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Abstract

We systematically search intersecting D-brane models, which just realize the Standard Model chiral mat-
ter contents and gauge symmetry. We construct new classes of non-supersymmetric Standard Model-like
models. We also study the gauge coupling constants of these models. The tree level gauge coupling is a
function of the compactification moduli, the string scale, the string coupling and the winding numbers of
D-branes. By tuning them, we examine whether the models can explain the experimental values of gauge
couplings. As a result, we find that the string scale should be greater than 101415 GeV if the compactifica-
tion scale and the string scale are of the same order.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The Standard Model (SM) is one of the greatest achievements of particle physics. It is con-
sistent with all of the experimental results by tuning about 19 free parameters and succeeded in
predicting new physics. The discovery of the Higgs scalar [1,2] is the latest example. However,
many questions still remain in particle physics. What is the quantum theory of gravity? How
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does the mysterious flavor structure of the SM appear? What is the origin of neutrino masses,
inflation, dark matter and other cosmological observations?

From the viewpoint of quantum gravity, superstring theory is the most promising candidate
to successfully describe it, and almost the only candidate available. Furthermore, superstring
theory is also a unified theory of other interactions and matter fields. Superstring theory naturally
has gauge symmetry. There appear gravitons, gauge bosons, matter fermions, and scalars in its
massless spectrum. Thus, it is important to construct stringy theories explaining the SM.

The intersecting D-brane models are an interesting technique to realize four-dimensional (4D)
chiral gauge theories as low-energy effective theory from superstring theory [3-7] (for review,
see [8.,9] and references therein). In these models, chiral matter fermions are realized as the
R-sector of open strings stretching between D-branes at angles, while gauge bosons are realized
as open strings on the same set of D-branes. It is surprising that simple compactification models
realize the SM spectrum or supersymmetric SM spectrum as zero modes. For example, in [7],
the intersecting D-brane model with just the SM spectrum was constructed, which we call the
IMR model in this paper. Similarly, supersymmetric SM-like models were constructed (see e.g.
[10-12]).

In addition to the massless spectrum, it is quite important to explain the quantitative structure
of the SM, i.e. the gauge couplings, Yukawa couplings and the Higgs potential parameters as
well as possibly neutrino Majorana masses. In this paper, we focus on the gauge couplings. In
4D low-energy effective theories derived from heterotic string theory, the gauge couplings at tree
level are unified up to Kac—Moody levels «, at the string scale [13], which is of 0107 Gev
[14]. This prediction is very strong. In order to explain the experimental values, we may need
some corrections, e.g. stringy threshold corrections [15-17]. (See for numerical studies, e.g.
Refs. [18,19].)

On the other hand, the gauge coupling is a function of the D-brane volume in D-brane models.
In intersecting D-brane models, gauge groups of the SM are originating from different D-branes,
which have volumes independent of each other. Thus, at first sight, it seems always possible to
explain the three gauge couplings of the SM by tuning volume moduli, because the number of
parameters, moduli, is sufficiently larger than three. However, in an explicit model, the values of
volume moduli are constrained by other conditions. For example, tachyonic modes may appear
for some values of moduli in non-supersymmetric models. Also, the string coupling g; may
be required to be strong for some values of moduli to derive realistic values of the SM gauge
couplings. However, our theory is reliable at the weak string coupling. Then, it is non-trivial to
explain the three SM gauge couplings under the above conditions.

In this paper, we study systematically the model construction of intersecting D-brane models.
We construct new classes of non-supersymmetric SM-like models, which have the same gauge
symmetry and chiral matter contents as those of the SM but no exotics except right-handed
neutrinos. We show three classes of SM-like models. We study their gauge couplings as well as
those of the IMR model under the above constraints.

This paper is organized as follows. In Section 2, we briefly review the intersecting D-brane
models. In Section 3, we construct new classes of SM-like models. We calculate gauge couplings
in Section 4. Section 5 is our conclusion. In Appendix A, we discuss the systematic search
for SM-like models. In Appendix B, we discuss one-loop threshold corrections due to massive
modes.

I InRef. [20],a specific relation among the three gauge couplings is shown in a certain class of supersymmetric models.



Y. Hamada et al. / Nuclear Physics B 897 (2015) 563-582 565
2. Intersecting D-brane model building

In this section, we briefly review the toroidal orientifold models with intersecting D6-branes.
We first consider Type IIA superstring theory compactified on a factorized six-dimensional torus
TS =T} x T} x T with intersecting D6-branes, where T is the i-th two-dimensional torus;
the two-dimensional Euclidean space modded by a lattice,

T = C/L(w),
L(ty) ={zr € Clzx =mi +nty, n,m € 1}, (2.1)

where 1; € C.

D6, -branes wrap 3-cycles [I1,] on T®. Here, we restrict ourselves to the D-brane system in
which all D6-brane’s 3-cycles [I1,] are factorized, [I1,] = [Hé] X [Hg] X [HZ], where [H;] is a
1-cycle of Tiz. Then we can specify the 3-cycles by using 6 integer winding numbers (n!, m!).
n! is the winding number along the 7; direction and m/, is the winding number along the imag-
inary axis of z;. The intersection number between the D6,-brane and the D6;,-brane is denoted
by 1,5 which is determined by the winding numbers,

Iy = [Ma] o [My] =TT, (nﬁ,m;; - mgn;',) . 2.2)

The open string stretching between the D6,-branes and the D6,-branes has the following
boundary conditions,

