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We discuss the phenomenology of a three-family supersymmetric standardlike model derived from the
orientifold construction, in which the ordinary chiral states are localized at the intersection of branes at angles.
In addition to the standard model group, there are two additioifdl)’ symmetries, one of which has family
nonuniversal and therefore flavor changing couplings, and a quasihidden non-Abelian sector which becomes
strongly coupled above the electroweak scale. The perturbative spectrum contains a fourth family of exotic
[SU(2)-singlef quarks and leptons, in which, however, the left-chiral states have unphysical electric charges.
It is argued that these decouple from the low energy spectrum due to hidden sector charge confinement, and
that anomaly matching requires the physical left-chiral states to be composites. The model has multiple Higgs
doublets and additional exotic states. The moduli-dependent predictions for the gauge couplings are discussed.
The strong coupling agrees with experiment for reasonable moduli, but the electroweak couplings are too
small.
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[. INTRODUCTION These constructions have many interesting features, such as
extended gauge structures and matter coni¢htSome of
Despite an enormous amount of promise and interest ithe features of one of these constructions are summarized in
superstring or M theory, it is still difficult to construct mod- the Appendix.
els with a fully realistic effective low energy four- The purpose of this paper is to examine the phenomeno-
dimensional limit from first principles. Theelated difficul- logical issues in another calculable regime of M theory,
ties include the fact that only certain limiting corners of M namely, type Il orientifolds. In recent years, the advent of
theory are perturbative, there are many possible compactif®-branes has facilitated the construction of semirealistic
cations of the extra dimensions, the cosmological constanstring models using conformal field theory techniques, as
the method of supersymmetry breaking, the difficulty of con-illustrated by the various four-dimension&f=1 supersym-
structing a realistic spectrum for the effective theory, and thenetric type Il orientifolds[5—-16] and references thergirA
stabilization of moduli. One direction, the subject of this promising direction to obtain chiral theories is by construct-
paper, is to examine concrete semirealistic constructions img models withD-branes intersecting at angles7]. This
as much detail as possible. One does not expect to find fact (or its T-dual version, i.e., branes with flihas been
fully realistic model. Rather, the goals af#) to develop exploited in[18—20 to construct semirealistic string models
calculational techniques$2) to suggest promising directions (see alsd21]). However, the constraints on supersymmetric
for new constructions, an(B) to find examples of possible four-dimensional models are rather restrictive. Despite the
new physics at the TeV scale that might emerge from explicitemarkable progress in developing techniques of orientifold
top-down string constructions. The latter are sometimes difeonstructions, there is only one orientifold modéb,16]
ferent from new physics motivated from bottom-up ap-that has been constructed so far with the ingredients of the
proaches. Of course, the features of a particular model mayiISSM: N=1 supersymmetry, the standard mod&M)
simply be shortcomings of that construction rather than gegauge group as a part of the gauge structure, and candidate
neric predictions of classes of string theories. However, byields for the three generations of quarks and leptons as well
examining promising constructions from a variety of cornersas the electroweak Higgs doublets. We hope that by studying
of M theory one may obtain hints as to likely types of newthe phenomenology of this model in detail, we can probe
TeV scale physics. Difficulties of this program are that mostsome of the generic features and predictions of string models
constructions are rather complicated, and that the unrealistiderived from the orientifold approach.
or unsuccessful aspects of each model often make it difficult In this paper we concentrate on direct compactifications
to carry out detailed calculations. of the underlying M theory to a four-dimensional field theory
For over a decade, there has been considerable effort icontaining the MSSMi.e., without having an intermediate
the construction of semirealistic string models in the framefour-dimensional grand unified thegryVe focus on the case
work of perturbative heterotic string thedry|. In particular, in which the fundamental scale is comparable to the Planck
a class of free-fermionic string models which contain thescale, i.e., the case with no very large extra dimensions.
gauge group and matter content of the minimal supersym- In Sec. Il we briefly summarize the construction of the
metric standard modéMSSM) have been construct¢d,3].  model, including the gauge factors and the quantum numbers
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of the chiral and nonchiral spectrum. The properties of theand similarly for their orientifold images und€kR. The
perturbative spectrum are discussed in more detail in Sec. ligycles that theD6-branes and their orientifold images wrap
including the properties of the multiple Higgs doublets, thearound are specified by the wrapping numbers, (). The
three regular families, the fourth exotic family, and alterna-number ofD6-branes and the associated wrapping numbers
tive assignments. The properties of the additiobll)’ are constrained byi) cancellation of RR tadpoles ard)
gauge interactions and the possibilities for breaking them agupersymmetry.

