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We study the structure of Yukawa couplings in intersecting D6-branes wrapping a factorizable 6-torus
compact spac&®. Models with a MSSM-like spectrum are analyzed and found to fail in predicting the quark
mass spectrum because of the way in which the family structures for the left-handed, right-handed quarks, and,
eventually, the Higgs fields are “factorized” among the different tori. In order to circumvent this, we present
a model with three supersymmetric Higgs doublets which satisfies the anomaly cancellation condition in a
more natural way than the previous models, where quarks were not treated universally regarding their brane
assignments or some particular branes were singled out, being invariant under orientifold projection. In our
model, the family structures of all standard model particles arise in one of the tori and can naturally lead to
universal strength Yukawa couplings which accommodate the quark mass hierarchy and mixing angles.
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[. INTRODUCTION fundamental quantum theory of all interactions, studies of
the flavor structure of the Yukawa couplings within four-
Uncovering the nature and origin of the fermion families dimensional superstring models are well motivated. In par-
and the observed pattern of fermion mass hierarchies arntitular, the couplings of the effective Lagrangian in super-
mixings is one of the most fundamental issues in high-energgtring theory are in principle calculable and not input
physics. In the framework of the standard mo¢@®M), the  parameters, which allows us to address the flavor problem
vacuum expectation valu&/EV) of the Higgs field respon- quantitatively without introducingad hoc assumptions. In-
sible for electroweak symmetry breaking generates the ferdeed, the structure of fermion masses has been studied in a
mion masses through Yukawa couplings. However, the SMiumber of semirealistic heterotic string models such as Abe-
does not address the origin of these couplings, and the olian Z,, orbifolds [5,6], which have a beautiful geometric
served values for the fermion masses are considered as initimlechanism to generate a mass hierarch$], and the re-
“input” parameters [1]. In addition, the electroweak sulting renormalizable Yukawa couplings can be explicitly
Cabibbo-Kobayashi-Maskaw@KM) mixing matrix arising computed9,10] as functions of the geometrical moduli. An
from the matrices that diagonalize the up- and down-quarkmportant result of such studies was to demonstrate that the
mass matrices is determined experimentally to have, again,talinear superpotential couplings at the string scale are gen-
hierarchical structurgl] where the third generation mixing erally either zero o©(1), such that they can provide a natu-
is mostly with the second generation rather than the firstral explanation for the top quark Yukawa couplifgl],
Something similar to the hierarchies and mixings happensvhile other mechanisms utilizing higher-dimensional non-
for the neutrinos and a huge amount of effort was expendetenormalizable operators do generate the lighter Yukawa
in order to understand this “flavor problem” of the structure couplings[11,12].
of the fermion masses and mixing. Phenomenological studies With the advent of Dirichlet D-branes in type-Il and
considered “texturesf{2] in the form of mass matrices lead- type-I string theories, the phenomenological possibilities of
ing to approximately correct relations, and attempts to understring theory have widened in several respects. Type-l and
stand the presence of such “textures” then followed in dif- type-1IB orientifold model§13—16, where the gauge groups
ferent flavor modeld3] or within grand unified theories of the effective low-energy Lagrangian arise from sets of
(GUTs) (see[4] and references therein coincident D-branes and where the matter fields arise from
Despite the insight which can be gained from these pheepen strings which must start and end upon D-branes, were
nomenological studies of the fermion mass matrices, arguproposed and investigations into their general phenomeno-
ably the true resolution to the flavor problem lies in the do-logical features have been possible.[It6,17] a classifica-
main of the underlying fundamental theory of which the SMtion of the matter fields has been extracted based on general
would be the low-energy effective theory. Since at presengrounds and formulas for the soft terms and renormalizable
superstrings or M theory is the only candidate for a trulyYukawa couplings were derived. This has enabled a number
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of studies for the patterns of soft breaking parameterianded doublets in order to equal the nine antidoublets of the
[16,18,19 and Yukawa texture$20,21). Nevertheless, the three families of chiral left-handed quark color triplets
study of the structure of the renormalizable Yukawa matrice3(3,2). This offers a natural solution to the anomaly cancel-
and its viability within these scenarios of D-branes at singudation condition without the need to put the left-handed
larities has proved to be unable to explain the experimentajuarks in different brane intersectiof®4,29 or to assume
data, since they would generally lead to a variant of thesome specific properties satisfied by some of the briids
“democratic” texture of Yukawa, and one has to break thisMoreover, having three Higgs doublets introduces more
“democracy” by perturbative higher-order effects or non- Yukawa couplings, which introduces more flexibility in the
