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The product-group unification is a model of unified theories, in which the masslessness of the two Higgs
doublets and the absence of dimension-5 proton decay are guaranteed by a symmetry. It is based on the
SU(5)X U(N)(N=2,3) gauge group. It is known that various features of the model are explained naturally
when it is embedded in a brane world. An idea of how to accommodate all the particles of the model in the
type-1IB brane world is described. The GUT-breaking sector is realized by a D3—D7 system, and chiral quarks
and leptons arise from the intersection off D7-branes. The D-brane configuration can be a geometric realization
of the nonparallel family structure of quarks and leptons, an idea proposed to explain the large mixing angles
observed in neutrino oscillations. The trilinear interaction of the next-to-minimal supersymmetric standard
model is obtained naturally in some cases.
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[. INTRODUCTION brane world. Thus, Refg18,19 tried to embed thdd =4
model into toroidal orientifolds of the type-l1IB theory, al-
Supersymmetric grand unified theori¢SUSY GUTS  though the variety of toroidal orientifolds was not enough to
have been considered as the most attractive framework beccommodate all the matter contents of the model: i.e., par-
yond the standard model ever since the gauge-coupling uniicles in the GUT-symmetry-breaking sector, Higgs multip-
fication was observed1]. However, the GUT scale lets, and quarks and leptons. One of the purposes of this
(~10' GeV) is much higher than the energy frontier, andarticle is to illustrate an idea of how to embed all the par-
only a little is known about how the theory should be. ticles in the type-lIB string theory. We do not restrict our-
The two following clues are the most important amongselves to toroidal orientifolds and consider genéadtenti-
all. First, the two Higgs doublets of the minimal SUSY stan-folded) Calabi-Yau 3-folds. Various properties of tie= 4
dard model(MSSM) should be almost massless, althoughmodel are translated into local properties of D-brane configu-
their mass term is not forbidden by the gauge group of theation and geometry of the Calabi-Yau 3-fold@0]. We also
standard model. Second, dimension-5 operators contributingxtract some implications to phenomenology, although an
to proton decay2] should be sufficiently suppressg8, 4],  explicit string model is not obtained in this article.
although they are not forbidden either. These two clues are This article is organized as follows. We briefly review the
not independent. Suppose that either of those operators B=4 model[11-13 in Sec. Il and explain the motivations
forbidden by a symmetry, and then the other is also forbidto embed it in a brane world. The model is embedded in the
den: type-IIB theory in Sec. lll. Section Il A describes the em-
bedding of the sector responsible for breaking the unified
WHHH  — W3 gy, (1) symmetry. Section Il B is devoted to Higgs particles, where
we also see that the next-to-minimal SUSY standard model
(NMSSM) [21] is obtained as a special case. Section Il C
describes the idea of how to obtain quarks and leptons. The
Ws gyH, 2) origin of the B-L symmetry and right-handed neutrinos is
also discussed. The D-brane configuration there provides a
is allowed by the symmetry. Thus, the two clues can be congeometric realization of the nonparallel family struct(28—
sidered as a manifestation of an unbroken symmetry. 24], which is suggested by the large mixing angles in neu-
In the presence of such a symmetry, only three types ofrino oscillations. The final section is devoted to a summary
mass matrices are possible for the Higgs particles. One is thend open questions.
missing vacuum expectation vald¢EV) type [5]. Models
with unbroken symmetry were obtained[®—9]. Another is
the missing partner typlel0]. Models were obtained ifl1- Il. BRIEF REVIEW OF PREVIOUS RESULTS
13]. The last type involves an infinite number of Higgs par-
ticles, which can be obtained as a Kaluza-Klein to\et—
16]. Product-group unification models based on the product
We investigate the mod¢lLl1-13 of the missing partner gauge groups SU(5),rXU(3)y and SU(5)ytX U(2)y are
type. It was pointed out ifi17] that various features of the constructed in a four-dimensionaDE4) spacetime with
model are naturally explained when it is embedded in a\/=1 SUSY[11-13. They are quite similar. Thus, we only

provided the Yukawa coupling of quarks and leptong (
with Higgs particles (),

A. Review of the model
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TABLE I. R charge assignment of the SUR)x U(3)y model.  metry forbids various dangerous operators such as mass

i o — . — P terms of the Higgs doubled/>H;H' and proton-decay op-
Fields 51,100 HUH X5 Qf,Q, Q Q2  erators of dimension 4WD5*-10-5%, and dimension 5,
R charge(mod 4 1 0o 0 2 0 5 _o WD5*.10-10- 10. It is not broken even after the GUT sym-
metry is broken, because the VEQQ) does not carry the
R charge. It is broken down t® parity when the SUSY is
review the SU(5),1XU(3)y model in this section. For a broken. Therefore, the two Higgs doublets have a mass term
review of the SU(53,1X U(2), model, sed19,28,. (so-called i term) only after the SUSY is broken. The
The “unified gauge symmetrytor which we refer to as dimension-5 proton-decay operators have a suppression fac-
the GUT symmetry in the following of the model is tor (msysy/M, ), and hence they are irrelevant to the proton
SU(5)sutX U(3)y instead of the simple SBB). Quarks and ~ decay. Thus, the two difficulties in SUSY GUTSs discussed in
leptons are singlets of the U(3pauge group and form three the Introduction are naturally solved by tfraod 4-R sym-
families of 5* + 10 representations of SU(§)r. The Higgs  metry.
multiplets that contain the two Higgs doublets &€5)' and Itis also remarkabl¢25] that the discret® syzmmetry is
H(5*);, which are also singlets of U(3) Fields introduced €€ from a mixed anomalyR mod 4) SU(3)4]* and can

to break the GUT symmetry ar¥®; («,8=1,2,3) trans- be free fror2n another  mixed anomaly R (mod
forming as (adi=8+1) under the SU(R)urXU(3)y X4)SU(5)gut]®. Therefore, the symmetry can be an un-

w o o - . broken subgroup of a gauge symmetry. This fact sheds light
gauge group andQ (i=1,....5+Qs and Q. (i the question why thémod 4-R symmetry is preserved
=1,... 51+ Q transforming as%* +1,3) and 6+1,3*).  with an accuracy better than 18.

The SU(5)yr indices are denoted hyj and those of U(3) The fine structure constants of the MSSM are given at the
by a,8. The chiral superfieldX“; is also written as tree level by

X(t)*g (€=0,1,...,8), wheret,(a=1,...,8) areGell-

Mann matrices of the SU(R) gauge group and tq 1 1 1 1
=15,3//6, where U(3),=SU(3)yx U(1),. —=—= +—, (4)
The superpotential of the model is givEr3] by %3 ¢ %ur %3
W= \2X31Q' X3(t) aﬁQiﬁ+ V20 54QC.XA(t,) "3Q€ iE 1 - 1 (5)
A w0t e AB 1 N6 \Ot va B @y oL Qgut
+ V20 11Q"uX%(t0) “ Q% + V21 14Q%6X (1) “5Q”%
- \E)\lHU Zxaa and
+h,ﬁiaaQa6+h66aQaiHi i=é_ 1 +i (6)
+¥1010-10-H+yg, 5 - 10-H+ - - -, 3) @ ay agur @1y

where agyt, @3y, andaqy are the fine structure constants

of SU(5)gut, SU(3)y, and U(1),, respectively. Thus, the

MSSM coupling constantg;, a,, and a, are unified ap-
roximately, whenasy and a4 are sufficiently large. Al-
ough the unification is no longer a generic prediction of the

where the parameteris taken to be of the order of the GUT
scale,y,o and ys, are Yukawa coupling constants for the
quarks and leptons, andyy, A3y, N1y, Ajy, h', andh are
dimensionless coupling constants. Ellipses stand for ma
terms of the neutrinos an@then nonrenormalizable terms. o .