I g d _ig

Re 55 ¢ azilo=0 =0, Im 7€ aZilo=0=0, (2.3)
o g} d _ig

Re £€ vZilg=r =0, Im Ee bZilo=n =0, (2.4)

where
) i i I .
§i = tan~! (M) , (2.5)
n!, Ret;

is the angle of the D6,-branes on the i-th torus. These boundary conditions resolve the degener-
acy of the ground states in the R-sector. The resultant ground state corresponds to a 4D massless
chiral fermion. Scalars appear in the NS-sector. The ground state in the NS-sector depends on the
intersecting angles G;b = (91’; —6l)/m. Assuming 1 > Oc’;b > (, the masses squared of four candi-
dates for the lightest state are shown in Table 1. They would be massive, massless or tachyonic
depending on the angles. If there are massless states, a part of supersymmetry is recovered. For
example, when lea + an — an =0, the first state in Table 1 is the massless ground state and the
others are massive.

In this way, each intersection point has a 4D massless chiral fermion as well as scalars. Also,
a stack of N, D6,-branes has gauge symmetry U (N,). The open strings ending at the D6,-branes
have Chan—Paton charges, which correspond to the fundamental representation of U (N,). This
class of models leads to 4D chiral U(N) Yang-Mills theory as the low energy effective theory.
This fact is essential to derive the SM at low energy.
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Table 1

The masses squared of the light scalar states.

State Mass?

! & Cra 050 = 050)

2 7 Oha =05, +65,)

3 & (“Oha + 05, +65,)

4 2 (1= 3O + 65, +65,)

Now, we introduce the orientifold.” The toroidal orientifold is obtained by modding T° by
reflection operator R,

R :Imzy23— —Imz;23. (2.6)

To define this operator R well, Im 7; in L(t;) must be either 0 or 1/2. The torus is rectangular for
Im t; =0, while the torus is tilted for Im r; = 1/2. It is useful to define new “winding numbers”
(il ml), where ii!, = n’, and m!, = m!, + Imt;n! . Hereafter, we use (i1, ') as the winding
numbers of a D6,-brane on the i-th torus.

In this setup, we can construct perturbative vacua which have several stacks of N, D6,-branes
wrapping the whole 4D Minkowski spacetime and factorized 3-cycles [I1,] of T°. In addition
to D6, -branes, we need their orientifold mirror D6,,-branes such that the system is R-invariant.
The D6, -brane’s winding numbers must be (7i’,, —l).

In the presence of an orientifold, the gauge symmetry G, appearing on D6,-branes depends
on whether the D6,-branes lie on top of their orientifold mirror D6,+-branes or not. If the
D6,-branes are apart from the D6,+-branes, the gauge group is U (N,). Otherwise the gauge
group is Sp(2N,) or SO(2N,). The intersection points between D6, -branes and D6, -branes have
massless 4D chiral fermions transforming as the bifundamental representation under G, x Gyp.
For example, if G, , = U(N, ), they transform as (N, Np) under U(N,) x U(Np).

The number of intersection points /5 is obtained as

lap =T, (i}, — i ) Q.7

Using this D-brane system, we can realize a lot of patterns of chiral (super) Yang—Mills theo-
ries as effective theory, but not all patterns of theories.

Next, let us discuss the constraints on intersecting D-brane models. D-branes have RR charges
which must be canceled in compact space. This constraint is derived from D-brane kinematics,
and the same as Gauss’s law of electromagnetism in compact space. This is called the RR tad-
pole cancellation condition. Since the RR charge is proportional to the D-brane homology, the
constraint is written by

Y Nalll]—4[Tloe] =0, (2.8)
a=l1,...,.N
where [I1pg] is a cycle of the O6-planes.
In general, the gauge symmetry includes several U (1) factors. Some of them become mas-
sive by the generalized Green—Schwartz mechanism. That is, U (1) gauge bosons have non-zero

2 We need the orientifold projection in order to obtain just the SM massless spectrum even if we do not consider
supersymmetric models [9].
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couplings with RR-forms, especially Cs and have non-perturbative Stiickelberg masses. The cou-
pling between U (1), gauge boson and Cs is obtained by the Chern—Simons term,

ScszzNa/CSMrFa+..-. 2.9)
a D6,

We introduce [a4] as the basis of 3-cycles and its dual basis [S;], where [ak] o [B;] = §k;. We
define

B§= / Cs. (2.10)

[a]

Then the coupling between U (1) gauge bosons and B§ can be written by

Sap-cs = Ng Qak / BStwF, 4, (2.11)
M4

where Q. = [I[1,] o [Bk]. This coupling induces masses of U (1) gauge bosons. The U (1) gauge
boson corresponding to U (1)x =), caU (1), is massless if and only if )", caNy[T1a] 0 [Bi] —
Za* CcaNg[gy] o [Br] = 0 for any k. Otherwise, the U (1) gauge boson becomes massive even
if it is anomaly-free.

In the next section, we will construct intersecting D-brane models which have the same gauge
group as that of the SM. We will show that we can get the exact SM gauge group by using above
mechanism to make extra gauge bosons massive.

3. The SM-like models

Our aim is to construct perturbative vacua which lead to SM-like effective theories by using
type IIA orientifold. For such a purpose, we systematically search vacua satisfying the following
conditions:

e Gauge symmetry is the same as that of the SM up to the hidden sector, SU(3) x SU(2) x
Uy X Ghidden-

e The chiral massless spectrum is the same as that of the SM with three right-handed neutrinos
up to the hidden sector.

For the RR tadpole cancellation, we need right-handed neutrinos and the Gpiggen sector. The
matter fields in the hidden sector are singlets under the SM gauge group.