renormalizable operators, the nature of which is still uncleacomputation of the mass matricE31]; hence, one can ac-
[21]. However, recent studies of the flavor problem withincommodate the observed quark masses and their mixing
“intersecting D-brane” model$22—-26 seemed more prom- angles.
ising [27,28. In these models, chiral fields to be identified  The structure of the paper is as follows. In the next sec-
with SM fermions reside at different brane intersections andion we briefly review the different models for intersecting
there is a natural origin for the replication of quark-leptonbranes leading to a MSSM-like spectrum and state what
generations. In fact, most models are toroidal or orbifoldgauge symmetry they have. Following this, we describe our
(orientifold) compactifications of type-Il string theory with model of three supersymmetric Higgs fields and the way it
Dp-brane wrapping intersecting cycles on the compacsatisfies the anomaly cancellation condition. A brief discus-
space, and typically the branes would intersect a multiplasion on how to determine the string scale in this class of
number of times, giving rise to the family structure. More- models is presented in Sec. Ill. Section IV is devoted to a
over, Yukawa couplings between three chiral fields arisaletailed analysis of the quark masses and mixings. Our con-
from open string instantons stretching a world sheet withclusions are given in Sec. V.
triangle shape in whose vertices lie the chiral fields. Each
world sheet contributes semiclassically to the Yukawa cou- Il. INTERSECTING BRANE MODELS
pling weighted by €”, whereA is the world sheet area. This
exponential weighting makes very natural the appearance of In this section we start with reviewing the construction of
hierarchies in Yukawa couplings of different fermions with a MSSM-like models from intersecting D-branes. We also set
pattern controlled by the size of the triangles. some notation that we will use throughout the paper. The
Yet the simple model presented[i27] which is based on intersecting D-brane scenario offers an interesting way to get
D6-brane wrapping cycles on an orientifold 5fx T?x T2  chiral fermions. Consider a bunch df Dp-branes and an-
and has the chiral spectrum of the minimal supersymmetri@ther set of M Dp-branes p>3), both containing
standard modelMSSM) does not really give acceptable fer- Minkowski space and intersecting at some angle in the (
mion masses. It leads to a mass spectrum of two massless3) extra dimensions. One then gets massless chiral fermi-
and one massive eigenvalue for the Yukawa matrices. Thiens transforming as N, M) under gauge groupJ(N)
reproduces the leading effect of one generation being mucl U(M) which allows us to represent the SM fermions. In
heavier than the other two and, thus, should be consideresddition, if the extra six dimensions are compact, the inter-
only as a starting point for a deeper phenomenological desection of a couple of branes is in general multiple and the
scription where small variations in the setup might give risereplication of generations is natural. Recently, a particularly
to smaller but nonvanishing masses for the rest of quarks. Imteresting class of models yielding “just” the massless fer-
fact, we trace this problem of mass degeneracy to the factomion spectrum of the SM was constructg2i#,27. These
izable formT?x T?x T2 of the compactified space and to the models consider D6-branes in type-lIA string theory com-
fact that the family structures of the quark doublets, thepactified on a factorizable 6-toru&2x T2x T2. One can
quark singlets, and the Higgs bosons arise, each in one of thgrap a D6-brane on a 1-cycle of ea@R so it expands a
tori different from the others. This leads to a Yukawa matrixthree-dimensional cycle on the who. We denote the
of special “factorizable” form @;b;) which has always two wrapping numbers of the Dgbrane on theith T2 by
vanishing eigenvalues. _ ~(n},mb). If one minimizes the volume of these 3-cycles in
We argue in this paper that one can get more interestingnejr homology class, they are described by hyperplanes quo-
Yukawa structures assuming three generations of supersyMened by a torus lattice and this implies that the number of
metric Higgs fields K", H{");_1 , 5. This allows the genera- times two branes DSand D&, intersect inT® is given by the
tion of family structures for the quark doublets, singlets, andsigned intersection number
Higgs fields to take place in only one of the tori. In fact,
several models with three families, including Higgs fields,  1,,=(nimg—mind)(n2mZ—m2nd)(n3md—m3nd). (1)
have been constructd80,31 and were favored by unifica-
tion of the gauge couplings in heterotic string. ImportantlyIn addition to this, one performs an “orientifold” projection
for our analysis, having three families of Higgs fields would on the torus represented by the prod(cK R, where(} is
allow one easily to satisfy the Ramond-Ramdi®R) tad- the world sheet parity operator aRtlis the reflection opera-
pole cancellation condition which requires the number oftor with respect to one of the axes of the tori. The set of fixed
fundamentals to equal that of antifundamentals SaJ#(2). points underQ) X R forms an orientifold plane—namely, a
This is because the Higgs fields can account for the sisubspace of spacetime where the orientation of the string can
SU(2) doublets needed to be added to the three lepton lefflip. This set has eight components and correspond360