present model, it is a consequence of the relatively large

The fields Q% and Q', acquire VEVs,(Q%)=vd" and  ga,ge coupling constantss; and ayy, or, equivalently, of
(Q,)=v4d,, because of the second and third lines in @)  the relatively small constankg,r. The condition for the
Thus, the gauge group SU(&§)r< U(3)y is broken down to  approximate unification is
that of the standard model. Mass terms of the colored Higgs
multiplets arise from the fourth line in E@3) in the GUT-
breaking vacuum. On the other hand, mass terms of the
Higgs doublets are absent in the superpotent® and
hence they are massless. No unwanted particle remains in the ,
massless spectrum after the GUT symmetry is broken down NOW we have two remarks on the present model. First, let
to SU(3kX SU(2), X U(1)y . us neglec_t the Weal_< coupling SUG) interactions, and
The superpotentiald) has a(mod 4-R symmetry: theR then the first three lines of the supe_rpotean(.@)_pres.e_rve
chargesmod 4 of the fields are given in Table I. This sym- V=2 SUSY. Indeed, the chiral multipleXj; is identified
with the N=2 SUSY partner of the U(3) vector multiplet,
and the chiral multiplet® + Q are regarded a&'=2 hyper-
The normalization condition tt(t,) = 5,,/2 is understood. Note ~Multiplets. The first two lines in the superpotential are noth-
that the normalization of the followinty is determined so that it ing but a part of gauge interactions of thé=2 SUSY
also satisfies ttgty) =1/2. theory when

=(10-100 X

1 1
—, —| ()
aGut Q3y a1y
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NG o2 teractions between them satisfy thé=2 SUSY, as in the
A M3H () MIH L . . .
agy=agy =4 . ap=aly =, (8) model. This is the primary motivation to embed the product-

group unification model into a brane world; the GUT-

are satisfied. The third line is interpreted as the Fayetpreaklng sector is supposed to be localized on “branes.

lliopoulos F term. Now, this partia/=2 SUSY is not only In string t_heories,N goincident D-branes support NJ
theoretically interesting, but also plays important roles ind@uge theories on their world volume. Thus, the product

phenomenologyti) the renormalization-group flow afs,is ~ 9aUge group is quite ubiquitous in string vacua with
stabilized only when the\'=2 SUSY relation(8) is pre- D—branes. In partlculqr, five coincident D-branes &hdoin-
served approximately, andi) large threshold corrections Cident D-branes realize the U&rx U(N)y gauge group
from the particles in the SU(3}adj representation vanish (N=2,3). Massless fields in the bifundamental representa-
when it is preserved. For more details, $26,27. tions appear on the common locus of the two stacks of

The second remark is that the cutoff schg should be  D-branes. Referencé$7-19 consider that U{),-charged
lower than the Planck scaM ,=2.4x 10'® GeV. There are particles—i.e., the GUT-breaking sector—are obtained on a
two reasons for this. First, the coupling constant; be-  world volume of D3-branes and that the SU{B} gauge
comes too large below the Planck scale because the U(1)ield comes from D7-branes. Rotational symmetry of the in-
interaction is asymptotically nonfre@ee[26,27 for more  ternal space plays the role of tieesymmetry.

detail9. The second reason is tmﬁ@/mi , which breaks When the total volume of the internal space is large, the
the SU(5)s,r symmetry, should not be too small, or other- fundamental scalé/, is lower than the Planck scaM .
wise, it would be unable to account for the difference be-This is one of the features required for the SW{%)
tween the Yukawa coupling constants of the strange quark U(N)y model N=2,3). Moreover, the world volume of

and of the muon at the unification scale. the D-branes for the U(%),1 gauge group can also be large
since the total volume is large. When the world volume is

moderately large—i.e., 10—100 in units ofMl/—the fine

structure constants of the U(§)r interactions are relatively
Reference¢17-19 tried to embed théd =4 models in  small by 1/10-1/100 when compared with those of L}(3)

Sec. Il Aiinto a brane world. This subsection briefly eXp|ainSThis is also a desired feature of the model.

the motivations of the embedding. One may skip this subsec- |In summary, the string vacua with D-branes may be able

tion, because the construction in string theory begins in thgo explain five featurésof the SU(5),rX U(N)y model

next section. (N=2,3): namely,(i) the partialN=2 SUSY in the GUT-
The product-group unification model in the previous sub-preaking sector(ii) the origin of the product gauge group,

section preserved/=2 SUSY in the GUT-breaking sector. (jii) the origin of theR symmetry,(iv) the cutoff scale lower

However, the full theory has onl)=1 SUSY. Thus, itis a than the Planck scale, arfu) the relatively small coupling

logical possibility that the multiplet3V and X“; are not  constant of the SU(5),r interactions. Therefore, we con-

related by anything likeNV=2 SUSY in their origin, and sider that it is well motivated to embed the model into string

neither areQ and Q, and that their interactions look like Vvacua.

those of V=2 gauge theories accidentally. However, there

are two important observations against this possibility. First, I1l. CONSTRUCTION IN TYPE-IIB THEORY

the GUT-breaking sectotwith the N'=2 SUSY) couples ,

only to the SU(5)ur gauge fields and to the Higgs multip- Ve consider that the SU(§)r< U(N), gauge symmetry

lets. There is no direct coupling between the sector and th$:2'3) arises from space-filling D-branes. The type-lIB
il

B. Motivations to embed the model into string theory

chiral quarks and leptons. Thus, the GUT-breaking sector i&1€0"Y is compactified on Calabi-Yau 3-folds, and space-
decoupled from other sectotwith only A'=1 SUSY) when ling D-branes and orientifold planes wrap hc_>|omorph|c
only a few relatively weak couplings are turned off, and then CYcles [35,36, so thatD=4 gauge theories withV=1
the “symmetry of the sector” is well defined. Second, the
N=2 SUSY in the GUT-breaking sector plays important
roles in phenomenolog}26,27. Therefore, the apparet’
=2 SUSY in the sector can be a symmetry of more funda
mental theory, rather than an accidental symmetry.

It is not easy to understand the coexistence of the?2

2The extra W1) gauge symmetry contained in UG)rx U(3)y
can be identified with th&-L symmetry. It requires right-handed
neutrinos so that its triangle anomaly is canceled. Right-handed
neutrinos can lead to tiny masses of left-handed neutrinos through

- N . : . the seesaw mechanidi#8,29. See the discussion in Sec. Il C.
and//=1 SUSY inD =4 theories, but easy in theories based 3It was also pointed out inl7] that the SUSY flavor problem may

on higher-dimensional spacetime. Higher-dimle_nsional theobe solved through the gaugino-mediation mechar(isa] in this