There are two methods to realize the SU(2) gauge symmetry. One is to use a stack of two
D6, -branes separating from their orientifold mirror D6,.-branes. The theory in the worldvolume
of the D6, -brane is U (2) Yang—Mills theory which contains SU(2) group as subgroup. We call
this class of models SU(2) models. In this scenario, we must use a tilted torus to cancel the
U (2) anomaly. There are many models using the SU(2) method, see for the model satisfying the
above condition, e.g. [7]. The other is to use one D6,-brane whose orientifold mirror D6,.,.-brane
is coincident with the D6,-brane. In this case, the gauge group can be enhanced from U (1) to
Sp(2). Sp(2) is isomorphic to SU(2) as Lie algebra. Then, we can get the SU(2) gauge symmetry.
We call this class of models Sp(2) models.
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Table 2

Chiral matter contents. All the SM chiral fields appear in intersection points as zero modes of the open string R sector.
Intersection Name SU@3) x SU(2) Qu O¢ Q4 Hypercharge
(ab) 0r 3(3,2) 1 0 0 :

(ac) Ug 33, 1) -1 1 0 -2

(ac*) Dg 33, 1) -1 -1 0 1

(db) L 3(1,2) 0 0 1 -1

(dec) Ng 3(1, 1) 0 1 -1 0

(dc®) ER 3(1, 1) 0 -1 -1 1

We concentrate on the latter models in the following way:

e We construct Sp(2) models where SU(2) gauge symmetry is realized by one brane and its
orientifold mirror.

We can satisfy these conditions by using four stacks of branes, D6, p . 4-branes. The multi-
plicity of the D6,-branes N, is equal to three, and the others are one. The D6;-brane is on top
of the O6-planes on one two-dimensional torus and perpendicular to them on the other two two-
dimensional tori to realize Sp(2) gauge symmetry. The intersection numbers of these branes are
required as follows,

Loy =3; Iy =—3; Iyer = —3; Ipa =05 Iyg+ =0,
Ipe =0; lap =3; lge = =35 lgex = =3,
Iaa* :0’ ICC* :O’ ]dd* :O’ (31)

such that the chiral spectrum of this model realizes the SM matter contents and realizes the
gauge symmetry. For the desired zero mode, we require the D6, . 4-branes to be parallel to the
O-plane on at least one torus, too. The hypercharge U (1)y corresponds to the following linear
combination of U (1)s,

1 1 1
U(I)Y:EU(I)a_EU(I)C_EU(l)d~ (3.2

There is some arbitrariness of the definition of U(1)y, but we can absorb it by renaming the
branes. In Table 2, we summarize the chiral spectrum of this model, quantum numbers of non-
Abelian and Abelian gauge symmetries, and their names in the SM.

We carry out a systematic analysis on all the possible D-brane configurations, (see Ap-
pendix A for the details). As a result, it is found that general solutions realizing Eq. (3.1) are
classified into two classes of models.

Both of them have the desired chiral spectrum. However, one of them cannot make the extra
U (1) gauge boson massive through the Green—Schwartz mechanism while the U(l)y gauge
boson remains massless (see Appendix A). This extra U (1) symmetry corresponds to U(1)p_p .
That is, both U (1)y and U (1) p_1 gauge bosons are massless or massive at the same time in that
class of models. The other can make the U (1)p_; gauge boson massive with the U (1)y gauge
boson remaining massless. Thus, this class of models can reproduce the SM chiral spectrum and
gauge symmetry. It is shown in Table 3. There are no other solutions satisfying the conditions.
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Table 3
General solutions of the Sp(2) models. B3 =1—-1Im1 3 €({1,1/2} and Im g is always zero. The n, ms are integer
parameters and satisfy ma, m? 4 are divisors of 3 and ¢;s are 1. a, d, m are arbitrary integers and n2 ad = ‘;Bj
D-brane T12 T22 T2
(1,0) (4 — 1. pom) (=25, B3m3)
b (0,€1) (€2/$2.0) ©, GE162)
3(,2 2 mg
c (=B3my |\ ng +3esny- 5 |, €3) (€4/B2,0) (0, —€€3€4)
d
2
d _ 2 3e _ mg .3
d (e5.0) (f = 1. Paesm3) (35 —3fs kmd)
Table 4

0til-SM models. All of the tori Ti2 are rectangular. The integer parameters denoted by €; are 1. n%, mg , nﬁ are arbitrary
integer numbers and mg s mé are divisors of 3.

2 2 2

D-brane T1 T2 T3

(1,0) (n2,m2) — 3¢ md)
b (0, €1) (€2,0) (0.cere2)
c (—e3m} ("g + g 65"5) €3) (€4, 0) (0, —€e3€4)

d
d (€5.0) (3. esm3) (J—f 73’"2 my)
d

Table 5

1til-SM models, B € {1,1/2}. If B =1, T32 is the tilted torus and the others are untilted. If g = 1/2, T22 is the tilted
torus and the others are untilted. The integer parameters denoted by ¢; are £1. a,d, mg are arbitrary integer numbers
and mg, mﬁ are divisors of 3.

D-brane le T22 T32
3
a (1,0) @/B+1,pm2) —:1—2, 75
b (0, 61) (€2/8,0) (0, €€1€2)
2
c (—e3 77 (n +3esn} ’"“>,e3> (e4/B.0) (0. —€€3€4)
3
2 ma ma
d (€5, 0) d/B+1,e58my) (*@ *3m{21 25)

Note that gauginos and adjoint scalars appear in the gauge sector of our models which would
become massive by loop corrections [7].

