17).

In this section we want to explore possible bottom-up models in which the field theory anomaly coefficient actually vanishes so there is no need to re ly on a geometric construction of canceling this anomaly. The aim is to provide a guideline f or future geometric engineering efforts and it would be very interesting to obtain explicit re alizations with such charges.

– 24 –

JHEP07(2014)013

Based on the observation that the U(1) charges are all fixed (u p to mod five) to a certain value given by the corresponding splitting and the i ntersection numbers of the fiber components with the rational section, we consider the possi bility of having further models with two U(1) symmetries whose splitting gives rise to any of those charge assignments in table 2. Furthermore, we assume that such models allow for more 5-curves, but only one 10-curve as before. These additional 5-curves allow for more freedom to satisfy the anomaly constraints. The 5-curves are chosen to have charges

q_{1,5} = Q_{1,5} + 5 n_{1,i} , q_{2,5} = Q_{2,5} + 5 n_{2,i} , (3.22)

where Q_{1,5} and Q_{2,5} are fixed by the splitting that is chosen for each U(1). The int eger valued n_{1,i}, n_{2,i} are in the range

n_{1,i} , n_{2,i} ∈ [− 2,2] . (3.23)

The charge of the 10-curve is chosen such that it fits the structure of a given spli t, see table 2. The flux distribution and the search strategy in this case th en follows the one described in section 3.1.

For example, in the context of models where the U(1) generato rs follow the 4-1, 3-2 splitting,we find O(10^3) models which satisfy all anomaly conditions, in particula r also (2.23), and have all unwanted operators forbidden at tree level. O ut of those, some are found to allow for suitable U(1) charges which lead to the desired operator structure. An example is the model given in table 8. Note that the analysis of the previous section still applies, since all 10-curves have the same charge.

In this benchmark model two singlets (or correspondingly ap propriate instanton effects), denoted by s_1 and s_2, could generate the μ-term and all Yukawa couplings. The charges for these fields have to be

q(s_1) = (0 ,5) , q(s_2) = (10 ,0) , (3.24)

which is similar to charges appearing in the benchmark model s of the previous section. One slight difference is that one expects a higher suppressio n for the μ-term since it is generated after two singlet insertions. Note that again we n eed a singlet with charge 10 in the first U(1) to generate the desired coupling structure. Fi nally, we want to remark that we find significantly less phenomenologically appealing mod els when one of the additional U(1) symmetries results from a 5-0 split charge pattern (see table 1). The reason for this might be that not only operators but the matter fields themsel ves have charges divisible by five, just as the singlet charges. This situation makes it d ifficult to retain a surviving symmetry which could help to control the dangerous coupling s.

4 Conclusions and outlook

In this paper we presented various interesting local F-theo ry models inspired by rational section charges that have the potential to lead to a realisti c GUT theory from string theory. For the first time we obtained models with charge patt erns found in rational section

– 25 –

JHEP07(2014)013

constructions that satisfy all consistency conditions (fo ur-dimensional anomaly cancellation and phenomenologically interesting couplings) and do not c ontain exotic matter.

We concentrated on F-theory SU(5) models which have up to two additional U(1) symmetries and allow for the three generations of quarks and leptons to arise from incomplete SU(5) representations. To find these appealing models we analyzed a class of models with toric sections which are inspired from geometric setup s as recently discussed in the literature, models arising within the spectral cover, and b ottom-up models which feature U(1) charges of the same type, but lack an explicit geometric realization at this stage.

Our scan revealed phenomenologically interesting models i n a subclass of the toric section constructions and in the bottom-up searches. A spec ial feature of these models is that all matter from 10-curves stays in complete multiplets which share the same ch arges under the additional U(1) symmetries, while in contrast the 5-plets are usually split. This “half-complete” multiplet structure makes it possible to r elate the charges of all operators among each other and is sufficient for generating phenomenolo gically interesting couplings. In particular, both types of models feature the top quark Yuk awa coupling at tree level whereas the μ-term and all baryon and lepton number violating operators a re forbidden. We identified a singlet VEV configuration which promises to in duce a realistic Yukawa structure, while all dimension four proton decay operators stay forbidden. We could further relate this situation to the presence of a residual matter pa rity.