res _have extended SUSY. 'I_'hey are compactified on CurVeﬁiamework. This is because the SUER} gauge field propagates in
manifolds so thaD =4 theories with onlyV=1 SUSY aré  {he internal dimensions—say, on the D7-branes—while quarks and
obtained at low energies. Let us assume that there is a poifdytons may be further localized inside the world volume of
n the |nterna| man|f0|d around Wh|Ch an extended SUSYSU(S)GUT (see Sec. Il @ After []_7] was pub“shed, however, phe_
such as\V=2 is preserved, while the full geometry has only nomenological and theoretical problems of the gaugino mediation
N=1 SUSY. If the GUT-breaking sector is localized at suchwere pointed out by31] and[32], respectively. Further investiga-
an N'=2 preserving area, then the particle contents and intion of this issue is necessaf$3,34.
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lets from the D3—-D7 open strings are not projected out from
the spectrum. In summary, we have Af=2 SUSY UN)
gauge theory oD =4 spacetime, whose matter contents are
six hypermultiplets in the fundamental representation. The
D7’s wrapped on a 4-cycle ¥ flavor symmetry of this hypermultiplets is(8), which arises
from the D7-branes. The matter content is just what we want
for the GUT-breaking sector. Thus, we identify the NJ(
FIG. 1. A schematic picture of the local geometry®¥; and  vector multiplet and hypermultiplets with the N} vector
D-brane cor.lfiguration in it. Only the parts relevant to Sec;. M Amultiplet (W,Xg) and the hypermultipletsQﬁ‘,a;) in the
(GUT-breaking sectgrand Il B (Higgs particle are described  pifundamental representatiohl (5* + 1) [or, equivalently, in
here. (N*,5+1)] in the previous section.
The center-of-mass (@) part of the UN) vector multip-
SUSY are obtained at low energies. Quarks and leptons arigets, however, is no longer massless at the quantum level
from open strings connecting those D-branes. This is th€40]. Thus, there should be at least one more fractional D3-
picture we have in mind. brane at theC?/7Z,, singularity. This extra D-brane is re-
Referenc¢20] emphasized that the discovery of D-branesquired also because of the consistency condition associated
brought a new method into string phenomenology. Providegith the C?/7y(o) singularity. The Ramond-Ramond tad-
that a gauge theory is obtained from D3-branes trapped at gjble cancellation conditiofd1] is given by[42]
orbifold singularity, some ofthough not necessarily all of
henomenological properties of the gauge theory are deter- [T
g}ined only fr(?m thep Io?:al geometry gndgllocal cor{figuration r(y7,00) =4 S'nz(ﬁ) r(ys00=0 (k=1,... M—1).
of the D-branes. One does not have to know the whole in- 9
formation of the Calabi-Yau 3-fold in obtaininggome of
phenomenological predictions. Referen¢8s37—39 share
the same ph"osophy in a S||ght|y extended form; geometryb\” fractional D3-branes and D7-bl’anes, no matter where
around singularities and some properties of cycles on whickhey are in the direction, contribute to the condition. Since
Kaluza-Klein monopoles and D6-branes are wrapped aréhe€ Ramond-Ramond tadpoles do not cancel in the J(3)
sometimes sufficient information in deriving some of phe-XU(6)p7 model, extra D-branes have to be introduced. We
nomenological consequences. This approach can be call@sume that there is a D-brane configuration which is consis-
the local construction or bottom-up approach_ tent with the tadpole condition and is free from unwanted
This approach enables us to proceed just as partide phyﬁxtra massless particles. Flndlng an explicit Configuration is
cists have been doing. Each sector of a phenomenologic#ft to further investigation.
model is realized by D-branes. Only minimal requirement is Even though we do not specify the D-brane configuration
imposed on the local geometry so that the desired propertic?mpletely, there is still something we can learn. The (1)
of the model are obtained. After that, the local configurationvector field has to be massless and hence should not couple
of D-branes for various sectors is combined in a suitable wajo the twisted-sector Ramond-Ramond field. Thus, the origin
to form the whole model. One can leave any properties irPf the Fayet-lliopoulos--term parameter in Ed3) is not the
such a construction if one does not have to fix them. Yet on&/EV of the twisted NS-NS sector fields, but something élse.
can hope to obtain some phenomenological consequencds.is also easy to see that the gauge-coupling constants of
This is the approach we adopt in this article. SU(N)y and U(1); do not satisfy the relatioayy= a;y at
the string scale.
_ Let us now turn our attention to the six D7-branes. They
A. GUT-breaking sector are wrapped on a holomorphic 4-cycle so that ke 1

N fractional D3-branesN=2,3) and six D7-branes are SUSY is preserve{35,3¢. The cycle is denoted bY, (see
introduced for the GUT-breaking sector. The local geometryFig. 1.
around the fractional D3-branéhe GUT-breaking sectpis Now, the flavor symmetry (6) becomes dynamical. An
C?/7y, % C. The fractional D3-branes are at the orbifold sin- SU(5) subgroup of this 6) symmetry is identified with the
gularity, and the D7-branes are stretched in@3&7,, direc-  SU(5)gur- The U6) [and hence SU(%)y7] gauge coupling
tion while not in theC direction (see Fig. 1L Then,D  constantis given by
=4, N'=2 SUSY is preserved in the field theory localized at
the fractional D3-branes, due to the local D-brane configura-
tion and geometry. 1 1 vol(Zy)
When theN fractional D3-branes belong to the same rep- ay(e) Qs (2mJa)*'
resentation of the orbifold groufy, , they are trapped at the
orbifold singularity. We have a UN) vector multiplet of \/
=2 SUSY from the D3—-D3 open strings, while masslesswhile
hypermultiplets from the D3—D3 strings are projected out. If
the six D7-branes are in the same representaticfy,cds the
N fractional D3-branes are, then the massless hypermultip-“This issue is discussed later again.

locallly C*/Zy x C
fract. D3’s

non-trivial Chan—Patgn bundle

(10
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1 1
—_—=— (11
any s

Esss | Esgx
K(S@l)x(s*@l)H

Egss | Egex (14
The vector bundle€ss« and Egs+ are nontrivial and the
Thus, the string coupling is determined by the value ofspectrum no longer respects thé6lJsymmetry. The back-
ann—0s~ 1/2—-2. A moderately large volume of the cycle ground field strength has to satisfy the “generalized Hitchin
S equations” in[45] so that theD=4 N'=1 SUSY is pre-
served.
The spectrum of the D7—D7 open strings preserves only
vol(S,) N=1 SUSY, unless the local geometry around hehyper-
—F—~(10-100, (12 surface satisfies special properties. We have a(bBkéctor
(2m\a’)* multiplet of A'=1 SUSY, which is identified with the
SU(5)gut vector multiplet. There are two () symmetries
coming from the D7—D7 open strings at the classical level.
leads to the relatively weak coupling of SUgg)- in Eq.(7)  But they usually have triangle anomalies, which are canceled
or, equivalently, to the approximate unification of the MSSM by the(generalizefiGreen-Schwarz mechanism. In this case,
gauge coupling constants. Note also that the string scale ibe vector fields of the symmetries are not massless.
given by The number of masslegg=1 SUSY chiral multiplets in
the SU(5)-adj representation is given W(Tzlea/\/gl)
0 =h%(TX @Ky ) [46,47, whereTX;, A5, andKy are
1 2(277\/;')6 tangent, normal, and canonical bundlesXn respectively,
Ja' | 79 vol(CYsy) ol andh® stands for the number of global holomorphic sections
of the corresponding vector bundles. Thus, the SY(5ad]

(2m\a')? 12 chiral multiplets are usually absent in the low-energy spec-
= VT AGUTENH Vol(CY3)/vol(3 )) trum, just as desired in the SU&}>}U(N)y model (N
3 ! =2,3). For the massless chiral multiplets from the open
X 2.4 10" GeV, (13) strings connecting five and the other D7-branes, see Sec.