For later calculation, we classify the models into three new further classes, as shown in Ta-
bles 4, 5 and 6. We refer to the class of models in Table 4 as Otil-SM, because they have no tilted
torus. Also we refer the class of models in Tables 5 and 6 as 1til-SM and 2til-SM, respectively.
As we show in Table 3, we cannot construct the SM-like models using three tilted tori since they
always lead to an even number of generations.

The Higgs bosons correspond to the open string in the NS-sector stretching between the
D6p-brane and the D6.-brane. These branes are parallel on T22 and T32. This situation is the
same as that in the IMR model [7]. The Higgs mass is determined by the distance of D6-branes
and the intersecting angles. Note that we need fine tuning to get a light Higgs mass.
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Table 6
2til-SM models. T22_3 are tilted torus and Tl2 is untilted. The integer parameters denoted by ¢€; are £1. n%, n3 are arbitrary

odd numbers and m3 is arbitrary integer number. m2, mg are divisors of 3.

2 2 2
D-brane T} T3 I
2
a (1,0) n2. %) —;—g,mb
b ©,€p) (262,0) (0,€€1€2)
3 2
c (2a (ng +es5 Z—gnl%) ,€3) (2€4,0) (0, —eezey)
d
€ m2 2
d (€5.0) (3, 254) (—2—2, -3 nm1_;22m131)

The D-brane configurations in Tables 4, 5, and 6 do not satisfy the RR tadpole condition yet,
but this is always possible by adding extra D6-branes which are parallel to the O6-planes.® Since
D6, 5.c.q-branes and their orientifold mirrors have no intersection points with the O6-plane, there
are no intersection points between the extra D-branes and the D6, p, . 4-branes. Thus, the intro-
duction of these extra D6-branes does not change the chiral spectrum in the visible sector. In this
sense, the extra D6-branes correspond to the completely hidden sector.

These models have characteristic winding numbers. The D6j-brane and the D6,.-brane are
parallel to the O6-plane in T22 and perpendicular to it on T32. The D6,-brane and the D6,-brane
are parallel to the O6-plane in T21. The charge of U(1), is 3 times the baryon number and the
U (1)4 charge is the lepton number. The intersection numbers between the D6, .-brane and the
D6 .-brane in T2%3 are the same. Thus, the flavor structure of the quarks and leptons are exactly

the same at perturbative level. (See for discrete flavor symmetries [21,22].)4 However, if we
take non-perturbative effects into account, these structures must be broken and, for example,
right-handed Majorana neutrino masses might be generated [25-27]. At any rate, the study of the
flavor sector is beyond our scope at this time.

4. Gauge couplings
4.1. Model constraints

We have found three classes of SM-like models in Section 3. In these models, the gauge
symmetry is exactly the same as that of the SM up to the hidden sector. Now, let us study the
gauge sector quantitatively. That is, we study the question whether it is possible to make all gauge
couplings consistent with their experimental values. At first sight, it appears possible because
there are a lot of parameters in these classes of models. For example, all classes of models have
torus moduli and more than three integer winding numbers as free parameters.” However, it
becomes more complicated when we take into account other constraints. One constraint is to
avoid the tachyonic configurations and the other is a constraint on the string coupling.

The R-sector of the open string stretching between D-branes has a chiral fermionic zero-mode,
while the corresponding NS-sector has the light scalar spectrum of Table 1. These NS-sector

3 These branes cannot have couplings with 312‘ and do not affect massless U(1)s. (See Appendix A.)

4 Similarly flavor symmetries are obtained in heterotic orbifold models [23]. See also [24].

5 Precisely speaking, we need to consider the stabilization of the moduli. However, this issue is beyond the scope of
this paper and we treat the moduli as free parameters.
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modes are the superpartners of the chiral fermions and some of them could be tachyonic in
non-supersymmetric models. If a configuration has tachyons, it is unstable and decays to another
configuration quickly. We must tune parameters to avoid such tachyons. This condition constrains
the parameters significantly. In Sp(2) models, there are six chiral fermion modes and each of them
has superpartners at intersection points. To make these scalars massive or massless, the models
must satisfy 24 inequalities.

The other constraint is the perturbativity of the theory. The tree level gauge coupling oy =
g,f /4m at the string scale is given by [28,20],

1 _ MV @1
o Qu)dgeki

where Vi denotes the D6y-brane’s 3-cycle volume in the compact space, M, is the string
scale and g, is the string coupling. kj is obtained as «; = 1 for U(Ny) and «; = 2 for
Sp(2N)/SO(2Ny). In this way, we can calculate all the gauge couplings, @4 p,c.q4. For U(1)y,
we must normalize the gauge field and ay is written by
1 11 11 11
ay 6oy 2a. 2ag

4.2)

On the other hand, by performing dimensional reduction of the type IIA supergravity action,
one can write the Planck mass M, using string parameters as

2 BMJVe

P @)t
where Vj is the volume of the compact space. From (4.1), (4.3), we can write the string coupling
in terms of gauge couplings,

o 14 ’ 1/2, .3
=k (k) v 4.4
& 822kt \ Ve ) ¢ 7 )

4.3)

We have concentrated on perturbative vacua and their effective theories, but when g; > O(1),
perturbative theory is broken down and our models no longer make sense. To get sufficiently
small g, there are constraints on parameters.

It is natural to assume Vg ~ 1/MS6. The oy in Eq. (4.4) is the gauge coupling at the string
scale, so we evaluate

(M)t (V2 IR
8 ~2x 107 ——— = < ”) ) 4.5)
Kk V6 Ms

Naively, if M is very small, g is very large and perturbativity of the theory is violated.

