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1. Introduction

The purpose of this Letter is to describe the Minimal Supersym-
metric Standard Model (MSSM) in F-theory. String theory provides
self-consistent ultraviolet completion of the gauge theory. For ex-
ample, the constraint of anomaly freedom in the low energy theory
originates from the finiteness of string one-loop amplitude.

F-theory is defined by identifying S-duality of IIB theory with
the symmetry of a torus, lifting the gauge symmetry to geome-
try [1]. To have four-dimensional theory with A" =1 supersym-
metry, we compactify F-theory on Calabi-Yau fourfold that is el-
liptic fibered. Gauge bosons are localized on a complex surface S,
along which the fiber is singular. The structure of the singular-
ities has correspondence to that of the corresponding group, so
that the symmetry breaking and enhancement are described by
geometric transition [2]. Analogous to the bifundamental repre-
sentations at D-brane intersections, matter fermions come from
the ‘off-diagonal’ components under branching of the gaugino of
Eg [3], localized along matter curves [4].

So far there have been constructions of Grand Unified Theories
(GUTs) mainly based on the simple group SU(5), and further at-
tention has been paid on the flavor sector [5-7]. Compared to field
theoretic GUT, presumably its best merit is that we do not need
adjoint Higgses for breaking down to SM. Instead, we can turn on a
flux in the hypercharge U(1)y direction, evading complicated GUT
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Fig. 1. The Standard Model group (filled) is obtained as the commutant to SU(5) x
U(1)y background in Es.

vacuum configuration. This flux does not break hypercharge inter-
action, if a certain topological condition is satisfied [6]. However,
further breaking down to SM can potentially lead to chiral multi-
plet containing X-boson, the off-diagonal component of the adjoint
of SU(5), by the above mechanism localizing light matters.

Another obvious approach that we take here is to start with the
group SU3) x SU(2) x U(1)y. The SM group lies along the series
of exceptional groups of E,-type, and we take E3 x U(1)y group
inside Eg, shown in Fig. 1, guaranteeing the correct field contents
and quantum numbers. Such Ep-series is naturally predicted by
F-theory and heterotic string. For this we need a description on
semisimple groups [8,9]. If U(1)y is constructed via geometry and
there is no flux along this part, embeddability to SU(5) GUT sin-
gularity guarantees anomaly free spectrum and we do not worry
about its breaking by Green-Schwarz mechanism.

2. The Standard Model surface

A gauge group is described by a singular fiber sharing the same
name, which is read off from Tate’s table [10]. We claim that the
singularity describing the SM group is

y? =x3 + (bs + baay)xy + (bz + byaq)(a1bs + 2)zy


http://dx.doi.org/10.1016/j.physletb.2010.08.042
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
mailto:kschoi@gauge.scphys.kyoto-u.ac.jp
mailto:kobayash@gauge.scphys.kyoto-u.ac.jp
http://dx.doi.org/10.1016/j.physletb.2010.08.042

K.-S. Choi, T. Kobayashi / Physics Letters B 693 (2010) 330-333 331

+ (ba +b3a)x*z + (ba — boa?)(a1bs + 2)xz>
+ bo(a1bs + 2)%23. (1)

For the total space to be Calabi-Yau, the equation should sat-
isfy topological conditions: z,ai,b, are respectively sections of
O(S),O(Kg +S),O((n—6)Kp + (n—5)S) in the base B of elliptic
fibration, and Kjp is its canonical bundle. The surface S is located
at z=0, since the vanishing discriminant of (1)

A = (bs +arbg)*a?b2Pyc Pycz® +arbsQz* + 0(2) (2)

signals a singular fiber. We need globally defined sections in B,
since the simple group components would be laid away from S.

Eq. (1) is a deformation of Eg singularity. Surveying the degrees
of the coefficients in (1), Tate’s table shows it is generically an
SU(3) singularity. However the parameters are specially tuned, so
the actual symmetry is larger [8]. Vanishing of each coefficient fac-
tor triggers gauge symmetry enhancement, implying matter local-
ization [2]. We see shortly that the parameters a; = Px, bs = P,
Pgc and Pyc are respectively related to X-boson and subscripted
quarks, which are all the charged fields under SU(3). We can see,
neither Q nor 0(2°) is proportional to a; or bs, hence Pgc Pyc and
aibs — 0 respectively enhance the symmetry to SU(4) and SU(5).

To see it contains also SU(2), we change the variable 7/ =z +
aibs, in which (2) becomes

A= ((b5 —a b4)2 - 4a§b3b5)2a%b§ PICZI2
+a3biP'Z? +a1bsQ'7* + 0(2°). (3)

Here P, is related to the lepton doublet. Since neither of P’/,Q’
nor O(z'°) is proportional to a; or bs, vanishing P;, and aibs re-
spectively enhances the gauge symmetry respectively to SU(3) and
SU(5). The position z' =0 is off from the position of S, as a ‘back-
reaction’ under the symmetry breaking from SU(5), but it is still
linearly equivalent to S. We can see, to make the embracing SU(5)
truly traceless, we need also a backreaction z — z — 2a1bs/5 to
make the center of mass of the total brane lie on S.