095011-2



FERMION MASSES AND MIXING IN INTERSECTING . .. PHYSICAL REVIEW 39, 095011 (2004

planes wrapped on the 3-cycle with wrapping numbers TABLE I. Standard model spectrum andi(1) charges in the
(nj,m;)=(1,0). Now each D-brane has a mirror image first model(A).
under O XR denoted bya*. If the brane wraps a cycle

[TT.]=(n),,m})i_1,sande! represents the transversal dis- 'Ntersection  Matter fields Qa Q Q Qu Y
tance of the brane fror_n tht_a origin_ in theth torus in clock- (ab) Q. 32 1 -1 0 0 16
wise sense from the direction defined[dy,], then the mir- "

. N i (ab*) qL 232 1 1 0 o0 16
ror image branea™ would wrap a cycle[II,-]=(n,, ac) U 331 -1 0 1 0 —-23
—ml,)i—123 for rectangular tori, and the corresponding (ach) DR (_’ ) 1 0 -1 0 13
translation shift from the origin in théth torus is given by R 3(3’_1)

HONSESION (bd*) L 3(12 0 -1 0 -1 -1
There were, so far, two ways of embedding the standar&Cdl Er 3(11) 0 0 -1 1 1
model gauge group into products of unitary and symplectidcd”) Nr 31ty 0 o 1 1 0

gauge groups, and both ways used four stacksc,d (and
their orientifold mirrorg of D6-branes called, respectively, .
the baryonic, left, right, and leptonic branes. Both method$@P) and the other two reprsented bgl{*) for consistency
(modelg succeed in getting a MSSM-like spectrum free of requirements. In fa(_:t, as al_read_y mentioned, the RR tadpole
anomalies. However, in order to do so, in the first model twoc@ncellation condition, which is stronger than the gauge

left-handed quarks were doublets and one left-handed quaf’°maly cancellation condition, requires the same number of
was an antidoublet. while in the second model one of th&loublets and antidoublets. This choice, then, allows the left-

branes(b) was singled out, being invariant under the orien-nanded quarks not to be universal under thel ), charge,
tifold projection. We will summarize in the next subsection SO that if two left quarks werel(2) doublets and the other
the setup of these two models. Then we will present in the¢n€ wasU(2) antidoublet, then taking the SM leptons as
following subsection our setup to generate the SM-like spect(2) antidoublets allows us to satisfy the requirement with-

trum with the aid of three supersymmetric Higgs doublets. out the need of extra doublets. As to the Higgs field sector,
the Higgs fields would come from the intersection between

b(b*) andc(c*) branes, and there are four possible varieties
of them[(h;,H;)i=1 2] since we have two varieties of left
In the first model(see [24] for detaiIS—Iet us call it quarks QLqu) and'two varieties of right quarky(R'DR)_
model A—one gets initially the gauge symmetry The second modefsee[27,2§ for detail9, to be called
model B, presents a slight variation whétg=1 butb*, the
model A: - U(3)xU(2)xU(1)xU(1), 2 mirror of tl? lies on topgof it b=b*), so itgcan actually be
e-considered as a stack of two branes which, uridgsrojec-
tion, yields aUSp(2)=SU(2) gauge group. So the initial
gauge group is

A. Models with a MSSM-like spectrum

resulting from the following number of branes in the corr
sponding stacks:

Na=3, Np=2, N.=1, Nyg=1.
model B:  U(3)XSU(2)xU(1)xU(1). (5)
Then one would embe8U(3). into U(3) andSU(2), into
U(2). In order to yield the desired SM spectrum, it is With the intersection numbers
enough to select the wrapping numben (m),) for the four
sets of D6-branes in such a way that the intersection wrap-

ping numbers are given by lap=3,
lap=1, lapx=2, lac=—3, laex=-3,
lac=—3, laex=-3, lap=3,
Ibd:01 Ibd*:_3a
lgc=—3, lgex=-3, (6)

ch:_31 ch*:31 (3)
and all other intersection numbers being zero, one gets the
all other intersections vanishing. The massless fermion spegpectrum shown in Table II. THé; denotes the right-handed
trum residing at the intersections is shown in Table |, whereyeutrino and the hypercharge generator is definedQas
the Ng represents a right-handed neutrino and the hyper:%Qa_%QC_%Qd, Notice that we do not have here t0g

charge generator is defined as anomaly condition since doublets and antidoubletS U(2)
are the samédthere is noU(1), to differentiate between
Q =}Q _ EQ + EQ (4) them|. A particular class of configurations satisfying the con-
Y a c d- . . . . .
6 2 2 ditions (6) is presented in Table Ill and the intersectiobg)

In this model one adopts the choice of splitting the left-and (bc*) can be identified with the MSSM Higgs patrticles
handed quarks into one quark represented by the intersectidt”, HY.
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TABLE II. Standard model spectrum ardi(1) charges in the
second mode(B).
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TABLE IV. Standard model spectrum andi(1) charges in the
third model(C).

SM matter Matter

Intersection  fields  SU(3)XSU(2) Q. Q. Qg4 Y Intersection fields SU(3)XSU(2) Q, Qp, Q. Q4 Qv
(ab) Q. 3(3,2) 1 0 0 1/6 (ab) Q. 3(3,2) 1 -1 0 0 1/6
(ac) Ur 3(3,1) -1 1 0 -283 (ac) Ug 3(3.1) -1 0 B 0 -23
(ac®) Dr 3(3,1) -1 -1 0 13 (ad) Dg 3(3.1) -1 0 0 y 13
(db) L 3(1,2) 0 0 1 -12 (bd) L 3(1,2) 0 +1 0 -y —1/2
(dc) Ng 3(11) 6 1 -1 0 (bd) HY 3(1,2) 0 +1 0 -y —-1/2
(dc*) Er 3(11) 0 -1 -1 1 (bc) HY 3(1,2) 0 +1 -8 0 12

(cd) = 3(1,1) 0 0 -8 y 1

B. Models with three supersymmetric Higgs doublets

As discussed above, the first mod@l) treats the left

quarks differently as regards their location at the brane inter-

sections. Moreover, the intersection numbges. (3)] are
not “symmetric” among the branes and their mirrqes.g.,
lbg=0, lpg+=3). As to the second modé€B), although it
also reproduces an SM-like spectrumith a right-handed

neutring, it singles out one of the branes by requiring its

invariance under orientifold actiob&b*). The origin of

these assumptions lies, as already said, in the consisten
requirement that the number of fundamentals should b%

equal to the number of antifundamentals evenSai(2).