Using the renormalization group equations and the experimental values of o (Mz), we can
evaluate o (M;) in Eq. (4.5). The models obtained in the previous section have almost the same
field contents as those of the SM, but include gauginos and adjoint scalars in the gauge sector.
We assume that such gauginos and adjoint scalars gain masses around M; and neglect their
threshold corrections.® Hence, we can evaluate ay (M) by using beta-functions of the SM. We

find a3 2(Ms) > 1/50 for M < 10'8 GeV. Then, Va,b/(V6)% must be small to get sufficiently

6 For more precise comments, see Appendix B.
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small g;. This means that the direction which is perpendicular to the a,b-brane is large and
Va.b/ Ve 1s suppressed. However, in our models, we have 1, # 0 and there is no direction which
is perpendicular to a-brane and b-brane at the same time. Hence, generally we get V,,V},/ Vg > 1.
When V,V,/ Vs > 1 and a3, ap > 1/50, we obtain

B VoV \2 (M, \>
g5 ~ 2 x 10 * a3 (M) aa(M)? (—) (—”)

Ve M;
MoA\3
> 1012 <_,,) . .6)
M;
This requires My > 10'> GeV. When there is a large hierarchy between Vg and 1/M f, this esti-

mation would change. For Ve M, 56 =y, we have the constraint M, > y!/10'5 GeV. For example,
we find M, > 10'® GeV for y = O(10°) and M, > 10'* GeV for y = O(10~°). We should com-
ment on the effect of the gauginos and adjoint scalars on the previous argument. We have assumed
that all of the gauginos and adjoint scalars have masses around M;. If they are lighter, a3 and o
become larger because they give positive contributions to beta-functions. Therefore, the lighter
gauginos and adjoint scalars strengthen the constraint.

As mentioned above, the string scale is constrained. On the other hand, winding numbers and
moduli are also constrained. As a concrete example, we study the Otil-SM models. In this class
of models, the ratio of tree level gauge couplings is given by

LIPILIN \/( 2Rer? + (m2)2 | (= R 2+( 3)2:R
: =RET n eT m €T m RET
L w 1 a 2 a 2 3 e 2

2
=Re rl\/(ng)z + (m2/Re ‘52)2\/<% Re r3> + (m3)2:1, 4.7

where t; is the T,.2 torus modulus. The renormalization group flows from the experimental values
show that ap (w) is similar to o3 () unless the running scale u is very low. To realize o (M) ~
a3(My), it is required that | 71| is less than O(1). In this way, the winding numbers and the value
of the moduli are constrained.

In supersymmetric models, stringy one-loop threshold corrections have been calculated
[29-31], and they can be sizable’ for large values of moduli. On the other hand, threshold cor-
rections have not been calculated in non-supersymmetric models. We assume that such threshold
corrections are sub-dominant compared with the tree-level values, «,(M;). Otherwise, higher
order corrections would also be large and perturbativity would be violated. Thus, the above esti-
mations are valid under the assumption that stringy threshold corrections are sufficiently smaller
than the tree-level values. In the next subsection, we study the gauge couplings numerically while
neglecting stringy threshold corrections.®

4.2. Numerical analysis

We plot the gauge coupling ratios of our models in Figs. 1, 2 and 3 for My = 10'®, 10" and
10'* GeV, respectively. For comparison, we also show the gauge coupling ratios of the IMR

7 See e.g. [32].
8 See Appendix B for estimation of threshold corrections in a model.
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Fig. 1. Distributions of the ratio of gauge couplings. The blue data points are the gauge coupling ratios of Sp(2) models
and the model in [7] and the red data points are renormalized gauge couplings of the SM. The red data point to the upper
right is the renormalized gauge coupling at 10? GeV and lower left data points is at 10! GeV. The winding numbers
range from 1 to 100 and the torus moduli from 1072 t0 102. We set M; to 101© GeV and non-perturbative configurations
are eliminated. Tachyon configurations are eliminated, too. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

model in these figures. The blue data points correspond to the gauge coupling ratios, which are
calculated by Eqgs. (4.1) and (4.2) for the parameters to satisfy gy < 1 assuming Vg =1/ Ms6 and
to avoid tachyonic modes. Moduli should be stabilized, but we used them as free parameters.
We vary winding numbers from 1 to 100 and torus moduli from 102 to 10?. There are two
types of modes. One is localized at intersection points on all of the three T2, and the other is
stretching between parallel D-branes on one or two of the three T'2. For the first type of modes,
we vary the parameters of our models, the moduli and the winding numbers, such that non of
them are tachyonic. For the second mode, we make them massless or massive by tuning open
string moduli. Note that the ratios oy /a; given by Egs. (4.1) and (4.2) are independent of M.
Thus, if we do not impose other constraints, the same blue data points (gauge coupling ratios)
would appear for My = 10'#, 103 and 10'® GeV. However, the constraint g; < 1 depends on Mj.
The constraint becomes severe for a lower M. That is, the difference between these figures
only comes from the perturbativity condition. Obviously, it is more constrained in Figs. 2 and 3
and the number of blue data points is less than that in Fig. 1. The red data points correspond
to the MS renormalized gauge coupling ratios of the SM computed by using the experimental
values, i.e. a3()/ay (n) and ar(u)/ay (). From top to bottom, the data points represent u =
103,10, ..., 10" GeV. The model can fit the gauge couplings if the blue data points overlap
with the red data points corresponding to ;= M, i = 10'® GeV in Fig. 1, u = 10" GeV in
Fig. 2 and u = 10'* GeV in Fig. 3.
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Fig. 2. Distributions of the ratio of gauge couplings. The winding numbers and the torus moduli are not changed from
Fig. 1. In this figure, we set M; to 1015 Gev.
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Fig. 3. Distributions of the ratio of gauge couplings. The winding numbers and the torus moduli are not changed from
Fig. 1. In this figure, we set M to 1014 GeV. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)
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Table 7

The explicit example of winding numbers and moduli realizing the SM gauge coupling ratio in 2til-SM model.