The factorization structure of PycPgc and PxPgq, = aibs hints
the existence of an additional U(1)y, otherwise we have only sin-
gle factors for colored singlet and colored doublet, respectively.
However to guarantee the existence of such U(1)y we should
check the global factorization structure of (1) [11]. Above all,
the most general deformation is by a; — 0, implying the em-
bedding of our symmetry to a general SU(5) GUT singularity in
the literature [3]. Being its deformation, the factorization struc-
ture of SU(3) x SU(2) x U(1)y is stably preserved against higher
order perturbation in 0(z%). Lying along the E, unification series
E3 x U(1)y — E4 — Eg, this SM group is the only possibility.

3. Matter contents

The broken symmetry is SU(5); x U(1)y ‘structure group’
whose commutant in Eg is the Standard Model group [12]. The
spectral cover geometrically describes it (or the dual to gauge
bundle) satisfying supersymmetry conditions [13]. Roughly, it gen-
eralizes the notion of branes whose symmetry broken by recom-
bination, so sometimes called by flavor brane stack, intersecting S
along the matter curves. It is described by factorized spectral cover
C=CxUCs:

(aos +a1)(bos® — ap 'arbos® + bas® + bss® + bas +bs) =0, (4)

where s transforms as —cj = Ks, the canonical bundle of S. We
also define —t as the normal bundle to S in B. (4) is embedded in

a compact threefold,! whose projection to S we denote 7. The pa-
rameters are the ones used in (1) projected on S: Using adjunction
formula b, are sections of (6 —m)c; =n —mc; and the combina-
tion aybg/ag is a section of 5¢; — t, with which the full equation
for C has no s° term showing the embeddability to a SU(6) | struc-
ture group.? Using this embedding structure, one can be convinced
that the parameters in (1) are the only possible combinations. We
can recover the conventional SU(5) GUT by a; — 0 in (2), mak-
ing its structure group traceless, reducing the above C5 exactly to
the standard one used in SU(5) GUT. The fields charged under two
groups satisfy the Green-Schwarz relations [21,8], fixing ag =1 to
be trivial section.

We get the matter spectrum from the decomposition of the ad-
joint 248 of Eg

6 1.1H+1,3,1H+1,1,1)+(1,1,29
+X(3,2,1)-5/6 +4o(3,2,5)1/6 +d53,1,10)1,3
+u$(3,1,5)2/3 +1,(1,2,10)_1 2 +€5(1,1,5)_1,

up to Hermitian conjugates. Matter fields are obtained as ‘off-
diagonal’ components of the branching [2].

They are further identified by local gauge symmetry enhance-
ment directions. For this, we parameterize their localizing curves
using parameters ty,t,...,t;5 having one-to-one correspondence
with the five weights of 5 of SU(5) and tg with U(1)y. For exam-
ple, the X-boson appears from a local symmetry enhancement to
SU(5), controlled by tg — 0, agreeing with the above. However the
physical parameters are only the coefficients in the spectral cover
(4): by/bo are the elementary symmetric polynomials of degree k,
of ty,tp,t3,t4,t5, and a; = Px ~ tg [53]. Pq, is localized along
the curve bs/bg ~ titatstats = 0 and Pyc ~ 1_[,-5=1 (t; + ts), Pdg ~
]_[,-5<j(t,- +tj), P, ~ 1_[?<j(ti +tj + tg). The counting of 10 and 10
agrees thanks to the relation

ti+tj+te=—ty —ti—tm, Eijuim #0. (5)

It is easy to see that the parameters Pp ,m = X, q,u¢,d", |, here
calculated from group theory, agree with those in (2) and (3).
Again tg — 0 reduces the matter curves to those of SU(5), so the
SU(5) GUT structure is preserved.

In the perturbative picture, parallel D-branes do not intersect.
Here, the base of elliptic fibration has a similar structure general-
izing Hirzeburch surface, where the zero section of the fiber has
nonzero ‘self-intersection’. Thus SU(3) and SU(2) components in-
tersect yielding chiral fermions X and q. In the sense of regarding
the intersecting branes as connected cycles [15], this is not so dif-
ferent.

By dimensional reduction, we obtain Yukawa coupling from co-
variant derivatives of gaugino of an enhanced group, as usual [5].
So the gauge invariance guarantees the presence of Yukawa cou-
plings. They are

lhdeC:

ghyu®:

(ti +tj+te) + (tx + 1t +te) + (tm —ts) =0,
(t) + (=t —tj —tg) + (tj +tg) =0,
(tm) + (e +t; +te) + (t; +tj) =0,

ahad” {(tm)+(—tm—ti—t,-)+(ti+t,-)=0, ®)

where all the indices run from 1 to 5, and all different.

T The compact (non-Calabi-Yau) threefold, a projectivized fiber 7 : P(Os &
Ks) — S, with the trivial bundle Os and the canonical bundle Ks.

2 Since the trace part of SU(5), is the U(1)y degree of freedom, it is sometimes
called S[U(5) x U(1)].
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