1 B.

The Calabi-Yau geometry has been required so far to sat-
isfy the following properties. It has to have a holomorphic
4-cycle; on which there is a point whose local geometry
should be(approximately C?/Z,,xC. The volume of the

and hence can be sufficiently low when the total volume o
the Calabi-Yau 3-fold is sufficiently large. Typically,

[VOI(CY3)/vol(Xy)J/4ma’ ~100 is necessary for 4k’ Coionival "3 told s moderately large in units of string

~ 7 . . . .
107 GeV. length in directions both tangential and transverse to the

The moderately large volume required above guarantee&dezl' The cycle has to satisfi®(TS &Ky )=0. It is
1

that the supergravity provides a good description to some . .
o . . . . not hard to find a Calabi-Yau 3-fold that possesses the prop-
extent; i.e., the vacuum is not in a purely stringy regime. We rties described above; one can find an exarie,., in

also see from above that the Kaluza-Klein scale is roughly 0518 19
the order of the GUT scale. Thus, it is tempting to speculate™ '~

ﬂjat th:a origin of trée (33UThscaIe, an?].hence dof thghFiyet— B. Higgs multiplets
‘ggmc;l;?zetiﬁr;ncalt?e q.(3), has something to do with the The SU(S}S_UTX U(3)y model requires the Higgs multip-

If the 3-form fluxes are introduced for the moduli stabili- /ets H'(5,1)+H;(5*,1) in the spectrum. It is economical if
zation [43]; the background 3-form field strength is of the they are also obtained from the D7-branes wrappe&on
order of a’/R® and the 2-form potential of the order of Moreover, it is desirable to obtaln.the Higgs multlplgts in this
a'/R?[44], whereR s the typical length scale of the internal w?y, because they have nonvanishing wave functions at the
manifold. Then, a dimension-2 quantitffor the Fayet- C?/7Zy, singularity (i.e., the locus of the GUT-breaking sec-

lliopoulos parameten?) is obtained from the background tor), and hence the interactions in the fourth line of E3).
P para S , . \ckg , are expected not to be suppres8dthus, we describe in this
2-form potential by multiplying 1', which is 1

12 5 ) . subsection how to obtain the Higgs multiplets from the open
% (a'/R°)~1/R". Thus, it may be that th&-field back-  girings connecting five D7-branes and anotfothers wrap-
ground for the moduli stabilization is also the origin of the ping the same 4-cycl& ;.

Fayet-lliopoulos tern{17]. Although the above idea is 00 "~ Sjnce one D7-brane has already been introduced in addi-

naive and neither the moduli stabilization nor back I’eaCtiOI’tion to the five D7-branes for SU(éD)T! let us first discuss

is ConSidlered, yet itis an interesting idea for the Origin of thQNhether itis possib|e to obtain both H|ggs mu|t|p|H§5)
GUT scale.

The U6) symmetry has to be reduced to &J[and extra

U(1)s]. To this end, a nontrivial background of the Sthe vector bundles have to be trivial around the GUT-breaking
U(1)CSU(6) field strength is introduced;(l) is a subgroup  sector, though.

of SU(6) that commutes with S(8). Let the Chan-Paton  ®we do not discuss how the superpotential of the low-en@&gy
bundles on the six D7-branes be denoted by =4 effective theory is generated.
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and H(5*) from those six D7-branes. The massless Higgs O7-plane

multiplets are in the spectrum wheh®(Esg® (TS, fract. D3’s
@Ky ))=1 and h®(Egs ® (T2 @Ky ))=1. Then, it fol-

intersection %; - X/

. . . D7-b
lows that there is a global section also in the tensor product D7-branes o on aii:l;zle oy
of the two vector bundles above. This implies that on a 4-cycle Xy
ho(@*(T3 8Ky ))=1, (15

since the vector bundlEgg+ ® Egs+ is trivial. Thus, we see
that the geometry along the 4-cyck, has to satisfy the
extra condition(15) in order that the two Higgs quintets are
obtained from the six D7-branes. FIG. 2. A schematic picture of the configuration for the chiral
There is another possibility where the two Higgs multip- multiplets in the antisymmetric-tensor representation. A holomor-
lets are obtained even when the 4_CyE|g does not Satisfy phic 4-CyC|eEy is the image OE:L under an involution associated
the condition(15). To this end, another D7-brane is intro- With the O7-plane. They intersect at a holomorphic cufyeX,,
duced which is also wrapped on the 4-cydg. Let the (thick curve in the figure D7-branes are wrapped on the 4-cycles,

Chan-Paton bundles for massless open strings be denoted B the SU) cur gauge field propagates all over the world volume.
The matter in the antisymmetric-tensor representation arises at the

intersection. The GUT-breaking sector is realized by fractional D3-

Esss | Esgn | Es7s branes located at @2/Z,X C singularity on the 4-cycl& ;.
Msotoyx@olon — | Eesx | Eeex | Eerx | . (16
GerehxEeren (18 What is shown above is a generalization of what was
Eqs« | Eqex | Eqrx found in[19]. There, the two Higgs quintets were obtained

along with the singletS in the explicit toroidal orientifold
. L _ model based o %/Z,,.
The condition(15) need not be satisfied now, since, say, Notice that the existence of the singltis due to the
Es7» @ Egsx =Egp is not trivial generically. property Vs =Ky , which is an immediate consequence of

thal—heh%l(l\éssg(I-T-Sug?(na)t;iaim tZ:]sdfrarr]r;((aév Orké (S_I%)posethe definition of Calabi-Yau manifolds. The NMSSM inter-
65* ! . 57 1 action(17) is the immediate consequence of thie=4 SUSY
®Ks,))=1, so that two Higgs quintets are obtained. Then, itinteractions on the D7-branes. The trilinear interaction re-
follows’ thath®(Egx @ A2(TS @ Kzl))zl. If this is due to  flects the fact that the internal manifold has three complex
a trivial bundle in Eqx®@/A\3(TS & Ks,), then its dual dimensions. Thus, it is quite interesting if the NMSSM inter-

bundle E,g®(TS,®Ks.) also has a global holomorphic action is discovered in future collider experiments.
1

section. Thus, another massless chiral multiplet is in the
spectrum, which comes from the open strings connecting the C. Quarks and leptons
sixth and seventh D7-branes. This chiral multiplet is a singlet

of SU(5)syr, Which is denoted bsg The interactions on the Let usbnow iIIustratedt_he idea of how th_e quarks and_lep-
D7-branes predict a trilinear coupling in the low-energy ef-1ons can be constructed in type-IIB vacua in a way consistent
fective superpotential, with the model we have constructed in the preceding subsec-

tions. The model of unified theories we have considered is
based on S(b)-symmetric matter contents, and not on
SO(10)-symmetric ones. This is the case when the five D7-

which is nothing but the interaction of the NMSSt]. The ~ 2ranes are not wrapped on the same cycle as the O7-plane
and their orientifold images arsee Fig. 2

co_efﬂment of this operator is of the O(der of the gauge cou- On the other hand, matter in the Erantisymmetric-

pling constant of SU(%yr at the classical level. But we do ; . I h b q

not understand all the dynamiéscluding the nonperturba- tensor representation arises on a locus where D-branes an
their orientifold images coincide. Therefore, the D7-branes

tive one that generates necessary superpotential coupling?or the SU(5)sr gauge group should intersect with their

and hence it is impossible to derive a quantitative prediction_. . . ; : .
for the value of this coupling constant. orientifold mirror images in the Calabi-Yau 3-fold, and the

antisymmetric-tensor representation should arise tlsee
Fig. 2). The SU(5),110 representation is localized on a
complex curve in the Calabi-Yau 3-folgFig. 2).

Ws S{HPHY, 17

'hO(Egsr ®Es7+ ® N*(T2 @Ky ))=1 does not follow when
Egs« =Eg7+. However, we do not consider this case in this article.
This is because the isomorphism implies that the Chan-Paton
bundle Es;« is also trivial around theC?/7Z,, singularity in Sec.

Il A, U(7) symmetry is enhanced there, and another massless hy- Let us first describe a simple toy model that shows the
permultiplet in the U(3)-(ant)fund representation appears in the essential feature of how the chiral matter in the Si4(3)10
spectrum, invalidating the gauge-coupling unification. representation is obtained. An orbifold is used to construct

1. Toy model for chiral matter at the D¥D7 intersection
on the orbifold
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452 complex coordinates transform as

729z, zp>e %z, zg—>e '9z;. (18)
D7- D7, This transformation belongs to $8), and hence theD
=4, N=1 SUSY is preserved. Note that it also preserves the
world volumes of both stacks of D7-branes, and hence extra
3 D-branes do not have to be introduced as images of/{he
> action. When the matrix twisting the Chan-Paton indices is
chosen suitably, two states among four in the Neveu-
Schwarz(NS) sector and two states among four in the Ra-
mond (R) sector survive the orbifold projection. Thus, one
21 chiral multiplet in the antisymmetric-tensor representation is
in the massless spectrum, while its Hermitian conjugate is
projected out. For more details, see Appendix A.