D-brane T2 (1/Rety = 10%/3) T} (1/Rety = 101%/9) T} (1/Ret3 = 10%/3)
a (1,0 (3,1/2) (=3,1/2)

b o, 1) (2,0) o, 1

c “4,1 (2,0) 0,-1)

d (1,0) (13,3/2) (-1,-1/2)

There are some characteristic features in these figures. In all models, the ratio of the gauge
couplings a3 /ay is less than 6. This is because U (1)y is a linear combination of U (1), ¢ 4s and
ay is function of a3. It leads to an upper bound on «3/ay. Sp(2) models tend to have larger a»
than U (2) model. This is because the b-brane must be parallel or perpendicular to the O6-plane
in Sp(2) and its volume cannot be so large. The Sp(2) models have a larger allowed region than
the IMR model. This is because the Sp(2) models have more parameters than the IMR model.

Fig. 1 shows that we can tune parameters to fit gauge couplings in all models to the exper-
imental values if Mj is greater than 10'® GeV. For M; = 10'> GeV, we can realize the gauge
couplings in Sp(2) models. For the IMR model, there are no blue data points overlapping red
data points, but we would find suitable parameters explaining the experimental values by a more
dense parameter search. For My = 10'* GeV, we can explain experimental values in 2til-SM
models and it would be possible in the other Sp(2) models. We checked that blue data points
disappear in this region for My = 10'3 GeV and we cannot tune parameters to fit the gauge cou-
plings for weak g in any of these models. The critical string scale is 10415 GeV. These results
are consistent with Eq. (4.6).

In our analysis, we assumed Ve M f = 1. Similarly, we can analyze gauge couplings for other
values of Ve M Sﬁ = y. Unless there is a large hierarchy between them, we obtain almost the same
results. Furthermore, even when y is very small or large, we would have the lower bound on M;.
In some cases, the one-loop threshold corrections would become significant [29].

4.3. Explicit example

In this subsection, we give an explicit example of one of the models. As shown in Fig. 1, there
are a lot of winding numbers and moduli which realize the renormalized SM gauge couplings at
the string scale. Table 7 shows one example.

In this model, the string scale is set to be 10'® GeV and the ratios of the gauge couplings in
the model are given as

az/ay =1.2,

ay/ay =1.2. (4.8)
From the experimental values, the ratios of renormalized gauge couplings at 10'® GeV are,

a3,ren/aY,ren =1.2,

a2,ren/O‘Y,ren =1.2. 4.9)

To get the realistic gauge couplings, the string coupling should be 5 x 1073, which means that
the theory is weakly coupled.
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5. Conclusion and discussion

We have studied SM-like intersecting D-brane models. We have constructed and classified
the simplest class of models using Sp(2) which realizes the SM gauge symmetry and chiral
spectrum including three right-handed neutrinos as open string zero modes. These models are
very simple and attractive. They have only four stacks of D-branes. The three generations of
leptons and quarks are just realized by intersection numbers of D-branes, and each generation
originates from the same type of intersection point. This is different from the IMR model, where
one quark doublet generation originates from the intersection point between the D6,-brane and
the D6,-brane, while the other two generations originate from the intersection point between the
D6,-brane and the D6y+-brane. Thus, our models have very large flavor symmetry. Its proper
breaking might be helpful to realize the flavor structure found in nature.

We have studied the gauge coupling constants of our models. At first sight, it seems always
possible to fit the gauge couplings to the experimental values in most of models, because there
are numerous free parameters. However, it is non-trivial to reproduce the SM gauge couplings
because two conditions, the absence of tachyons and perturbativity, put strong constraints on
the model parameters. Our calculation has shown that the string scale must be greater than
101415 GeV to get realistic gauge couplings when there is no large hierarchy between Vg and Mj.
Low energy strings are disfavored in these models. This tendency may not be model-dependent.
One reason is that oy must depend on o3 and «3/ay has some limits in intersecting D-brane
models. When we try to reconstruct the SM, the values of gauge coupling constants have similar
values.

In order to fit the gauge couplings to the experimental values, we have used moduli parameters
as free parameters. However, moduli should be stabilized and their stabilized values are important
to realize the gauge couplings. All of our models include a hidden sector. Some dynamics in
the hidden sector are expected to play a role in moduli stabilization. Also, the hidden sector
may include dark matter. These topics are quite interesting, but beyond the scope of the work
presented here.
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Appendix A. Systematic analysis of D-brane configurations

We study systematically all the possible D-brane configurations of four stacks of D6-branes,
D6, p .4 leading to the gauge group SU(3) x Sp(2) x U (1)y X Ghigden and the following inter-
secting numbers:

Lop =n; Ige = —n; Ipex = —n; Igg =0; Iggx =0,
Ipe =05 Lap =n; lgc = —n; laex = —n,
Iaa* = 0; Icc* = 0; Idd* = O, (A])
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where n is the generation number and where we are especially interested in the n = 3 case, for
obvious reasons.