We are proposing now another way to satisfy this condi

tion. We consider, as in the first mod@), a stack of two
branegb) giving rise toU(2) gauge symmetry. We will treat

[I.p| =3 representing, , |l,¢ =3 representingd",

1. =3 representingJg,
[lpal =6=3+3 representingd9,L,

|l.q| =3 representingg.

)

n this third model—Ilet us call it model C—we used the fact
at the Higgs fieldH® and the leptonL have the same
U(3)XSU(2)xU(1)y quantum numbers, and so one can
consider getting both of them at the intersection of the same

[l .d =3 representin®rg,

branes b andd). Requiring that the observed hypercharge

generator be a linear combination of the fdu(l1)'s one
finds the general solution

the three left-handed quarks universally and consider that we

have chiral quarks in 3(3)2underSU(3)x SU(2). Thefull (2 1
model must contain then nine fields (1,2), three of which Qv=|3 T 8@ |Qat |5+ Ba|Qp+aQct y(1+La)Qq,
correspond to left-handed leptons. As to the remaining six 8

doublets, we do not need extra doublets to be accounted for

if we take the natural assumption of three generations owhere 8=y?=1 defined in Table IV andx is arbitrary.
Higgs particles HY ,HY);_; ,5. In fact, in both modelgA) ~ Notice that with the choicer=—3, B=+1, y=1, we get
and (B) the u Higgs field and thel Higgs field are assigned the hypercharge defined in E@).

oppositeU(1) charges so that anomaly would not be af- We will give in Sec. IV an example of D6-brane wrapping
fected by including them. However, no reason prohibits thenfumbers realizing the conditiord). As can be seen from
from having the sam&J(1), charge, and thus they can pro- Table IV, all U(1) gauge groups are anomaly free. One

vide the extra six doublets necessary for anomaly cancells&should consider also mixed gauge and gravitational anoma-
tion. lies. However, we expect that these anomalies are canceled

Our model will be purely toroidal, with no orientifold by & generalized Green-Schwarz mechanism and that three
projection and so no mirror branes added. We shall consid&gombinations of theJ(1)'s would get massive with mass

that the SM particles reside at the intersections among fouioughly of the order of the string scale, while the hyper-
stacks of branes\,=3, N,=2, N.=1, Ny=1. The intersec- chargeY combination would stay massless. The symmetries

tion numbers would be then whose gauge bosons become massive would disappear as
gauge symmetries from the low-energy effective field theory,
but remain as global symmetries unbroken in perturbation
theory. In this respectJ(1), andU(1)4 represent, respec-
tively, the global baryonic and leptonic number symmetries.
However, assignin@ charges to the Higgs field® might

TABLE lll. D6-brane wrapping numbers giving rise to the chi-
ral spectrum of the MSSM in the second mo¢).

1 1 2 2 3 3
M (e M) (M) (Ne.M:) lead to a breaking of the lepton number symmetry when the
N,=3 (1,0) (1,3) (1+3) Higgs field acquires a VEV. Notice that in this model we do
Np=1 (0,1) (1,0) (0-1) not have a right-handed neutrino as a chiral fermion from
N.= (0,2) (0~-1) (1,0) intersecting branes. Also, once we assume the Higgs fields
Ng=1 (1,0) (1,3) (1-3) HY,HY come in a number of generations equal to that of the

SM patrticles, then the gauge anomalies would be canceled
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automatically. Thus, in this model there is no relation be-supersymmetric8 functions, considering three supersym-
tween the number of colors and the number of families asnetric generations of standard particles, two Higgs doublets,

was the case in the previous modés and(B) [27,24. and an arbitrary number of extra particles, we have
Ill. STRING SCALE IN THE MODEL bS=3— ln (11)
3 3
WITH THREE HIGGS DOUBLETS 2
The toroidal models are in general nonsupersymmetric 1

and might have tachyons at intersections. However, it is pos- b5=—-1— 5 N2, (12
sible to vary the compact radii in order to get rid of the
tachyons. Also, one can adjust the radii so that there is one

: J by=—C?(11+q), (13

massless scalar at any given intersection, which means that
one getdN=1 supersymmetrySUSY) at that specific inter-
section[24]. For instance, in the MSSM-like modéB), if
the ratios of radii in the second and third torus are equal, then ny n, ng

thesame N=1 SUSY is preserved at all intersections and the q=>, Y?+2> yj2+32 Y2, (14)
model is locally N=1 supersymmetric, having a MSSM i=1 i=1 k=1

spectrum with a minimal Higgs s€27].

For nonsupersymmetric models, stabilization of the hier@nd Ny, N, and n; are the number of extre&5U(3)
archy of the weak scale can be achieved by lowering the<SU(2) singlets,SU(2) doublets, an&SU(3) triplets, re-
string scale down to a few Te[82,33, while for supersym- SPectively, with masses close Mg and hyperchargey .
metric models there are several arguments in favor of strin§0m Egs.(9) and(10), one finds
scales in the “intermediate” rangM,~ 104 GeV [20].