2. Model of chiral matter at the D#D7 intersection using
the curved manifold

The toy model above yields ak=1 chiral multiplet in
the antisymmetric-tensor representation, yet we have only
FIG. 3. Toy model explained in Sec. Il C 1. Heed is the ~ ON€ family; one hypermultiplet is obtained &P'xT?, and
coordinate ofT2, and (2,2%) are those ofC2. Orientifold projec-  half of the massless modesne chiral multiplex remain in
tion is associated with the reflection in tiz® direction, and hence the spectrum, while the other half is projected out. The only
the O7-plane is the fixed locus of the reflection—izZ=0 hyper- ~ one family, however, is not a generic feature of the chiral
surface. D7 is the orientifold mirror image of DY . matters obtained at the intersection of D7-branes, if we do
not restrict ourselves to the simplest model above, which

the toy model, where the complex curve where the chiraHSesT? and its orbifolds. _ .
matter lives is compact, while the total Calabi-Yau space is Suppose that there is an O7-plane in a Calabi-Yau 3-fold.
noncompact. This semilocal model is considered as a modé} Stack of D7-branes is wrapped on the holomorphic 4-cycle
of the local neighborhood of the curve where the D7-branesv1 and another stack of D7-branes is on another holomor-
intersect. We describe a more generalized model in Se®hic 4-cycleX;,. The 4-cycleXy, is supposed to be the
Il C 2, where we do not restrict ourselves to orbifolds, inimage of2; under the involution associated with the orien-
which an arbitrary number of families of chiral matter can betifold plane. We consider that each stack consists of six or
obtained. seven D7-branes, or more, if necessary. Yang-Mills fields on
Let us suppose that the six internal dimensions are of théhe D7-branes oi ;, are identified with those oB;. Their
form T2x C?, whose complex coordinates argfor T2 and  Kaluza-Klein zero modes have been discussed in Secs. IIl A
(2,,25) for C2. Two stacks of space-filing D7-branes are and Il B. Now let us assume that the two 4-cycles and
stretched  in 2,/\2;/\(COS62,Sin 6z)/\(COS6Z, Sin 6z3) 3,/ intersect at a holomor_phlc cunk; -3, as in the toy
(see Fig. 3 Here, 6 is a constant angle and is arbitrary, model of Sec. i c ](se_e Fig. ?_.The magsless matter con-
unless it is an integral multiple ofr/2. These stacks are tents localized at the mtgrsectlon consist _of two complex
mapped with each other by an ) transformatiorf. Thus, ~P0SOns and a Weyl fermion dEZG spacetime. The wo
we have aD =6 (1,0 SUSY gauge theory if the volume of POSOns are sections ofy ®ES @My x5, and ES
T2 is infinite, and aD =4, N'=2 SUSY gauge theory if the ®E21,®Ngl.zl,|21, [46,48, and the fermion is a section of
volume is finite. When the O_7-_p|ane is stretched in theEEl@)Egl,®/\/§/12.21’|21®N511/§1,|21’ [49,48; here,
(21,2,) complex planes—i.e., it is wrapped on tag=0 N5, .x, |z, is the normal bundle on the intersectian- >,
hypersurface—one stack of D7-branes, Dn Fig. 3 is the 1o . L
orientifold image of the other stack D7 The gauge theory 2@ssociated with the embeddingis()[s, s, ‘- 2y
consists only of a hypermultiplet in the antisymmetric-tensor>1 and Ns_ s s, with the embeddingi¢ )|s .5 21
representation. %1%y, . By, denotes the Chan-Pator{1) bundle onX ; that
The system described above Stl|! prgserﬁész SUSY, leads t0 Ey ®E% ~Egg @ Esge ®Egee ®Egpe @ - - - intro-
and the matter contents are vector like in e 4 effective duced in S . " 1 4B, E | th |
theory. Thus, we impose an orbifold projection to obtain a° - c€d !N S€C. Alan )- Es,, plays the same role on
chiral theory. Let us considerZ, orbifold? where the three >1 asEs, does onX;.
The complex curveX,-%,, is compact, and hence we
obtain massless modesBf=4 theories through the Kaluza-
8Indeed, an S@) transformation betweem, and z; by angle  Klein reduction of the two complex bosons and the Weyl
26 does the job. fermion on the curve. The net number of massless complex
9The Zy has to be a symmetry &, anda e (27/N)Z. scalar fields in chiral multiplets is given by

O7-plane
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— Ko 0
Ng=h"(2;-21 By ®ES ®N5 5,s) —h (2130 BY ®Es ®Ns 5 5,,)
—ho 1
=h%(2;-31 By ®ES ®N5 5,s)—h* (2130 By ®EY ®Ny 5 s,)

=x(21-31 By ®EY ®Ny 5 s,)

ZJ; s Ch(Ezl(X)E§1,®Ngl_zl,|zl)Td(T(21'Elr)), (19
1"<1’

where the Serre duality and the Calabi-Yau condiﬂ'dr(21~21/)®N§11,21,|21,:N21.21,‘21 is used in the second equality,

and the last equality is the Hirzebruch-Riemann-Roch formibitd. Here, y, ch, and Td are the Euler characteristic, Chern
character, and Todd class of complex vector buntfl@he number of chiral fermions is given by

Ne=index s D, op* 112 -1/2
F 212y By OB ONSTs s, OV 5 s, )

:Jz . ch(Ex, ®EY @NYZy v ®NTR s DAT(21-31)
1 =1’

ZJ; S Ch(Ezl@)E§1,®Ngl.gl,‘gl)Td(T(21'211)), (20
12

where the first line stands for the index of the Dirac operator Let us turn our attention to the chiral multiplets in th&

on the curveS ;-3 , andA is theA class* The Calabi-Yau representation. They are obtained just in the same way as the

condition  —(1/2)cy[T(S1-31)1=(L2)[cy(MNs, .5, x,) chiral multiplets in thelO representation are obtained. To be
Lo more explicit, another D7-brane wrapped on a holomorphic

TNy gy )] i usgd in the Ia}St equality. There“?re' the 4-cycleX, is introduced, and , is assumed to intersect with
number of massless chiral bosonic modes agrees with that of, on a complex curve ;- S, (see Fig. 4 Massless par-

fermionic modes, as expected frdin=4, N=1 SUSY, and ticles in the §,1*) [or (5%,1)] representation arise at the
Ng=Ng gives the number of families of chiral multiplets for intersection from the open strings connecting the D7-branes
each irreducible subbundlgubrepresentatigrof the Chan- on3; andX,. After the Kaluza-Klein reduction on the com-
Paton bundleEy ® E§1" Note that all ofEy, andEs , in  plex curve,D=4 massless matter contents can be chiral

Egs.(19) and(20) should be, precisely speaking, replaced byWhen the Chan-Paton bundles an and X, are suitably
(is.)|s..s.)*Es. and ((is.)|s..s. )*Es.,, respectively; chosen. The number of massless chiral multiplets in5he
1/t 1 /&=y 1"’ !

the abuse of notations is just for visual clarity. The formulas
(19) and(20) are nothing but a local version of the formula infersection
. - . PP D7-brane 20 =2

of the number of chiral multiplets if61], where it is given on & d-cycle 5, / D7—bia:nel 5

by paring of the Ramond-Ramond charges of the D-branes on & Sayele Sy

[45,48,52,53 For the relation between the formula [i51]

and(19), (20), see Appendix B.