Since 1,4+« = 0 and D6,-branes are parallel with the O-plane in one brane to avoid extra zero
modes, we can write,

(nt,mb)y=@ml,0),

without loss of generality. Because I, = n and the D6;-brane is parallel or perpendicular to the
O-plane, all the possible D6,,-brane configurations are classified as follows,

D) (), m)y=(0,m)), n2, m?) = n%,0), (n},m3) = (n3,0),
() (), m)y=(0,m}), 3, m?)=(0,m3), (nj,m;) = (0,m}),
3) (), m})=(0,m)), (n},m3) = (n3,0), (nj, mj) = (0, my),

where n;;s and més are integers. Since I, is proportional to n} - m 117 and |n}| is even with Im7; =
1/2, we get Imt; = 0 to obtain the odd generation. Thus, we cannot construct three tilted tori
models.

Let us study the case (1). Since Iyg. =0, Igp = n and I« =0, I, = —n, we find that
(n},mh)=(n},0) and (n2, m2) = (n2, 0). Then, we have

1 1 2.2 3.3 3.3
lyc =n m, - (—myn;) - (nym, —myn,) = —n, (A.2)
11 2.2 3.3 3.3
Ly = —ngm, - (—myn;) - (—n,m,; —myn,) = —n, (A.3)
which reduce to —nlm! - m2n2 - n>m? = —n and m3n? = 0. On the other hand, the RR tadpole
condition requires
Z Nxm)lcn)zcmi =mi -nz-mgzo. (A4)

xea,b,c,d

That leads to n = 0, and we cannot obtain non-trivial solutions. Similarly, we can show that the
case (2) does not lead to non-trivial solutions.

Next, let us discuss the case (3). In this case, all the possible D6 4-brane configurations are
classified as follows,

(3a) (n2,m2)=n2,0), (n},m}) = (n}.0),
(3b) (2, m2) = (n2,0), (n, m3) = (n},0),
Be) (nd,md) =03, 0), (n},mb) =@}, 0.

In the case (3a), the condition on intersecting numbers (A.1) and the tadpole conditions re-
quire

11 2.2 3.3 1,23 1,23 3.3
—n, M, - MmN, - n,m, =n, R M, =R many, myn, =0,
m?jnf =0, m,ljn%mz +mln’m? =0, 3nlm2m? + n}imimz =0. (A.5)

These results are shown in Table 8. For n = 3, this result leads to the models in Table 3.
Similarly, we can discuss the other cases. As a result, we find that the case (3b) is allowed
only for n = even, and the case (3c) does not have non-trivial solutions.
As a result, only the case (3a) has non-trivial solutions with n = 3, and they are the models
with the SM chiral matter fields as shown in Table 3 for n = 3. However, at this stage the gauge
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Table 8
The SM-like models with n generations. nj , m;_are integer parameters satisfying mgng’ =0, m?jnz =0and 3n}1m$m§, +

n}imzm?{ =0. p is a divisor of n. To get the correct gauge symmetry, (nﬂ(, m; —Imvt; nﬁc) have to be coprime.

2 2 2
D brane T} T; T;
a (n}.0) (n3.m2) (—p/nkm3. m})
b 0.m}) (n3.,0) 0.n/pmin?)
c (nh,mb (n2,0) (13, —n/pmln2)
1 2 2 _ 1.2 .3
d (ny,0) (ng, my) (—p/nymy, my)

symmetry of our models is SU3) x SU2) x U(1), x U(1), x U(1)4. The hypercharge U(1)y
corresponds to the linear combination, %U (Dg — %U e — %U (1)4. We require the other two
extra U (1) gauge bosons to become massive by couplings with Bé‘ . Here, we examine these
couplings. As the basis [a], we set

1] = (1,0) x (0. 1) x (0, 1),

[zl = (0, 1) x (1,0) x (0, 1,

[a3] =(0,1) x (0, 1) x (1,0). (A.6)
Each of B§ couples to U(1)s as

1 1,23
By, nm nin_F,,

—pB3 A 3F, + Fy),
3 1.2 3 nen 1.2 3
B> A (3ngn maFa—ﬁFc—i—ndndmdFd). (A7)

a-a
c

The condition for the U (1)y gauge boson to remain massless is given by

1
ni:O, —n_n-m, + ——< —Endndm;,:O. (A.8)
If ni is not zero, the extra gauge bosons become massive.
Appendix B. One-loop corrections to gauge couplings

In Section 4, assuming that the extra fields are all sufficiently massive, we evaluated the gauge
couplings at a high energy scale by using the renormalization group equations in the SM. In this
section, we examine the validity of this assumption. There are two types of extra fields which
can be light compared to M;. One is given by the superpartners of the SM fields and the other
corresponds to the Kaluza-Klein (KK) and winding modes of open strings stretching between
parallel D-branes.

B.1. The superpartners of the SM fields

In toroidal D-brane models, a single stack of D-branes preserves N’ = 4 supersymmetry in
four-dimensional field theory. The gauge bosons have supersymmetric partners: four gauginos
and three complex scalars. However, these supersymmetries are broken by D-brane intersections
and the superpartners obtain masses M, by the loop correction [7]
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ga (1-1)
M= Gy iz
where 6; denotes the corresponding angle of three complex scalars and r is the supersymmetry
breaking parameter r = (6) + 6, + 63)/2. Without fine tuning, these parameters are of O(1) and
the gg / (471)2 are of (9(10_2), therefore we obtain M, /M = (9(10_2). The threshold correction
due to the superpartners to SU(N) gauge coupling a;l (M) is

(B.1)

12N M?
——— 7 Joog —% B.2
1= 3 e (B.2)
for adjoint fermions and
1 N, M?

for adjoint scalars. For the SU(3) case, these corrections are of O(1), which does not significantly
change our results. The effect of the superpartners of quarks and leptons are less important than
that of gauge bosons since they have mass at tree level.