Such arguments provide an explanation to the observed e>ﬁ- M, B 1
perimental neutrino mass¢85] or a means to attack the nM—— 2 2
hierarchy problem of unified theories in supergravity models —+ap| b3+
by getting the gravitino mass around the weak scalg 3

~M,y in a natural way without invoking any hierarchically

suppressed nonperturbative eff¢86]. Also, for intermedi-

ate string scale scenarios, charge and color breaking con- 1 a? (1+ Ba)?
straints on the acceptable region of parameter space for soft x| 27 av(M5) T T 4
supersymmetry breaking terms become less important YiMz) (M) ai(My)
[37,38. In addition, the observed ultrahigh-energy {16V) 2
cosmic rays can be explained, for intermediate string scale, —+ap
as products of long-lived massive string mode deda@. 3

In order to compute the string scale at which the running . (M) T (My)
coupling constants intersect in modé) with three Higgs 2z sz
doublets, one uses the one-loop running equation for the
gauge coupling:

where

2

1
PR b5— b?}

1 2

—+
p b

2

2 2
1 1 +biNSI Ms b?l Q © +|byS— b S— bys
- =———+—In-—4 —In—,
ai(Q) ai(Mz) 27 Mz 27 Mg

2
—+
3t

1
—+
p b

S
In—
Mz
(15
where ai=gi2/477, with i=2,3Y, and b;’s are the coeffi- .
cients of theg functions, whereM, represents the overall We shall use the experimental valuef4l] My
nonsupersymmetric scale whilés~500 GeV represents an =91.187 GeV, = a3(M7)=0.1184,  a,(M7)=0.0338,
overall supersymmetric scaJ@0]. On the other hand, from ay(Mz)=0.01016 given in the modified minimal subtrac-

Eq. (8) we have the following relation at the string sciMe: tion (MS) scheme. The fact that we have four extra Higgs
doublets with respect to the case of the MSSM means that

1 o? (14 Ba)? (1/2+ Ba)? we should taken,=4 andn;=nz;=0. Now, assuming that
= —+ = = 2= i
(M)~ oS(M,)  ad(M)) ay(M)) a=1/2, p=+1 andC-=3/5, one obtains
2 M 0.17 1.59 M
(213t aB)” (10 Ins ! =40.56- ———— ———— ~1.89In_>. (16)
az(M) Ms ai(M))  a;(M)) Mz

For the SM content with one Higgs doublet, the nonsuperThys forai(M|)~a‘l’(M|)~O.1, one findsM,= 10" GeV.
symmetricg functions are given bp3°=7,b}°=19/6, and  One could also check that the curvesaf and a5 cross at
byS= —C?x 41/6, whereC is the normalization constant of approximately this intermediate scale which is, as empha-
theU(1)y hypercharg¢C?=3/5inSU(5) GUT]. As forthe  sized above, an attractive possibility. However, we should
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mention here that in this class of toroidal or orientifold mod- structure of the th torus and s&(" would be proportional to

els there may exist extra chiral fields that would change théts area. Once we have determined the Yukawa couplings,
gauge couplings and might lead to a lower string scale. Alone can compute the quark masses and mixings to see
though this possibility is indeed crucial in nonsupersymmetwhether the model reproduces the observed hierarchical

ric models in order to avoid any hierarchy between the stringstructure.

scale and the electroweak scale,

it is not essential in our
model with supersymmetric content. The model could still be

A. Models with one supersymmetric Higgs doublet

consistent if these additional fields are decoupled from our

spectrum or the possible threshold corrections are small

[33,34.

IV. ANALYSIS OF FERMION MASSES AND MIXING

In the first model(A) [24], the case of a minimal set of
Higgs fields similar to the MSSM was shown to give masses
to the top, charm, and bottom quarks while the strange,
down, and up quarks remained massless. It was argued that,
with a double-Higgs-field system, the observed hierarchy of

In [27], it was shown that a Yukawa coupling between fermion masses would be a consequence of the different val-

fields at the intersections of factorizable 3-cyclég, I1,,
andIl. on a factorizableT® is given by

n

5
hquo'abcrljl 0y

¢(r)

Here, each triplet of intersection,(,k) is described by the
multi-indices

Yij= («®). 17)

i=({iW,i®i®)el,nI,, iM=o0,.../1Q-1,

i=(Mi®,j®ennt,, jO=o0,... 10-1

k=(k® k@ k®yer,nil,, kO=o0,...1{]-1
(18)

where (r) is an index indicating theth torus, andl,,
=1"_ 10 =11"_,(nOm" —n"m), where 1) denotes
the mtersectlon number of cyclesandb on therth torus
and I, is the total intersection number;o .