The formula of the number of chiral multiplet&9), (20)

or, equivalently(B4) in Appendix B, is applied to two stacks

of ordinary D-branes. When the two stacks are identified

under the involution associated with the O7-plane, the “bi-

fundamental representation” is a sum of antisymmetric-

tensor and symmetric-tensor representations. The multiplici-

ties of both representations are obtained by combining Egs.

(19), (20) and an orientifold-invariant self-intersection num-

ber [54,55. The local expression of the latter is found in

[56]. Vacua without massless multiplets in the symmetric- g 4. A schematic picture of the D-brane configuration for

tensor representation are phenomenologically desirable.  quarks and leptons. The SU&)r gauge field propagates on the
D7-branes orx, and3 . . The chiral multiplets in thd0 represen-
tation are localized ofX ;-3 1, and those in thé&* representation

OFor their definitions, seg50]. (and right-handed neutrinpsn 3,-3,. The GUT-breaking sector
Hsee[50] for a definition. is denoted by a small dot di, (and its orientifold image ol ;).

-8 -5,
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representation is given by Eqd.9), (20) with X, replaced The Bianchi identities of the Ramond-Ramond potentials
by 3,. are given by®[48,53,5§

The mechanism to obtain chiral matter discussed so far is
essentially the one if61,55. dG:EK vx(Zk,Ey)), (22)

A U(1) symmetry arises from the D7-brane wrapped on
3,,, which is denoted by U(%) Thus, the chiral multiplets

) : : . whereG is the sum of field strengths of the various Ramond-
obtained above are not in tH&* representation, but in a

bifundamental representation 55,1) under SU(5}yr Ramond potentials ade(Ek'Ezk) 's the Ramond-Ramond

% U(1)o. However, this is not a problem. The Ugl3ymme- charge of a D-brane wrapped on a cyEle. HereEy, stands

try has a mixed anomaly with SU(&)r because of the chi- for the Chan-Paton bundle on it. The explicit _expressi(_)n for
ral multiplets. All the anomalous (@) vector multiplets be- the Ramond-Ramond char#5,48,52,53,59,60is given in
come massive through the Green-Schwarz interactions arfeds- (B1), (B2) in Appendix B for convenience. The both
are irrelevant to the low-energy physigs7]. Likewise, the ~ Sides of Eq(22) are in the even-dimensional cohomology of
center-of-mass u) Symmetry arising from the first five D7- the Cal-ab|'Ya-U 3-fold. NOW, both sides are Integl’ated on an
branes or is denoted byU(1)s and the W1) symmetry even-dlmensmna_ll cycle,_ _and then, the Ramond-Ramond
from the sixth D7-brane o, by U(1)s [and the one from Ccharge cancellation condition follows:

the seventh D7-brane axy by U(1),, if it exists]. They also

have a mixed anomaly with SU(§)r. Some of linear com- Lompact cycle Ofxzk ox(Zk 'EEK):O' (23
binations of these (1) symmetries can be free from anoma-

lies and have corresponding massless gauge fields. Let yge are not interested in the conditid@3) for the total
consider the following linear combination, which is free Calabi-Yau 3-fold(6-cycle, since we are concerned only

from the mixed anomaly with SU(g),7: about the local model. Conditions only for compact 2-cycles
and 4-cycles relevant to our construction are considered in
1XU(1)5+(=5)XU(1)o+5XU(1)g the following.
X[+5XU(1)7+---]. 1) The intersection of two holomorphic 4-cyclBsands.’ is

a compact 2-cycle - %', and hence we have a charge can-

. _a Ot llation condition associated with this cycle. This type of
The 10 representation is charged By2, 5* by —6, H(5*) cefiation ¢ .
by +4, andH! , «(5) by —4 under this symmetlry, and condition is applied for% -3/, 3,-3,, etc. A D7-brane

hence we identify this symmetry with the Ugl), symme- wrapped on’ contributes to the condition faX -3 ' by

try. The triangle anomaly of itself vanishes when there are ; _ roS

three chiral multiplets whose U(3), charge is—10. These f .gf(lz')*(l)_#(z'z 2, 24
multiplets are identified with right-handed neutrinos. Since

the open strings connecting the D7-braneSgnand the sixth  1-€., by the intersection number &f, X', and againX’.

(or seventh D7-brane on3; carries U(1}_, charge by HereN D7-branes wrapped ob contribute to the charge
+10, we expect the right-handed neutrinos to arise fronfancellation condition bNX#(X-X'-X). These contribu-
those strings. Therefore, it follows that the chiral multipletstions are, in general, nonzero and have to be canceled by
in the 5* representation and the right-handed neutrinos ar@ther contributions from D7-branes wrapped on other
localized at the intersectioB; - 3,,, whereas those in tiE0) ~ 4-cycles. A D7-brane wrapped on a 4-cydé contributes

representation are at the intersectdbp 3,/ (Fig. 4). by the intersection number £(%’-3"). o
A compact 4-cycleX, also has a condition, which is ob-
3. Ramond-Ramond charge cancellation and origin tained by integrating the Bianchi identit22) over it. This
of family structure type of condition is applied fok; and%,. Here D7-branes

. . 15
We have not discussed the cancellation of the Ramond\{vrapp(_:‘d or, itself contribute b§74

Ramond charges of D-branes. This subsubsection is devoted

to describing, in a qualitative manner, how the charges can f (is) (Ch(Ey)e Msp?2), o

be canceled. We do not try to obtain an explicit D-brane =

configuration and background geometry in this artiélél-

though some of phenomenological aspects depend on the zf cl(/\/g‘x)/\(ch(Eg)efcl(Nzwx)’z)z_form.
explicit solutions, there are also some generic features that =

do not depend on such details. One will see at the end of this (25)
subsection that the qualitative understanding of the Ramond-

Ramond charge cancellation suggests to us a possible geo=—

metric origin of the family structure of quarks and leptons.  13contributions from the background fluxes are not taken into
account here.
“The self-intersection formula for hypersurface )* (i), (1)
12Thus, it is not guaranteed that there is a consistent solutior= c1(Ny)x) is used.
that realizes the idea described in this article. We just assume that'°The expressioiiB2) is used for the Ramond-Ramond charge of
there is. D-branes. See also footnote 17.
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Other D7-brane$wrapped on a 4-cycl&”) contribute by

PR IIED VY

J; ( [ 2”’)* (Ch( EE”’)eicl(Ny”‘X)lz)zform

%1 - 51 (10)

(B)
= f ((is)]s.sm)* (Ch(Egm)e C1Nam@f2), (o (A) 5% (57+1)
2 _2///

(26) FIG. 5. Phenomenological models of family structure[@1]
can be considered as effective theories obtained by projecting onto

D5-branes, including the fractional D3-branes, also contribh® complex curvey -2y, (A). Multiplets in the5* representation
ute to the condition. These contributions have to cancel on@”d right-handed neutrinos are localized in the internal space, and
another for each 4-cycle. Notice that the effects of the orient® !arge mixing between them may be understood in terms of ge-

tifold projection have not been considered seriously, and thu@Metry- Another model ii62] can be considered as an effective
the above argument is only qualitative. theory obtained by projecting onto the complex cubge 3., (B).