the electroweak or intermediate scales are discussed in Sec. Analogous to the situation ifi20], models with all tori

IV. Section V is concerned with the gauge couplings. Theorthogonal lead to an even number of families. Hence, as in
model does not have the conventional form of gauge unifif20], we consider models with one tiltdt, where the tilting
cation because each group factor is associated with a diffeparameter is discrete and has a unique nontrivial vE2dg

ent set of branes. However, the string-scale couplings argnis mildly modifies the closed string sector, but has an im-
predicted in terms of the ratio of the Planck to string scalesortant impact on the open string sector. Namel-hrane
and a geometric factor. The low energy electroweak coui-cycle (n,,m)) along a tilted torus is mapped to'(—m'
plings are too small due to the multiple Higgs fields and_ ') |t is convenient to definé'=m'+ in', and label the
exotic matter, while the strong coupling is more reasonablegycles as g, m').

The quasihidden sector groups are asymptotically free. The | ot ys summarize the results 6-branes not parallel to
implications of these results for the spectrum are described i@G_pmnes(for zero angles, the spectrum follows frdi@).
Sec. V. In pqrticular, the fractionally charged exotic statesthe aa sector (strings stretched within a single stack of
presumably disappear from the low energy spectrum due tpg__prane is invariant underd, o, and is exchanged with
hidden sector charge confinement, to be replaced by compog+a' py the action ofQR. For the gauge group, the pro-

ite states with the appropriate quantum numbers to form thfection breaksU (N,) to U(N,/2)XU(N,/2), andw identi-
left-handed components of an exotic fourth family. The re-fiog hoth factors, leaving) (N,/2). Concerning the matter
sults are summarized and contrasted with a particular hefytiplets, we obtain three adjoift=1 chiral multiplets.
erotic construction in Sec. VII. A more detailed description  pa ab’+ba sector(strings stretched betwedd6,- and

of the features of that construction is given in the AppendiX'DGb-brane$ is invariant, as a whole, under the orbifold pro-

A.ﬁet;tailed discu(?sion of the Yukav&/a cor?pli.ngsllof t_he mOdeljections, and is mapped to thEa’+a’b’ sector byQR.
will be presented separatell§2], and further implications of ' o matter content before any projection would be given by
the strong couplings for moduli stabilization and supersym-

metry breaking is under investigati¢a3]. ILT?NCTETJI(ILer)miV?/?]Zrem the bifundamentall,,[,) of
a b/

Il. DESCRIPTION OF THE MODEL I o= (nimt—nimd)(nZm2—n2m2)

For completeness, let us describe the construction of the ><(n3f“n§— nﬁ'rﬁ3)
model in[15], which is obtained by compactifying type IIA a é
string theory on &°/(Z,X Z,) orientifold. We considered a S
general framework in which thB-branes are not necessarily EH lab
parallel to the orientifold planes, which gives rise to new
possibilities of embedding the gauge sector in the same back-
ground geometryn the T-dual picture[6], this corresponds ) )
to turning on a background flux of the gauge fields on thdS the intersection number of the wrapped cyclege
D-branes. [18,19), and the sign of 4, denotes the chirality of the cor-

The generators), » of Z,XZ, act asé: (z;,2,,23)— responding fermion I(,<0 gives left-handed fermions in
(—21,—2,,23), and w: (21,25,23)—(2;,— 25, —23) on the  our convention For supersymmetric intersections, addi-
complex coordinateg; of T®=T2x T2x T2, The orientifold ~ tional massless scalars complete the corresponding chiral su-
action isQR, where() is world-sheet parity, an& acts by ~Permultiplet. In principle, one needs to take into account the
R:(21,25,23)—(Z1,2,23). The model contains four kinds orbifold action on the_mtersc_ac_:hon point. However the_ fma_1|
of O6-planes, associated with the actions @R, QR¥, result turns out to be insensitive to this Ejbtletly and is still
QRw, andQRAw. The closed string sector contains gravi- given by |, chiral multiplets in the [d,,0,) of U(N,/2)
tational supermultiplets as well as orbifold moduli and is XU(Ny/2). A similar effect takes place in thab’+b’a
straightforward to determine, and so in what follows we will sector, fora#b, where the final matter content is given by
focus on the open stringhargegspectrum. The cancellation |, chiral multiplets in the bifundamental{,,[]}).
of the Ramond-Ramon(RR) tadpoles from the orientifold For theaa’ +a’a sector the orbifold action on the inter-
planes requires an introduction Kfstacks ofN, D6-branes section points turns out to be crucial. For intersection points
(a=1,...K) wrapped on three-cyclgdI,] (which for sim- invariant under the orbifold, the orientifold projection leads
plicity is taken to be the product of 1-cycles of the two-tori to a two-index antisymmetric representationfN,/2), ex-