=50N( apl el ca)» hqu Stands for the quantum contribution to
the instanton amplitude, anilis the complex theta function:

1)
9 (K)IE eﬂ-i(6+l)2Ke2wi(5+l)¢_ (19)
¢ =¥
We have
i O kO dOARN 10l 1l
SN= 4+ 4+ 4
TORNTORNIY) (D))
ab ca bc ab'bc'ca
s
+—:, (20
d
¢ =150+ 12057 +152057) /10, (21
J(r) |(T) (f)|(f)
| ca| (22)

a/ (d(r))2 !

whered®=gcd(1{ 12 10y andsW=s(i,j") k") ez
is a linear function of the integei$”, |V, andk(. Here

ues of the Higgs fields and the hierarchical values of Yukawa
couplings, coming from geometrical considerations.

As to the second modéB) [27] and with the wrapping
numbers shown in Table Ill, one gets one Higgs doublét
(HY at the intersection obc (bc*). Yukawa couplings of
the form

Yi/QLH Uk, Yi, QLH DK (23)
were computed, and only the third generation of the quarks
are massive. It was argued that a smaller perturbation of this
setup can give rise to smaller but nonvanishing masses for
the rest of the quarks.

However, examining the model in depth would trace the
problem of having two zero eigenvalues in the Yukawa ma-
trices to the “factorizable” form that they take when the
family replications for the left-handed quarks and the right-
handed quarks come from different tori. For the case of Table
Il we see that the indei{)=0, ... |I{}|— 1, denoting the
left quarks, would span the values 0,1,2 only in the second
torus, while the mdexgc) ey =0, |Iac o/ —1, denoting
the right quarks, would have its famlly structure only in the
third torus. In such cases and neglecting Wilson line effects,
the Yukawa couplings would always be of the form

o(i) o(j)
(2) (3)
0 }(K )X [ 0 }

(29)

Y”"”l?(l)

6(0)
0 (kM) x 9(2)

x(K(3))
and so it is of a “factorizable” form
YI] ~a, b] .

Such matrices always have two zero eigenvalues since, for
instance, the second and third columns are proportional to
the first one.

Could we get more interesting phenomenology if the fam-
ily structures of both left-handed and right-handed quarks
arise in the same torus? The answer is no, if we restrict
ourselves to one Higgs doublet. In fact, if we adopt the wrap-
ping numbers shown in Table V, where the brabes, c*
are on top of each other in the second torus, we find that the

€") represents the “shifts” in theth torus while the phase conditions(6) are satisfied, and we have one massless non-
6" accounts for adding Wilson lines around the D-branechiral Higgs doublet arising at the intersection of the brane
wrapping 1-cycles in theth torus.J(") represents the Kahler and the brane (or c*) in the first and third tori. In other
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TABLE V. Alternative example of D6-brane wrapping numbers  TABLE VI. Example of D6-brane wrapping numbers in the
in the second modé&B) leading to a chiral spectrum of the MSSM. third model (C). The family structure of the standard model par-
The family structure of both the left-handed and right-handedticles arises in the second torus.
quarks arises in the second torus.

N; (ng,mg) (nf.m3) (n3,m3)
N; (ng,mz) (n%,m2) (n3.m3)

N,=3 (1,0 (2,3) (1,0)
Ny=3 (1,0) (1,3) (1,0) Np=2 (0,1) (1,3) (0,1)
Np=1 (0,1) (1,0) (0-1) N.=1 (0,1) (1,0) (0,1)
Nc= (1,1) (1,0) (1,1 Ng=1 (1-1) (3,3) (1-1)
Ng=1 (1,0) (1,3) (1,0)

quarks, right-handed quarks, and Higgs fields arise in one of
words, there is a minimal Higgs sector withpaparameter  the tori. Recalling that the assumption of three supersymmet-
determined by the distance between the bramasdc along ric Higgs fields is also a “normal” choice in order to cancel
the second torus. anomalies, we consider the mod€)), with three Higgs dou-

In order to compute the Yukawa structure, we now noteblets. Since we are interested only in the quark sector, we
that the family structure for both the left-handed and theadopt the intersection numbe(d of the model(C), seeking
right-handed quarks originates in the second torus, and s&Q generate family structures for the left and right quarks, as
neglecting Wilson lines effect, we shall get well as for the Higgs fields, in the second torus, say. No

constraint is imposed on where the family structure for the

| ® 0) (D (2) 89(i.) 2 leptons would arise. This means that we are not trying here
Yij~ 9 0 ()X 9 0 (<) to interpret the lepton masses and mixing, in particular that
the model does not contain right-handed neutrinos or Majo-
@) 5(0) @) rana neutrinos because lepton number is a symmetry, and so
X 0 (<), (29 the question of neutrino masses should be addressed differ-
ently.
where 6)(i,j)=(i+j)/3+\, and \ is a constant deter- The conditions(7) are obtained with the wrapping num-
mined by the shifts,, €,, .. However, using the period- bers shown in Table VI where the brartesindc are on top
icity of theta function, of each other in the first and third tori, and so one gets
massless non-chirdi" Higgs doublets. Moreover, we see
6+1 1) that the family structures of all the standard model particles
15‘(')[ é (k)=30" é (K), (26)  (the left- and right-handed quarks, the left- and right-handed
leptons, and the Higgs fieldsirise in the second torus. The
we get the following form for the Yukawa matrix: branes andd give an intersection number equal to 6, so we
can identify the first three intersections as the thdeHiggs
a b c doublets while the last three intersections would be the three
v.~|b ¢ a 27) left lepton doublets. In this way the Higgs doublets, like
g b ' the left leptons, are chiral but this does not lead to a problem
c a

in constructing the MSSM superpotential since the cHit@l
: . can still form ax term with the nonchiraH". An approach
A matrix of this form has a spectrum such that two of the,[0 deal with chirality issues is to compactify ovE/Z2 in-

eigenvalues are always opposite in sign, so it leads to tw tead ofT? [23]. However, one should compute the detailed

degenerate states and cannot reproduce the hierarchy in tsSectrum to check when this would generically project onto

masses of the quarks. Having spotted the origin of the pro chiral matter. We do not follow this approach here, but in-
lem, we now move to our third modé€C).