. . : Multipl in the 10 representation are localized in the internal
The Chern-Simons interaction on D-branes guaranteesutpets the 10 representation are localized in the interna

that the theory is locally anomaly free at any points of thesmp;ﬁiéﬁnd the large hierarchy between them may be explained geo-
D =10 type-lIB string theory. Localization of fermions and Y

that of Ramond-Ramond charge are related through thﬁ]g the model in this article onto the complex curve
Chern-Simons interaction, and the charge gives rise to Propsy s (Fig. 5). There, the anomaly due to the chiral zero
inflow of anomalies for the localized fermid#8,53,59,60 1 oges ins* and the right-handed neutrinos flows into some
Therefore D =4 theories obtained after compactification aregoint521~21,~22, where the anomaly is canceled by chiral

free from anomalies, as long as the total sum of the anomalye o modes in the0 representation. Therefore, the frame-
inflow vanishes or, in other words, as long as the sum o ork in this subsection, in whichOs and5*'s are obtained

_I?r?m;nd-Ra(;n;nd ch:érgﬁs vanishes lcl)n.every cA:fomp‘lalct .Cyd&t (differen intersections of D7-branes, not only exhibits the
€ .abrlnofn i hamqn CI arge carll'ce atlonhonD7—cyc Tj IS lredrigin of the nonparallel family structure, but al$hope-
sponsible for the triangle anomalies on the D7 world vol-¢ vy makes it possible to obtain a better understanding of

umes and the cancellation on 2-cycles both for trianglé,qorgin of the family structure and Yukawa coupling of all
anomalies on D5 and box anomalies on D7 world V°|umesquarks and leptons

Incidentally, there have been proposed phenomenologica
models of the family structure of quarks and leptons that use
anomaly inflow and cancellation in the internal space
[61,62. It is one of the biggest mysteries in the context of The absence of a large mass for the two Higgs doublets
unified theories why and how the mixing angles of theand the suppressed dimension-5 proton decay give us impor-
SU(2)_ interaction are small in the quark sector while largetant clues to how a unified theory would be. The product-
in the lepton sectof63-66. Models in[61,62 are phenom-  group unification models, based on the SWE< U(N)
enological approaches to this mystery. Chiral multiplets ingauge group = 2,3), are one of a few classes of theories in
the SU(5%yur-10 representation and those in the which the two clues above are understood in terms of a
SU(5)ur-5* representation are assumed to have totally difsingle symmetry. A preceding workl7] suggests that a
ferent wave functionsi.e., localization propertigsProposed  brane-world picture may exist behind the models. Based on
there are ideas of geometric realization of the origin of non+this motivation, we have illustrated an idea of how to embed
parallel family structur¢22,23 desired phenomenologically. the model into the type-IIB string theory.

It is a remarkable coincidence that the D-brane configu- The type-lIB string theory is compactified on an orienti-
ration obtained in this article happens to support the phenonfolded Calabi-Yau 3-fold, and space-filling D-branes are
enologically motivated models of the family structure wrapped on holomorphic cycles of the Calabi-Yau 3-fold, so
[61,62; the models were proposed totally independent fromhatD =4, A'=1 SUSY is preserved. Various particles of the
the D-brane realization of unified theories considered in thisnodel, including quarks and leptons and particles in the
article. The multiplets in théd 0 representation are localized GUT-symmetry-breaking sector, are obtained as the massless
on the intersectioix.; - % ., while those in5* and the right- modes contained in open strings connecting those D-branes.
handed neutrinos are ob;-2,. Let us suppose that the We do not restrict ourselves to toroidal orbifolds as candi-
hypersurface& 1, 2;,, andX, have nonvanishing intersec- dates of the Calabi-Yau 3-fold. We allow ourselves to choose
tion number—i.e., #£,-%,,-3,)#0. Then, the models in a generic curved Calabi-Yau manifold, so that we can hope
[61] can be considered as effective theories obtained by prae find a suitable manifold that accommodates all the par-
jecting the model in this article onto the complex curveticles we need. Although one can no longer hope to calculate
3,34 [Fig. 5(A)]. There, the anomaly due to the chiral everythingwithout a conformal field theoryCFT) formula-
zero modes in thd 0 representation on the complex curve tion, it is certainly not our primary interest. Instead, local
2,-24 flows into some points3;-%;/-2,, where the geometry and local D-brane configuration are determined so
anomaly is canceled by chiral zero modes in Hierepre- that phenomenologically desired particle contents are ob-
sentation and the right-handed neutrinos. The moddl6Zh  tained. Once the local configuration is fixed, then it may be
can be considered as the effective theory obtained by projecpossible to derive some new phenomenological implications,

IV. SUMMARY AND OPEN QUESTIONS
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if not predictions. This is what we hope to do. type-1IB string theory is excluded because of the absence of
The GUT-breaking sector is realized by a D3—D7 systerma consistent solution.
put on the local geometr?/ZyxC. The UN), gauge The origin of Yukawa coupling and other interactions in

group is realized by fractional D3-branes. The S5 the superpotential is also poorly understood. Some of them
gauge group is realized by D7-branes wrapped on a 4_Cyc|ére obtained through perturbative interactions of the type-IIB
S,. Phenomenology requires that VBK)/(2ma’')* theory, but not all of them. Although the discré&esymmetry
~10-100 andy.~ (1/2—2). The total volume is determined plays quite an important role iB =4 models, the origin of

by vol(CYs)/vol(S)/(2mya’)?~100, when the string thi? syhmmetry is not identified, either. We leave these issues
scale 1{/a’ is of the order of 1& GeV. Although the origin to further investigation.
of the GUT scale is not clarified in this article, it may be
related to the Kaluza-Klein scale. ACKNOWLEDGMENTS
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connecting the D7-branes wrapped Bn. If a geometry
around the 4-cycle; satisfies a particular condition, then
the two Higgs multiplets are obtained from six D7-branes. If APPENDIX A: TOY MODEL OF THE CHIRAL
the condition is not satisfied, one can obtain them from seven ~ ANTISYMMETRIC-TENSOR REPRESENTATION
D7-branes. The gauge singlet of the NMSSM and its trilinear AT THE INTERSECTION OF D7-BRANES

interaction with the two Higgs doublets can also be realized Thjs appendix provides details of the toy model sketched
easily as a special case. in Sec. Ill C 1. One can see from the model how chiral mat-

The chiral quarks and leptons are obtained at intersectiongy in antisymmetric representation is obtained at the inter-
of two stacks of D7-branes. Chiral multiplets in th8 rep-  gection of two stacks of D7-branes.

resentation are obtained at the intersection of five D7-branes \ne first consider a background geomeR§1x T2x C2.
and their orientifold mirror images. Those in tB& repre- Coordinatesx®23 7!, and[z2=(x8+ix7),2%=(x8+ix°)]
sentation and the right-handed neutrinos are obtained at aj}e sed foR3%, T2, and C?, respectively. The “internal”
intersection of the five D7-branes and another D7-br&ne. space isT2x C2 and is honcompact. The noncompact geom-

=4 chiral theories are obtained if the Chan-Paton bundles Oﬂtry is regarded as a local geometry around the intersection

the D7-branes are suitably chosen. The number of family ig¢ p7-pranes we are interested in. Two stack&Rdf-filling
given by the pairing of the Ramond-Ramond charges of thgy7_pranes are introduced. One of them, which we refer to as