If r is very close to 1, M, can become very light, e.g. M;/M, = O(10'0). In this case, since
the corrections are comparable to the tree gauge couplings, our assumption is no longer valid.
However, even in such a special case, the perturbative constraint in Section 4.1 is still valid,
because these corrections make the gauge coupling bigger. This means that the perturbative
condition becomes more severe for such a case and that the red data points in Figs. 1-3 shift
towards larger (a3 /oy, o2 /oy ), moving away from the blue data points.. These corrections only
strengthen our constraint.

B.2. The KK and winding modes

The masses of KK and winding modes on a two-dimensional torus are given by [31,33]

) a ( " ‘[)2 (B.4)
amggy =——— o .
KK R%n2 + R%m2 P73
1 o\2
’ 2 _ e
o mwinding - ;—;I/ﬂ T ;_;mz (C] + 2) ’ (BS)
2 1

where 1 is the Wilson line in the D-brane and o is the displacement of two D-branes. We do not
consider the Wilson line and set 7 to zero. o is normalized from 0 to 1. The masses of KK and
winding modes depend on the compactification moduli parameters and winding numbers. Here,
we compute these masses in the explicit model shown in Section 4.3 and study their effects.

The masses of KK and winding modes of the SU(3) gauge boson are as follows,

O‘//Kl 2 “//KZ 2 “//K3 2

Ot/mz =
KK.SU®) = 1927371 10—14/9324_1014/9(%)2172 10-2/332 +102/3(1)? 3
o o 1 o 1
~ Lo L 2% 2
KOt o T s

’ 2
& Myinding SUG) = o273 91 2

1014/932 4 10—14/9(%)2
K11 , K1 , Kz 1 ,
T wael Tyt g

102/332 4+ 10-2/3(3)
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K; denotes the area of the ith torus, and p;, g; denote the KK momentum and winding number
in the ith torus. We set K1 K»K3 = o’3 in the previous analysis. The masses of SU(2) gauge
boson’s KK and winding modes are

) _d/Ky o' /K> o' /K3 2

“MRK.sUQ@ = o273 P1 T p—1a02 P P3+ 1023
NO/ 1 2 o 1 2 o 1
“K 467 1<0112 K46p3’

2 Ki/o Ky /o K3/o'
a mwmdmg N 10 273491 P+ 1014/922 92 ;+ 10— 2343

461+ Z20.1143 + /4.6q§. (B.7)

There are also the superpartners of the KK and winding modes of gauge bosons, that is, 4 gaugi-
nos and 3 complex scalars. Their masses are

2 2 2
M superpartners, SU(N) — MKK,SU(N) + Myinding, SU(N) + SSU(N)’ (B.8)

where S5y (y) denotes the supersymmetry breaking effect. In addition to that, there are extra
fermions having gauge charge. The masses of extra fermions between the D6,-brane and the
D6, 4+-brane are written as

!
2 2 o«'/Ki , o'/K
MEK ad® +(x/mwinding,ad =025 + == 102/2 (41 + 04qe)’
o K
~—46p7+ 0)2. B.9
K pi+ ,46(Ql+ ,1()) (B.9)

These two fermions have almost the same masses of KK and winding modes. The only difference
is the distance o, and generation number. The ad mode has four generations and the ad* mode
has eleven generations. These are all of the SU(3) charged KK and winding modes which can be
significantly light.

The one-loop threshold correction for SU(3) gauge coupling is computed as

1 dsu@)
ASU(3)—_HII Z log <1+ 2 0

MK su3) T Myinding,SUG)

KK,winding
14 8,40
+—215 > g1+ ad® : (B.10)
4 3 — m2 +m
KK, winding MYK ad® w1nd1ng ad®

where 8,,0 denotes a supersymmetry breaking effect. If K; is comparable to «’, the lightest
mode is the gauge boson’s winding state on T22. We can approximately write

11 3230/ 28513
Asy3) :_H Z log (1+K—2()

2p
2 of 2
p5<323 X

11 / 2,2
~ = — | dxlog(l + /sy M*/x%)
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11
= _E M log(1 + 0l/8SU(3)) — log(1 + Ol/SSU(:;)MZ)

Lriyedsue o ITivedsusM

1-— i,/Ol/SSU(:),) & 1—i 05/55U(3)M

11
=— (M? — M)a'8su) + O 8503)%)s (B.11)

+ i/a'SsyzyM | log

where M denotes (323a’/K>)'/?. As mentioned in the previous subsection, the supersymme-
try breaking effect dsy(3) is of (IO_ZMS)2 unless fine tuning is applied. Then, Agy3) is of
O(107%a’/K,). Using the SM renormalization group equations, we obtain 1 /o¢§(1018 GeV)
~ 40. The above threshold correction to the gauge coupling is sufficiently small if K»/a’ < 1072,

In the SU(2) sector, considering (B.7), there are not so many SU(2) charged KK modes and
winding modes lighter than M. The correction of SU(2) would be smaller than of SU(3). This
holds true for the U (1)y gauge coupling, too.

To summarize, in the model shown in Section 4.3, we conclude the one-loop threshold correc-
tions due to massive modes are irrelevant if the area of the torus K; /o’ is of O(1). Other models
may lead to similar behavior.
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