cept for states with and w eigenvalue+1, where it yields a
3 two-index symmetric representation. For points not fixed un-
[Ha]:H (ng[aih mg[bi]) (1) der some orbifold element, say two points _fixed undeand
i=1 exchanged by, one simply keeps one point, and does not
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TABLE |. D6-brane configuration for the three-family model.  linear couplings to untwisted moduli19,25, and turns out
to be crucial in the appearance of hypercharge in this model.
Type  Na  (ng,my)x(nZ,md)x (n3,m3 Group For convenience we consider theD®-branes labeled
A 8 TP Ose to be away from the O6-planes in all three complex planes.
. (0.1)x(0. )X(; ) 88 This leads to twaD6-branes that can move independently
Az 2 (1,0)x(1,0)x(2,0) Sp2)a [hence give rise to a groug(1)?], plus theird, , andQR
B1 4 (1,00 (1,—1)%(2,3/2 SU(2) images. Thes&J(1)’s arealso automatically nonanomalous
B, 2 (1,0)X (0,1)X (0.~ 1) Sp(2)g and massless. In the effective theory, this corresponds to
C, 642  (1-1)xLOx(1T3i SU@B), Qs Q Higgsing ofUSp(8) down top(l)z. _
C, 4 (0.1)% (1,0)x (0=1) Sp(4) The surviving non-Abelian gauge group iISU(3)

XSU(2)XSp(2)XSp(2)XSp(4). The SU(3)XSU(2)
corresponds to the MSSM, while the last three factors form a

quasihidden sectafi.e., most states are charged under one

|rinbr?osei thr?\‘/’ p|>r01e;:t|on.nEdqua}iIenttIK, onbe i:/onrs“detrs ra” gosf; sector or the other, but there are a few which couple to)both
sible €igenvalues fab, and applies the above rule to read oft |, addition, there are three nonanomaldiigl) factors and
whether the symmetric or the antisymmetric survives. Acl

. ) L wo anomalous ones. The generat@s, Q,, andQ, refer
ic:r:o[sleS(]j formula for the chiral piece in this sector can be foun 0 the U(1) factor within the corresponding(n), while

In addition to the chiral multiplets, there can be vector—QS’ Qg are the'U(l)’s arising from theUSp(8). Q4/3 and
like multiplets from theab+ba, ab’+b'a, andaa’ +a’a Q; are essentially the baryofB) and lepton(L) number,

sectors. This happens wheszo for a singlei=i,, the respectively, while Qg+ Qg)/2 is analogous to the generator

intersection number is zero. Instead of having only Ieft-T3R oceurring in Igft—nght symmetric extensions of the SM.
The hypercharge is defined as

handed or right-handed chiral multiplets at the intersection,
both the left-handed and the right-handed chiral multiplets
are present. The multiplicity of vector-like multiplets is given

by 1 1 1 ,
Q=5 Qs— 5+ 5(Qe+Qp). 3
lap= H iab_ 2) From t_he above comment§y as defingd guarar)tges that
i#ig U(1)y is massless. There are two additional surviving nona-

nomalousU(1)’s, i.e.,B—L=Q3/3—Q; andQg—Qg. The
gauge bosons corresponding to the anomald() genera-
These vector-like multiplets are generically massive as extorsB+L andQ, acquire string-scale masses, so those gen-

plained in[15]. erators act like global symmetries on the effective four-
The condition that the system of branes presewve1l  dimensional theory. _ _ _
supersymmetry requirdd 7] that each stack dd6-branes is The spectrum of chiral multiplets in the open string sector