D-branes(and orientifold planes . AT o —
The multiplets in thelO representation are localized in D7, is stretched inz'/\2'/\(cos6z’ ~sin 6z)/\(cos0 Z”

one D7—D7 intersection and those in té representation —Sin¢z°) and the other, which we refer to as D7 in z*
and the right-handed neutrinos are at another. One of th&z'/\(cos#Z+sin 62°)/\(cosz?+sin6z3). They intersect
important consequences is that this configuration leads to @t a complex curve defined by%z%)=(0,0).
geometric realization of the nonparallel family structure, The mode expansion of the open strings connecting D7
which was proposed to explain the large mixing angles irto D7. itself is the same as that of the flat D7-branes. The
neutrino oscillations. The other important consequence ifluctuation inx®%3and T? directions have the same mode
that the rate of proton decay through dimension-6 operatorexpansion also for open strings connecting-Dib D7-. .
is enhanced, and the branching ratios are modified, as iHowever, the fluctuations im, andz; directions have differ-
[38]. ent mode expansions. The boundary condition is given by
In this article, we have discussed properties that the local
configuration has to satisfy and have illustrated an idea of 9,REEU(X8+iX8)]=0, d,REEUX"+iX%]=0,
how to construct a model that satisfies those properties. But (A1)
this article does not present an explicit model where the
Ramond-Ramond charges are canceled at all the cycles rel-
evant to the model. That is, the existence of a consistent
solution is not guaranteed. If one further pursues to find an
explicit solution, one might be able to predict extra particles
(e.g., such as those [25]) that can be observable in future at c=0 for the open strings starting from D7and ending
detectors. One might also be able to determine whether then D7, . Heree'? is replaced bye™'? in the boundary con-
singlet of the NMSSM really exists in the spectrum or not. Itditions ato= 7. The following mode expansion satisfies the
may also be that the idea of lifting thB=4 models to above boundary conditions:

a.Im[e (X®+ix®)]=0, a,m[eX"+iX%]=0,
(A2)
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: O

o 1/2 S
6 iy8_i| m+ov —i(m+v)(r—0)a—i6
=+ =
XP+iX |<2) gz m+ve e
B(G,B)
+ m_ve—i(m—v)(7+a)e—i0 (A3)
m—ov '
172 ,8(6’8)
x6_ix8=i| L M=v o—i(m=0)(r=0)gif
( 2 ) néz (m—v
(6,8)
m+v _—i(m+v)(r+0)aid Ad
m+ve <) (Ad)
where v=26/x, and oscillatorse®®) and B{&® satisfy
(a8®)T=p®8 ' The mode expansion of’+ixX® is ex-
actly the same except that the oscillatet§® andB¢® are
replaced bya{"? and g7 . The mode expansion of the

world-sheet fermions is determined from that of the world-
sheet bosons given above:

¢(6,s): (iS)efi(rJrv)(rfa)efiﬁ,
rezfiorz Y

T//(G,S): ﬂ@?})efi(rfu)(ﬁro—)efiﬁ, (A5)
reZ+1/2 orZ

E(s,s): J(Eis)e—i(r—v)(r—a)eia'
reZ+1/2 or 7Z v

7/_(6,8): wgi?})e—i(r+v)(r+rr)ei 0 (AB)

reZ+1/2 or 7

Here,r e 7+ 1/2 for the NS sector ane 7 for the R sector.
The massless spectrum of the DYD7. open string is
quite simple—that of the Yang-Mills theory on @+1)-

dimensional spacetime with 16 SUSY charges. The massless

modes of the D7—-D7. open string sector are localized at
the intersection of D7 and D7,, unlessé is an integral
multiple of /2. A hypermultiplet in the bifundamental rep-

PHYSICAL REVIEW D 70, 036009 (2004

~[ORs(— 1)1 1905 j, iNS)

=—yY%0j i, NS), (A7)

for 0<6<m/4. As a result, we have a hypermultiplet in the
second-rank antisymmetric-tensor representation.

An orbifold projection associated with a transformation
2

2 3

, el

ZlHeZiazl, 7 Hefiaz 7iaz (AB)

is now imposed, so that chiral matter content is obtained in
the four-dimensional effective field theory. is an integral
multiple of 277/N, when the orbifold group &y . The os-

cillators y®), , xiy"). . and P, =iyl are
multiplied by a phasee™'* under the transformation. Sup-
pose that the Chan-Paton matrix associated with the orbifold
projection multiplies a phase'’ to D7_-D7, states
and a phasee '# to D7,-D7_ states; then, two states
WO+ )0 7-7,NS)  and @,
—iy'"%), )|0;7.7_;NS) satisfy the projection condition if
a= . Likewise, two states in the R sector D¥D7, open
string are rotated bg*'®, because of the phase rotation of

the oscillatorsy§+® and 4{**), and so are the two states in
the R sector D7—D7_ open string. Thus, one state from
D7_-D7, string and one state from D#D7_ survive the
orbifold projection condition whemr=. These two states
from the NS sector and two states from the R sector form a
chiral multiplet of the N=1 SUSY of four-dimensional
spacetime. This multiplet is half of the hypermultiplet in the
antisymmetric representation, and the other fiaf, the chi-

ral multiplet in the conjugate representatios projected out.

APPENDIX B: GLOBAL AND LOCAL FORMULAS
OF THE NUMBER OF CHIRAL FAMILIES

Quarks and leptons arise at the intersection of the two
stacks of the D7-branes. The number of familiesDis-4
effective theory is given by formulad9), (20), which only

resentation is obtained there; four scalar bosons of the hypefse quantities defined locally around the intersection. Inci-

O 10577, NS), YU, 10,77, NS),
P88, 10;7,7_;NS), and y"%), |0;7,.7_;NS), while

fermions are obtained from the Clifford algebra 9§,
& 23 and gt in the R sector. Here, we implicitly
assume &0< /4 (i.e., 0<v<1/2) just to avoid technical
details.

Now let us impose an orientifold projection associate
with QR,s(—1)FL. Here R, reflects the third complex
plane—i.e.,R,3:2%— —2z°. Thus, we have an O7-plane at
z3=0, and D7 is the orientifold mirror image of the D7
and vice versa. Therefore, the Yang-Mills fields on Dare
identified with those on Dy. On the other hand, the

multiplet areys

dentally, the number of chiral multiplets iD=4 effective
theory is obtained also through a formula[®i], which is
given in terms of vector bundles on the whole Calabi-Yau
3-fold. The purpose of this appendix is to show the equiva-
lence between them explicitly.

The Ramond-Ramond charges of D-branes are classified

gas elements of even-dimensional cohomology groups of the

Calabi-Yau 3-foldX [45,48,52,53

vx(2,Ex)=ch((ix) Ex) VA(TX) e H*1X),  (BD)

D7--D7. open strings are mapped to themselves, not tdor a D-brane wrapped on a cydlg:% X with a Chan-Paton

each other. Thus, orientifold projection conditions are im-
posed:

pOR 205 ), NS

bundleEs on it or, equivalently® [48],

18The expression ifi59,60 does not contaire~¢1V1x)/2,
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A(TS) tiplying (—1)9 to 2g-dimensional cohomology or, equiva-
vx(3,Es)=(is), | ch(Eg)e C1Vspd2y [ ——— lently,
’ A(N5)0)
e HeeX). B2  Ix(31.Es).(35.Es )= chM(izl)!Ezl)*
Here, (s), and (s), are the Thom isomorphism for coho- ) ~
mology and its analogue for vector bundles, respectively, as- ®(('22)!E22))A(TX)
sociated with the embedding . The pairing of the Ramond- ]
Ramond charges is defined by =indexcD iy ),ey )*@((liy)iEs ) -
(B4)

Ix((31,Ex,)),(32,E5,))= L”X(El'Eil)v/\vx(22'Eiz)' Thus, it is given by the number of fermion zero modes on the
(B3) Calabi-Yau 3-foldX. The number of fermion zero modes on
3,-2, obtained in Eq(20) is equal to the number of zero
Wherevx(El,Egl)v is obtained fromux(X;,Es ) by mul-  modes obtained above:

IX((EI’EEI)!(EZ!EEZ)): _IX((EZIEEZ)v(ElvEZl))

- ATSy) | ) A(TS))
= | (is,)+| ch(E% )e°1<NEzX>’2\/A—)A(| )*(Ch(E e clwzlx)/z\/A—)
jx w ( w2 A(sz\x) *1 *1 A(NEl\X)

i * * Cq X A(Tzz)
:Ll_zz((lzl)lzrgz) (Ch(Egz)e Ny, 072 /A(N—sz))

- _ A(TS ;)
Al(is)s..s)*| ch(Es ) aWsy 2y [— =
% ( . A(Nzllx))

=L . ch(((is))]s, s )*EX ®((is,)]s, s ) Es N5 s ONTYE s JA(T(Z1-35))
1°<2
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