stead seek an assignment of wrapping numbers that leads to
chiral fermions. We found that such an assignment could be
obtained provided we allow multiwrapping cycles for the
We saw in the previous subsection that having the familjoranes. As an example, in Table VI we use a cycle (3,3) for
structures of the left-handed quarks and the right-handethe braned in the second torus. Since the wrapping numbers
quarks to arise from different tori leads to a mass matrix withare not coprime, the bramdis multiwrapped 3 times over
two vanishing eigenvalues. Also, having one Higgs doublethe cycle (1,1) in this torus. Normally, multiwrapping leads
in the setup would lead to a phenomenologically unacceptto an enhancement of the gauge symmeg#3] (look also at
able form for the mass matrices. One could also check thd23,43 where similar multiwrapped assignments were used
getting Higgs fields doublet replication in one torus differentfor D4-branes and, hence, for the whole compact dimension
from the torus where the family structure arises for theof the brang Nonetheless, in our case the multiwrapping
quarks is similar to the one Higgs doublet situation. In thisoccurs only in the second torus. Even if this partial multi-
case, their effects are factored out. Thus, we are led naturallyrapping in the second torus enhanced the world volume
to seek a situation where we have more than one Higgs dowauge group fronJ(1)4 to U(l)g (with generator€Q, a
blet and where the family structures of all left-handed=1,2,3), our discussion regarding the hypercharge and the

B. Model with three supersymmetric Higgs doublets
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anomaly cancellatiofEq. (8)] would stay valid withQq

=33_,Q3 [43]. Thus, we shall not examine further the ef- Yij~ 9
fects of multiwrapping, especially that our model should be

considered as a step towards building a more realistic ongy,q 5o we will restrict, henceforth, our discussion to the sec-
Actually, the wrapping numbers in Table VI, as is the case inynq torus. For theJ-quark Yukawa couplingy"HQ, U we
Tables Ill and V(see[27,44] for a discussion of this point have |1 .0/ =[1®)| =|1 . =3. This is similar to the case of
show thﬁt tgtle?cogeslpondmdg _branﬁl clf)lnt_ent bi_'tielf dOI((EjS "Wjliptic fibration discussed ifi27,46 where the intersection
satlgfy t fe” tadpole conditios,N,l11,=0, which wou numbers are not coprime and only the triplets of intersection
read as tollows: satisfying the selection rule

o(i,j,k
(IS )(K(Z)) (30

> Nanin2ni=0, > NonimZmi=0, i+j+k=0mod 3 (31
a a
are connected by an instanton. We then get the Yukawa cou-
plings
2 NamznZni=0, 2 NomznZm3=0, A0 0 0 0C
Yijii~{ 0 0 B, Y~ 0 A O,
0 C O B 0 O
> Nanzmini=0, > Nomamini=0,
a a 0 B O
Yijs~{ C 0 0, (32)
A
; N,ninZmé=0, ; N,mim2mé=0. (29 00
with
; ; " ; €l3 (e—1)/3
Yet, since tadpole_cancellatlon pondltlons are closely con A= (3J/a’), B=19 (3J/a’),
nected to cancellation of anomalies and our model does can- 0 0
cel the anomalies related to the gauge groups in Table 1V, it
is not so surprising that with a slight change in the setup one (e+1)/3
could satisfy the RR tadpole conditions. In fact and in the C=1 0 (3J/a’), (33

spirit of bottom to top approach, the model should be seen as
a submodel embedded in a bigger one where extra RRpq here we have=e,+ ¢, + ¢, . For theD-quark Yukawa
sources are included. These may either involve some h'ddeébupling YIHIQ, Dy one would get the same result with a
and possibly nonfactorizable extra branes with no neat imerdifferente shift E", :RE +e+e.. However. as we shall see
sections with the SM branes or some Neveu-Schwarz- numerically good fit isbobt;ihed arourd- e’ ~0. and to
Neveu-SchwarZNS—N9 background fluxes, with none of fix the ideas let us take=e'. Thus, we get the:J—quark
these possibilities adding a “net” chiral matter cont¢4s]. mass matrix '