related to the O6-planes by a rotationSiy(3): denoting by is tabulated in Table II. For completen_ess, we also give the
¢, the angles th@®6-brane forms with the horizontal direc- SPectrum of the vector-like multiplets in Tables I11-V even

tion in theith two-torus, supersymmetry preserving configu-though these multiplets are generically massive. The theory
rations must satisfyl; + 6,+ 6z=0. In order to simplify the contains three standard model families, multiple Higgs can-

supersymmetry conditions within our search for realisticdidates, a number of exotic chirddut anomaly-fregfields,
models, we considered a particular ansatz,@s,0) and multiplets which transform as adjoints or singlets under

(6,,0,05), or (00, 65). the SM gauge group. The spectrum is discussed in more

Due to the smaller number of O6-planes in tilted configu-detail in the following section.

rations, the RR tadpole conditions are very stringent for
more than one tilted torus. Focusing on tilting just the third
torus, the search for theories with(3) and U(2) gauge
factors carried by branes at angles and three left-handed
quarks, turns out to be very constraining, at least within our In this section we describe the simplest version of the
ansatz. We have found essentially a unique solution. Theerturbative chiral spectrum. The modifications expected due
D6-brane configuration with wrapping numbers, (M}) is  to strong coupling effects in the quasihidden sector will be
given in Table I. described in Sec. VI.

The eightD6-branes labele@, are split in two parallel The A;B, sector contains 24 Higgs doublets, i.e.,Hg,
but not overlapping stacks of 6 and 2 branes, and hence leddl, pairs, whereH, (Hp) has the appropriate hypercharge
to a gauge groufJ(3)xU(1). Interestingly, a linear com- to generate masses for the charge 2/3 quarks and neutrinos
bination of the twaU(1)’s is actually a generator within the (the charge-1/3 quarks and charged leptonSix pairs have
SU(4) arising for coincident branes. This ensures that thiQQg charges, and the other s, charges. The existence of
U(1) is automatically nonanomalous and massiése of so many doublets is the most unrealistic feature of the model,

Ill. THE PERTURBATIVE SPECTRUM
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TABLE Il. The chiral spectrum of the open string sector in the three-family model. To be complete, we a(gotlist bottom part of
the table, below the horizontal linghe chiral states from thaa sectors, which are not localized at the intersections.

Sector  SU(3)XSU(2)XSp(2)gXSp(2)aXSp(4) Q3 Q1  Q Qs Qs Qv Qs—Qs Field
A.B; 3x2x(1,2,1,1,1) 0 0 -1 +1 0 +1 +1 Hyu, Hpb
3x2%(1,2,1,1,1) 0 0 -1 0 =1 +1 F1 Hy, Hp
A,C, 2x(3,1,1,1,1) -1 0 0 *1 0 1-2 1, -1 D,U
2%(3,1,1,1,1) -1 0 0 0 =1 1.2 -1,1 D, U
2%(1,1,1,1,1) 0o -1 0 +1 0 1, 0 1,-1 E.N
2%x(1,1,1,1,1) 0 -1 0 0 +1 1, 0 -1,1 E,N
B1Cy (3,21,1,1) 1 0o -1 0 0 L 0 QL
(1,2,1,1,1) 0 1 -1 0 0 ~1 0 L
B.C, (1,211, 0 0 1 0 0 0 0
B,C, (31,212 1 0 0 0 0 g 0
(1,1,2,1,2 0 1 0 0 0 ~1 0
B,C; 2%(3,2,1,1,1) 1 0 1 0 0 % 0 Q.
2%x(1,2,1,1,1) 0 1 ~1 0 L
B.B; 2x(1,1,1,1,1) 0 0 -2 0 0 0 0
2%(1,3,1,1,1) 0 0 2 0 0 0 0
AA; 3x8x(1,1,1,1,1) 0 0 0 0 0 0 0
3x4x%(1,1,1,1,1) 0 0 0 =*1 +1 +1 0
3x4x%(1,1,1,1,1) 0 0 0 =*1 F1 0 +2
3%(1,1,1,1,1) 0 0 0 =2 0 +1 +2
3%x(1,1,1,1,1) 0 0 0 0 =*2 +1 ¥2
AA, 3%(1,1,1,1,1) 0 0 0 0 0 0 0
B,B; 3%(1,3,1,1,1) 0 0 0 0 0 0 0
3%(1,1,1,1,1) 0 0 0 0 0 0 0
B,B, 3%x(1,1,1,1,1) 0 0 0 0 0 0 0
C,C, 3%(8,1,1,1,1) 0 0 0 0 0 0 0
3%(1,1,1,1,1) 0 0 0 0 0 0 0
C,C, 3%(1,1,1,1,5+1) 0 0 0 0 0 0 0