At this stage we have postponed various phenomenologically relevant questions which have to be addressed when embedding the local models in a glob al string compactification. In particular we assumed a breakdown of the SU(5) gauge group to that of the Standard Model via hypercharge flux such that the hypercharge remains massless. In addition, we assumed that gauge coupling unification is not spoiled by lar ge threshold corrections. For the subclass of models with toric sections we assumed an appr opriate mechanism which can cancel the U(1)_Y–U(1)_α –U(1)_β anomaly without modifying the other anomalies. Note that this last anomaly is absent in our bottom-up models by co nstruction and thus the last assumption need not be made there.

There are various interesting future research directions. It would be intriguing to find an explicit geometric realization of the bottom-up models p resented here, and to construct compactifications that realize the above assumptions on hyp ercharge flux, gauge coupling unification and Green-Schwarz anomaly-cancellation. Give n such a realization one of the next avenues might be to combine these local models with modu li stabilization. We hope to return to some of these questions in the near future.

Acknowledgments

It is a pleasure to thank Hans Peter Nilles for collaboration at early stages of this project and for helpful comments and suggestions. Furtherm ore we want to thank Michael Blaszczyk, Herbi Dreiner, Rolf Kappl, Jan Keitel, Denis Kle vers, Fernando Marchesano, Fernando Quevedo, and Timo Weigand for helpful discussions . This work was partially supported by the SFB-Transregio TR33 The Dark Universe (Deu tsche Forschungsgemeinschaft) and the European Union 7th network program Unificati on in the LHC era (PITN-

– 26 –

JHEP07(2014)013

1. Spectrum 2. Singlet VEVs: s 1 , a

q(s1) = (0 ,5) , q(a) = (10 ,0) . Curve q1 q2 M N Matter

10 1 2 3 0 (Q + ū + ¯e)1,2,3 51 − 3 4 0 1 L̄1 3. μ - and β i -terms 53 − 3 − 1 3 − 1 L̄2,3 + d̄1,2,3 54 2 4 0 − 1 Hu q(Hu Li ) = � � � (− 5,0) (− 5,− 5) (− 5,− 5)

� � � , q(H^u H^d ) = (0 ,− 5) .

55 2 − 1 0 1 Hd

4. Yukawa couplings

q(QūH u ) = (0 ,0) , q(Qd̄H d ) = (0 ,0) , q(ēLj Hd ) = � � � (0,5) (0,0) (0,0)

� � � .

5. Allowed dimension five proton decay and Weinberg operator s

q(10 10 10 Li ) = � � � � (0,10) (0,5) (0,5)

� � � � , q(L^i L^j H^u H^u ) = � � � � (− 10,0) (− 10,− 5) (− 10,− 5) (− 10,− 5) (− 10,− 10) (− 10,− 10) (− 10,− 5) (− 10,− 10) (− 10,− 10)

� � � � ,

q(10 10 10 d̄) = (0 ,5) .

6. Forbidden operators

q(ūd̄d̄) = ( − 5,0) , q(10 10 d^∗ ) = (5 ,5) .

Table 9 . Benchmark model 2 based on the top τ_{5,2} in detail, including the charges of all relevant operators.

GA-2009-237920). The work of FR was supported by the German S cience Foundation (DFG) within the Collaborative Research Center (SFB) 676 “P articles, Strings and the Early Universe”.

A Second benchmark model

Here we present a second benchmark model based on the top τ_{5,2} whose spectrum is given in table 3. It has matter parity, but a slightly different Yukawa textur e and dimension five proton decay operator structure, compared to the benchmark model from the main text.

– 27 –

JHEP07(2014)013

Open Access. This article is distributed under the terms of the Creative C ommons Attribution License ( CC-BY 4.0 ), which permits any use, distribution and reproduction in any medium, provided the original author(s) and source are c redited.

References

[1] C. Vafa, Evidence for F-theory , Nucl. Phys. B 469 (1996) 403 [hep-th/9602022] [IN SPIRE ]. [2] R. Donagi and M. Wijnholt, Model building with F-theory ,

Adv. Theor. Math. Phys. 15 (2011) 1237 [arXiv:0802.2969] [IN SPIRE ]. [3] C. Beasley, J.J. Heckman and C. Vafa, GUTs and exceptional branes in F-theory — I , JHEP 01 (2009) 058 [arXiv:0802.3391] [IN SPIRE ].