We shall not dwell on the details of such embedding which

might lead to extra matter, expectedly, heavy and discon- Aot BuY! CoY
nected from the SM sector. Rather, we shall take our setup ! 3 2
and examine what interesting geometrical explanations for Mi“j =hqu Cvz Avy Buj (34)
the fermion masses it might lead to. The quark Yukawa cou- BvY CuY Apl
2 1 3

pling with theHY Higgs field would then be proportional to

a product of three theta functioriseglecting again the Wil-  anq theD-quark mass matrix

son line phase

Av{ Buv§ Cuvd
d

i Md=h,| Cvy Avs BuvS
19(1) 5(0) (K(l))xﬂ(z) 5(Iljlk) (K(Z)) 1] qu UZ Uz U; ’ (35)
O O BUZ CUl AU3
o(0) , .
% 33 (k@)), (299  wherehg, includes the quantum fluctuation factor and we
0 expect it to be similar for thel and d quarks since leading

effects would come from QCD loop®8] and v!? is the

. u,d .
with i,j,k=0,1,2. The indeX runs only over the first three VEV for the HiggsH;™" with

| ,q intersections identified with the® Higgs doublets. Thus 3
the quark Yukawa couplings for both th¢' andHY Higgs 2 (v")2+ (v9)2= (1742 (GeV)2. (36)
fields would be proportional to =1 '
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The quark masses are obtained by diagonalizing the above v=63 MeV, v5=0.95 GeV, v3=174 GeV,
mass matrices,

v{=8.5 MeV, v3=136 MeV, vy=4.2 GeV,

U MUUL=dy,
€=0.002, area18.71, (41)
D MIDL=dp, 3 :
- ROTP S gives the quarks mass spectra
whereU, Ug, D, Dg are unitary matrices and dy={m=173.9 GeV, m,=1.02 GeV,
dU:diag(mtamCImu)1 mu:43 Me\/},
dp=diag(m,,mg,my), dp={m,=4.19 GeV, my=136 MeV,
while the CKM matrix is given by mg=8.2 MeV}, (42)
_ T which are in the experimentally acceptable rapgk and a
CKM=U.D.. B8 CckM matrix with diagonal elements near the unity,

- _and  (Vckm)12=0.216.  However, Ycim)is~(Vekm)zs
We have seven free parameters consisting of the six Higgs 10-4-1075,

VEVs with the constrain{36), the area of the torus, and the  one can also look for other structures different from the
tive factorhg, which is of orderO(1). This set of param- .~y /y;~v,/vs~1 leads to a nearly democratic

eters can be fixed by the quark masses and one mixing angigkawa texture which is known to accommodate the ob-
and the model has to predict the remaining two mixingserved masses and mixing. However, our checks with real-
angles in the CKM matrix. This might be a nontrivial task yajued VEVs indicate that our configuration leads to the cor-
since one has to span the whole range of all of these fregct masses and one mixing angle only while the other two
parameters very carefully. Here we will consider some exmixing angles are smaller than their experimental values.
amples and try to show that for a particular choice of theserpjs s similar toZ,-heterotic situation ir{31], where an-

free parameters one may obtain a well studied Yukawa texather mechanism, Fayet-lliopoulos breaking, was called for
ture, like for instance the universal strength YukalSY)  in order to address the question of the complete quark mix-

couplings(see Ref[47], and references thergirLet us start  jng However, with complex VEVs and a democratic texture,
with the case of approximately symmetric matrickk',  gpe gets the USY texture

M%—i.e.,B~C. In this case, the shape of theta function for

a fixed area argument shows that it is centered symmetrically
arounde=0, and so we will span the parameter around this Cud - oud
value. Also, in order to generate the mass spectrum one YWa=n 4| 1 ees eleis |. (43

. ud . ud
el?13 1 el ¥23

could put the mass matrices in the form Cud . oud
e'¥23  gl'P13 1
u,d
Mi; This type of Yukawa matrix, where all Yukawa couplings
have the same modulus and the flavor dependence being all
vyl a; ay vy contained in the phases, has been recently studig4i7in It
_ u.d ud; u,d u,d; u,d was shown that with very small values of the phases
=hqAvs @2 vz fvg awy oz ], ~10 2-10"2 one could generate the right values of the

alvg~d/vg~d azv‘{'d/vg'd 1 quark masses and the CKM mixing angles. It is interesting to
(39 note that this class of couplings is motivated by horizontal
symmetrie§47] and also arises in the models with two large
where o;=B/A and a,=C/A. So one could generate the extra dimensior{48]. Here we find another motivation for
spectrum provided that the USY couplings.

{vy,v5,05{m,,m,,my, V. CONCLUSIONS

4 d d We have shown how simple configurations of D-branes
{v1.vz.v3fc{mg. mg, My}, (40 wrapping a compact space may give a good quantitatively
description of quark masses and mixing. In particular, one
and aq,a,<<1. The conditiong40) with the constrain{36)  finds that with a three supersymmetric Higgs doublets model
would determine the range in which we should vary thethe anomaly cancellation condition could be solved easily
VEVs. With such considerations one finds that the choice ofvithout introducing extra matter doublet fields or putting as-
parameters, sumptions on the quarks’ brane assignment or on the branes
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themselves. In this class of models, it turns out that the stringmall phases. It would be worthwhile to study the leptonic
scale is of order ¥ GeV which is an interesting scale for sector from this perspective.

generating neutrino masses and many other phenomenologi-

cal issues. With real Higgs VEVs, the model can easily ac- ACKNOWLEDGMENTS
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