and is a major cause for the unrealistic predictions for thesector is the same a;B;, and furthermoreA;=A; (be-

low energy gauge couplings in the MSSM sector. Nevertheeause the\; brane is the same as its own orientifold image
less, it at least suggests the possibility of additional Higgsn principle, there are nonzero couplings of the form
doublets, and the associated phenomenological conséA;B;)(B;.B;)(A;B;). Hence if these nonchiral states are
qguences, such as a richer Higgs-neutralino-chargino spe@ot massive, they can play the role of tBéeld. An explicit
trum and Higgs-mediated flavor changing ©P violation  calculation of the above coupling from the corresponding
effects. The problem for this construction is aggravated bystring amplitude, however, is necessary to verify that there
the fact that there is no satisfactory mechanism to generat&re no additional stringy symmetries to forbid such cou-
effective supersymmetric masség termg for all of the  plings.

Higgs multiplets. Elementary. terms are not generated in  The B,C; intersection yields two families of quark and
the string constructiortand are also forbidden b@,). An  |epton doublets, while a third is associated WB{C, . Only
effective u would be generated by the vacuum expectationhe first two can have Yukawa couplings to g p, because
value (VEV) of the scalar component of a superfigqdf  of Q,, so one fermion family will remain massles@he
there were a ternSHyHp in the superpotential26,27.  Yukawa couplings of the model are discussed in detail in
However, there are n§U(2)-singlet, Qy=0 states in the [22]) The A;C, sector contains four families of
chiral spectrum with the gauge quantum numbers to play thg U(2)-singlet antiquarks and antllept0n$ D, E, andN,

role of S. In patrticular, theNH uHp couplings are forbidden two charged unde€g and two undeQg; . Three of these
by Q; and Q,. However, there are nonchiré;B] states should be the partners of the quark and lepton doublets.
with the appropriate quantum numbers. There are couplings The B,C, and B,C, states couple to both the ordinary
between théd;B,, B,B;, andB;A, sectors. Since thBjA;  and quasihidden sector gauge groups, and they carry the frac-
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TABLE Ill. Nonchiral spectrum from theab sectors in the three-family model. These states, as well as those in Tables IV and V, are
generically massive.

Sector SU(3)XSU(2)XSp(2)gX SP(2)aX Sp(4) Qs Q1 Q> Qs Qg Qv Qs— Qg
AlA, 2x(1,1,1,2,1)+ 2% (1,1,1,21) 0 0 0 +1 0 +1 +1
2% (1,1,1,2,1)2X (1,1,1,21) 0 0 0 0 +1 +3 +1

A1B; 2X2%(1,1,2,1,12x2x(1,1,21,1) 0 0 0 +1 0 +1 +1
2x2x(1,1,2,1,1%2x2x(1,1,21,1) 0 0 0 0 +1 +1 F1

A1C, 2Xx2%(1,1,1,1,4%2x2x(1,1,1,1,9 0 0 0 *+1 0 +1 *+1
2x2%(1,1,1,1,4)2x2x(1,1,1,1,9 0 0 0 0 +1 +1 1

A;B; 3%(1,2,1,21) 0 0 1 0 0 0 0
3%(1,2,1,2,1) 0 0 -1 0 0 0 0

A;B, 2% (1,1,2,21)+2x(1,1,22,1) 0 0 0 0 0 0 0
ACy (3,1,1,21) 1 0 0 0 0 i 0
(3,1,1,2,1) -1 0 0 0 0 _1 0

(1,1,1,21) 0 1 0 0 0 ~1 0

(1,1,1,22 0 -1 0 0 0 : 0

A,C, 2%(1,1,1,2,4 +2%(1,1,1,24) 0 0 0 0 0 0 0
B1B; (1,2,21,1) 0 0 1 0 0 ~1 0
(1,2,2,1,1) 0 0 -1 0 0 i 0