[4] H. Hayashi, R. Tatar, Y. Toda, T. Watari and M. Yamazaki, New aspects of heterotic-F theory duality , Nucl. Phys. B 806 (2009) 224 [arXiv:0805.1057] [IN SPIRE ].

[5] C. Beasley, J.J. Heckman and C. Vafa, GUTs and exceptional branes in F-theory — II:

experimental predictions , JHEP 01 (2009) 059 [arXiv:0806.0102] [IN SPIRE ]. [6] G. Aldazabal, L.E. Ibáñez, F. Quevedo and A.M. Uranga, D-branes at singularities: a bottom up approach to the string embedding of the standard model , JHEP 08 (2000) 002 [hep-th/0005067] [IN SPIRE ].

[7] C.-M. Chen, J. Knapp, M. Kreuzer and C. Mayrhofer, Global SO(10) F-theory GUTs , JHEP 10 (2010) 057 [arXiv:1005.5735] [IN SPIRE ].

[8] I. Antoniadis and G.K. Leontaris, Building SO(10) models from F-theory , JHEP 08 (2012) 001 [arXiv:1205.6930] [IN SPIRE ].

[9] R. Tatar and W. Walters, GUT theories from Calabi-Yau 4-folds with SO(10) singularities , JHEP 12 (2012) 092 [arXiv:1206.5090] [IN SPIRE ].

[10] J.C. Callaghan and S.F. King, E6 models from F-theory , JHEP 04 (2013) 034 [arXiv:1210.6913] [IN SPIRE ].

[11] R. Blumenhagen, V. Braun, T.W. Grimm and T. Weigand, GUTs in type IIB orientifold compactifications , Nucl. Phys. B 815 (2009) 1 [arXiv:0811.2936] [IN SPIRE ].

[12] R. Donagi and M. Wijnholt, Breaking GUT groups in F-theory ,

Adv. Theor. Math. Phys. 15 (2011) 1523 [arXiv:0808.2223] [IN SPIRE ]. [13] J. Marsano, N. Saulina and S. Schäfer-Nameki, F-theory compactifications for supersymmetric GUTs , JHEP 08 (2009) 030 [arXiv:0904.3932] [IN SPIRE ].

[14] R. Blumenhagen, T.W. Grimm, B. Jurke and T. Weigand, Global F-theory GUTs , Nucl. Phys. B 829 (2010) 325 [arXiv:0908.1784] [IN SPIRE ].

[15] T.W. Grimm, S. Krause and T. Weigand, F-theory GUT vacua on compact Calabi-Yau fourfolds, JHEP 07 (2010) 037 [arXiv:0912.3524] [IN SPIRE ].

[16] J. Marsano, N. Saulina and S. Schäfer-Nameki, Compact F-theory GUTs with U(1)_{P Q} , JHEP 04 (2010) 095 [arXiv:0912.0272] [IN SPIRE ].

[17] R. Blumenhagen, Gauge coupling unification in F-theory grand unified theorie s, Phys. Rev. Lett. 102 (2009) 071601 [arXiv:0812.0248] [IN SPIRE ].

[18] M.J. Dolan, J. Marsano and S. Schäfer-Nameki, Unification and phenomenology of F-theory GUTs with U(1)_{P Q} , JHEP 12 (2011) 032 [arXiv:1109.4958] [IN SPIRE ].

– 28 –

JHEP07(2014)013

[19] M.J. Dolan, J. Marsano, N. Saulina and S. Schäfer-Name ki, F-theory GUTs with U(1) symmetries: generalities and survey , Phys. Rev. D 84 (2011) 066008 [arXiv:1102.0290] [IN SPIRE ].

[20] E. Dudas and E. Palti, Froggatt-Nielsen models from E_8 in F-theory GUTs , JHEP 01 (2010) 127 [arXiv:0912.0853] [IN SPIRE ].