B2C: (1,1,2,1,9+(1,1,21,4) 0 0 0 0 0 0 0
CiCs (3,1,1,1,9 1 0 0 0 0 i 0
(3,1,1,1,4) -1 0 0 0 0 ~1 0

(1,1,1,1,9 0 1 0 0 0 -1 0

11114 -1 0 0 0 3 0

tional electric chargest 3,%. In particular, theB,C, states charge. Theaa states are not localized at intersections, and
include twoSU(3) triplets and twoSU(3) singlets. All are  there is no known mechanism to give them large masses.
SU(2) singlets. These would be the natural partners of thélence they contribute significantly to the running of the

extaU. D, E, andN family from A,C, except that they 9auge couplingsiWe v_viII actgally ignore them, hoping that
have the wrong electric and hyperchargéswill be argued ~ SOMe mass mechanism will be eventually foun@hese
in Sec. VI that these states most likely disappear from th&inds of statesadjoints of the non-Abelian gauge symmetry
physical low energy spectrum due to charge confinement fo'® & generic problgm for orientifold constructions with in-
the strongly coupled hidden sector gauge groups, to be rd€rsecting branes; since each brane wrafifag supersym-
placed with composite fields with the appropriate quantun{netr'c three-cycle of the six-torus, these three-cyclesate

numbers to be théSU(2)-singlel partners of the fourth rigid a_nd thusf the adjoint maitter c.orres.ponds to the moduli
— = = — associated with the translational invariance of each three-

family of U; D, E, andN. . . . cycle. One possibility to remove these states would be to put
. The B,B; andaa sector chiral .supermultllplets in Table Il branes on curvetCalabi-Yay space with rigid three-cycles,
include threeSU(3) octets and fiveSU(2) triplets, as well \yhich s heyond the scope of the original construction of the
as a number of non-Abelian singlets with nonzero hypery,gqe| The sector also contains a number of SM singlets,
and threeSp(4) 5-plets.
N - _ ) One can consider alternative identifications of some of the
We have explored the possibility of using an alternative hyper'multiplets, due to the fact that the lepton doubletand the

charge definition, in whiclQy includes as an additional term the Higgs doubletdd, have the same SM quantum numbers. For
diagonal generator of the fir&p(2) group. However, the required example, one could interpret one or both of BE(3) sin-

Sp(2) breaking cannot occur without breaking supersymmetry be- - , , .
cause in this sector there are only two branes and thus there are n%ets n Eilcl to beHp Staltjes’_ and some of tf|1|e E%Ublits n q
enough branes available to split the branes iB,XZ, invariant A1B; as leptons. One could give masses to all of the charge

manner and be compatible with the orientifold projection. Breaking!€Ptons in this way, but not all of the quarks. Also, if the
of this Sp(2) symmetry by soméperhaps nonperturbativenecha- ~ scalar component dfl acquired a VEV, some, but not all, of
nism at the TeV scale might still be a possibility, but we concentrate¢he Higgs fields could have effective terms. We do not
here on the alternative mechanism described in Sec. VI. pursue this alternative further.
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TABLE IV. Nonchiral spectrum from theb’ sectors in the three-family model.

Sector SU(3)XSU(2)XSp(2)g X SP(2)aX Sp(4) Qs Q1 Q> Qs Qs Qv Qs— Qg
A.B} 2x2%(1,1,2,1,12x2x%(1,1,21,1) 0 0 0 *1 0 +1 *1
2Xx2x%(1,1,2,1,12x2x(1,1,21,1) 0 0 0 0 +1 -1 ¥1
A.C, 2X2x(1,1,1,1,4%2x2%(1,1,1,1,9 0 0 0 +1 0 +1 +1
2X2%(1,1,1,1,4%2x2x(1,1,1,1,9 0 0 0 0 +1 =3 1

A,B! 3%(1,2,1,2,1) 0 0 1 0 0 0 0
3x(1,2,1,2.1) 0 0 -1 0 0 0 0

A,B) 2%(1,1,2,2,1)+2x(1,1,2,2,1) 0 0 0 0 0 0 0
A,C} (31,1,2,2 1 0 0 0 0 i 0
(3,1,1,21) -1 0 0 0 0 1 0