[21] J. Marsano, N. Saulina and S. Schäfer-Nameki, Monodromies, fluxes and compact three-generation F-theory GUTs , JHEP 08 (2009) 046 [arXiv:0906.4672] [IN SPIRE ].

[22] E. Dudas and E. Palti, On hypercharge flux and exotics in F-theory GUTs , JHEP 09 (2010) 013 [arXiv:1007.1297] [IN SPIRE ].

[23] S.F. King, G.K. Leontaris and G.G. Ross, Family symmetries in F-theory GUTs , Nucl. Phys. B 838 (2010) 119 [arXiv:1005.1025] [IN SPIRE ].

[24] J.C. Callaghan, S.F. King, G.K. Leontaris and G.G. Ross , Towards a realistic F-theory GUT , JHEP 04 (2012) 094 [arXiv:1109.1399] [IN SPIRE ].

[25] J. Marsano, Hypercharge flux, exotics and anomaly cancellation in F-the ory GUTs , Phys. Rev. Lett. 106 (2011) 081601 [arXiv:1011.2212] [IN SPIRE ].

[26] E. Palti, A note on hypercharge flux, anomalies and U(1)s in F-theory GUTs , Phys. Rev. D 87 (2013) 085036 [arXiv:1209.4421] [IN SPIRE ].

[27] D.R. Morrison and C. Vafa, Compactifications of F-theory on Calabi-Yau threefolds. 1 , Nucl. Phys. B 473 (1996) 74 [hep-th/9602114] [IN SPIRE ].

[28] D.R. Morrison and C. Vafa, Compactifications of F-theory on Calabi-Yau threefolds. 2 , Nucl. Phys. B 476 (1996) 437 [hep-th/9603161] [IN SPIRE ].

[29] C. Mayrhofer, E. Palti and T. Weigand, U(1) symmetries in F-theory GUTs with multiple sections , JHEP 03 (2013) 098 [arXiv:1211.6742] [IN SPIRE ].

[30] V. Braun, T.W. Grimm and J. Keitel, New global F-theory GUTs with U(1) symmetries , JHEP 09 (2013) 154 [arXiv:1302.1854] [IN SPIRE ].

[31] J. Borchmann, C. Mayrhofer, E. Palti and T. Weigand, Elliptic fibrations for SU(5) × U(1) × U(1) F-theory vacua , Phys. Rev. D 88 (2013) 046005 [arXiv:1303.5054] [IN SPIRE ].

[32] M. Cvetič, D. Klevers and H. Piragua, F-theory compactifications with multiple U(1)-factors:

constructing elliptic fibrations with rational sections , JHEP 06 (2013) 067 [arXiv:1303.6970] [IN SPIRE ].

[33] V. Braun, T.W. Grimm and J. Keitel, Geometric engineering in toric F-theory and GUTs with U(1) gauge factors , JHEP 12 (2013) 069 [arXiv:1306.0577] [IN SPIRE ].

[34] M. Cvetič, A. Grassi, D. Klevers and H. Piragua, Chiral four-dimensional F-theory compactifications with SU(5) and multiple U(1)-factors , JHEP 04 (2014) 010 [arXiv:1306.3987] [IN SPIRE ].

[35] J. Borchmann, C. Mayrhofer, E. Palti and T. Weigand, SU( 5) tops with multiple U(1)s in F-theory , Nucl. Phys. B 882 (2014) 1 [arXiv:1307.2902] [IN SPIRE ].

[36] M. Cvetič, D. Klevers and H. Piragua, F-theory compactifications with multiple U(1)-factors:

addendum , JHEP 12 (2013) 056 [arXiv:1307.6425] [IN SPIRE ]. [37] M. Cvetič, D. Klevers, H. Piragua and P. Song, Elliptic fibrations with rank three Mordell-Weil group: F-theory with U(1) × U(1) × U(1) gauge symmetry , JHEP 03 (2014) 021 [arXiv:1310.0463] [IN SPIRE ].

– 29 –

JHEP07(2014)013

[38] O. Lebedev et al., A mini-landscape of exact MSSM spectra in heterotic orbifol ds, Phys. Lett. B 645 (2007) 88 [hep-th/0611095] [IN SPIRE ].

[39] C. Mayrhofer, E. Palti and T. Weigand, Hypercharge Flux in IIB and F-theory: Anomalies and Gauge Coupling Unification , JHEP 09 (2013) 082 [arXiv:1303.3589] [IN SPIRE ].

[40] L.E. Ibanez and A.M. Uranga, String theory and particle physics: An introduction to stri ng phenomenology, Cambridge University Press, Cambridge (2012).

[41] T. Weigand, Lectures on F-theory compactifications and model building ,

Class. Quant. Grav. 27 (2010) 214004 [arXiv:1009.3497] [IN SPIRE ]. [42] J.J. Heckman, Particle physics implications of F-theory ,

Ann. Rev. Nucl. Part. Sci. 60 (2010) 237 [arXiv:1001.0577] [IN SPIRE ]. [43] A. Maharana and E. Palti, Models of particle physics from type IIB string theory and F-theory: a review , Int. J. Mod. Phys. A 28 (2013) 1330005 [arXiv:1212.0555] [IN SPIRE ].

[44] K. Kodaira, On compact analytic surfaces , Ann. Math. 77 (1963) 563. [45] M. Bershadsky et al., Geometric singularities and enhanced gauge symmetries , Nucl. Phys. B 481 (1996) 215 [hep-th/9605200] [IN SPIRE ].

[46] S. Katz, D.R. Morrison, S. Schäfer-Nameki and J. Sully , Tate’s algorithm and F-theory , JHEP 08 (2011) 094 [arXiv:1106.3854] [IN SPIRE ].

[47] M. Esole and S.-T. Yau, Small resolutions of SU(5)-models in F-theory ,

Adv. Theor. Math. Phys. 17 (2013) 1195 [arXiv:1107.0733] [IN SPIRE ]. [48] J. Marsano and S. Schäfer-Nameki, Yukawas, G-flux and spectral covers from resolved Calabi-Yau’s , JHEP 11 (2011) 098 [arXiv:1108.1794] [IN SPIRE ].

[49] B. Andreas, G. Curio and A. Klemm, Towards the standard model spectrum from elliptic Calabi-Yau , Int. J. Mod. Phys. A 19 (2004) 1987 [hep-th/9903052] [IN SPIRE ].

[50] J.P. Serre, Lectures on the Mordell-Weil theorem , Aspects of Mathematics, Vieweg and Sohn Wiesbaden, Germany (1990).

[51] D.R. Morrison and D.S. Park, F-theory and the Mordell-Weil group of elliptically-fibere d Calabi-Yau threefolds , JHEP 10 (2012) 128 [arXiv:1208.2695] [IN SPIRE ].

[52] M. Kreuzer and H. Skarke, On the classification of reflexive polyhedra ,

Commun. Math. Phys. 185 (1997) 495 [hep-th/9512204] [IN SPIRE ]. [53] C. Lawrie and S. Schäfer-Nameki, The Tate form on steroids: resolution and higher codimension fibers , JHEP 04 (2013) 061 [arXiv:1212.2949] [IN SPIRE ].

[54] A.P. Braun, A. Collinucci and R. Valandro, G-flux in F-theory and algebraic cycles , Nucl. Phys. B 856 (2012) 129 [arXiv:1107.5337] [IN SPIRE ].

[55] S. Krause, C. Mayrhofer and T. Weigand, G_4 flux, chiral matter and singularity resolution in F-theory compactifications , Nucl. Phys. B 858 (2012) 1 [arXiv:1109.3454] [IN SPIRE ].

[56] T.W. Grimm and H. Hayashi, F-theory fluxes, chirality and Chern-Simons theories , JHEP 03 (2012) 027 [arXiv:1111.1232] [IN SPIRE ].

[57] M. Kuntzler and S. Schäfer-Nameki, G-flux and spectral divisors , JHEP 11 (2012) 025 [arXiv:1205.5688] [IN SPIRE ].

[58] M. Buican, D. Malyshev, D.R. Morrison, H. Verlinde and M . Wijnholt, D-branes at singularities, compactification and hypercharge , JHEP 01 (2007) 107 [hep-th/0610007] [IN SPIRE ].

– 30 –

JHEP07(2014)013

[59] M. Cvetič, T.W. Grimm and D. Klevers, Anomaly cancellation and abelian gauge symmetries in F-theory , JHEP 02 (2013) 101 [arXiv:1210.6034] [IN SPIRE ].

[60] C. Lüdeling, H.P. Nilles and C.C. Stephan, The potential fate of local model building , Phys. Rev. D 83 (2011) 086008 [arXiv:1101.3346] [IN SPIRE ].

[61] J. Marsano, H. Clemens, T. Pantev, S. Raby and H.-H. Tsen g, A global SU(5) F-theory model with Wilson line breaking , JHEP 01 (2013) 150 [arXiv:1206.6132] [IN SPIRE ].

[62] R. Barbier et al., R-parity violating supersymmetry , Phys. Rept. 420 (2005) 1 [hep-ph/0406039] [IN SPIRE ].

[63] M. Cvetič, I. Garcia Etxebarria and J. Halverson, Three looks at instantons in F-theory — New insights from anomaly inflow, string junctions and heter otic duality , JHEP 11 (2011) 101 [arXiv:1107.2388] [IN SPIRE ].

[64] M. Kerstan and T. Weigand, Fluxed M5-instantons in F-theory ,

Nucl. Phys. B 864 (2012) 597 [arXiv:1205.4720] [IN SPIRE ]. [65] J. Marsano, N. Saulina and S. Schäfer-Nameki, An instanton toolbox for F-theory model building, JHEP 01 (2010) 128 [arXiv:0808.2450] [IN SPIRE ].

[66] G.G. Ross, Wilson line breaking and gauge coupling unification , hep-ph/0411057[IN SPIRE ]. [67] J.J. Heckman and C. Vafa, Flavor hierarchy from F-theory , Nucl. Phys. B 837 (2010) 137 [arXiv:0811.2417] [IN SPIRE ].

[68] S. Cecotti, M.C.N. Cheng, J.J. Heckman and C. Vafa, Yukawa couplings in F-theory and non-commutative geometry , arXiv:0910.0477[IN SPIRE ].

[69] H. Hayashi, T. Kawano, R. Tatar and T. Watari, Codimension-3 singularities and yukawa couplings in F-theory , Nucl. Phys. B 823 (2009) 47 [arXiv:0901.4941] [IN SPIRE ].

[70] H. Hayashi, T. Kawano, Y. Tsuchiya and T. Watari, Flavor structure in F-theory compactifications , JHEP 08 (2010) 036 [arXiv:0910.2762] [IN SPIRE ].

[71] J.P. Conlon and E. Palti, Aspects of flavour and supersymmetry in F-theory GUTs , JHEP 01 (2010) 029 [arXiv:0910.2413] [IN SPIRE ].

[72] A. Font, F. Marchesano, D. Regalado and G. Zoccarato, Up-type quark masses in SU(5) F-theory models , JHEP 11 (2013) 125 [arXiv:1307.8089] [IN SPIRE ].

[73] A. Font, L.E. Ibáñez, F. Marchesano and D. Regalado, Non-perturbative effects and Yukawa hierarchies in F-theory SU(5) unification , JHEP 03 (2013) 140 [Erratum ibid. 1307 (2013) 036] [arXiv:1211.6529] [IN SPIRE ].

[74] G.F. Giudice and A. Masiero, A natural solution to the μ problem in supergravity theories , Phys. Lett. B 206 (1988) 480 [IN SPIRE ].

[75] I. Hinchliffe and T. Kaeding, B+L violating couplings in the minimal supersymmetric standard model , Phys. Rev. D 47 (1993) 279 [IN SPIRE ].

[76] V. Ben-Hamo and Y. Nir, Implications of horizontal symmetries on baryon number vio lation in supersymmetric models , Phys. Lett. B 339 (1994) 77 [hep-ph/9408315] [IN SPIRE ].

[77] H.K. Dreiner and M. Thormeier, Supersymmetric Froggatt-Nielsen models with baryon and lepton number violation , Phys. Rev. D 69 (2004) 053002 [hep-ph/0305270] [IN SPIRE ].

– 31 –