(1,1,1,2,2 0 1 0 0 0 ~1 0

(1,1,1,21) 0 -1 0 0 0 : 0

A,C, 2% (1,1,1,2,4)% 2% (1,1,1,24) 0 0 0 0 0 0 0
BB, (1,2,2,1,2 0 0 1 0 0 0 0
(1,2,2,1,1) 0 0 -1 0 0 0 0

B,C) (1,1,2,1,3)+ (1,1,21,4) 0 0 0 0 0 0 0
C,C} (31,1,1,4 1 0 0 0 0 1 0
(3,1,1,1,9 -1 0 0 0 0 -1 0

(1,1,1,1,4 0 1 0 0 0 ~1 0

(1,1,1,1, 0 -1 0 0 0 i 0

IV. THE ADDITIONAL U(1) FACTORS mediate between the TeV and Planck scales. This can occur

if there are two or more scalar fields with opposite signs for
, = _ A . theirU(1)’ charges, so that the symmetry breaking is along
nomalousu(1)’s, B~ L.=Qa/3~Q; andQs=Qg, in addi a D (and F)-flat direction[30]. This would be desirable for

tlop o hyperchargé.The Q5= Qg cha_rges are not family implementing a neutrino seesaw mechanism if the heavy sin-
universal for the antiquarks and antileptons. For example

— , glet neutrino carries a nonzekd(1)’ charge. Alternatively,
tWO_Of th_e_U h_aveQS__QSZ —1 and two have+1. When_ the breaking can occur at the TeV scale or loy2r], in
family mixing is considered, .there may be flavor chgngmgwhich case the minimum need not be supersymmetry con-
neutral current(FCNC) couplings of the corresponding  gerying. In either case, one expects to first generate masses
boson to theU quarks[28], provided that the two types of for and possibly mixing between the two né&t bosons via
U’s mix with each other(This will occur provided there are the VEVs of SM-singlet fields that are large compared to the
Hy scalars of both types, i.e., witQg#0 and with Qg electroweak scale. A small mixing of these states withZhe

+0, with nonzero VEVS.Similar statements apply to t, ‘l’JVC(’llJl)‘? thhen beéinduced by Higgs doublet VEVs if they carry
- — . . charges.
Eﬁcﬁn:sgsfzelﬁgsérSTLE:ng:F—)I_Ingi fﬁ:lgtri?dh;% dd'et(r:]aeys The only SM-singlet figlds _which comIJpIe to the extra
B—L charges are family universéven though one of the U(1)"’s are:(1) the two pairs o states witB—L =1 and
three families ofQ andL has a different origin than the other Qg=—1 orQg=—1; we refer to these ad(8) andN(8’),
two), so there are no flavor-violating— L couplings. respectively(2) TheQy=B—L=0 andQg— Q4= *2 states
Limits on the mass and mixings of ext& bosons de- in the (otherwise problematjcA;A; sector. TheA;A; states,
pend on their couplings, but typicallyl;,>500—-800 GeV, if present in the spectrum, could lead t@&lat direction for
and thez-Z' mixing angle is less than few 1073 [29]. One  which Qz— Q4 (but notB—L) is broken at an intermediate
possibility is for aU (1)’ to be broken at a large scale inter-

As described in Sec. ll, there are two surviving nona-

%In a multi-Higgs model, one can in principle generate the entire
2strictly speaking, the three independéntl)’ charges areg Z-Z' mass matrix by the VEVs of Higgs doublet®ne of the mass
—Qg, Qg+Qg, and B—L. One can rotate the corresponding eigenvalues vanishes for a single doubl&he mixing can vanish
gauge bosons so that they couple @—Qg, Qy, and B(Qg for one or moreHy, p pairs (along aD-flat direction for more than
+Qg)—1/B(B—L), where B=gg+/gg_, is the ratio ofQg+ Qg one paij. However, the larg€’/Z mass ratio would require a very
andB—L gauge couplings. largeZ’ coupling to the doublets, which is not the case here.
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TABLE V. Nonchiral spectrum from thaa’ sectors in the three-family model.

Sector SU(B)XSU(2)XSP(2)gXSP(2)aX Sp(4) Qs Q1 Q> Qs Qs Qv Qs— Qg

B,B] 4%(1,1,1,1,1) 0 0 +2 0 0 0 0

C.C} 2%(3,1,1,1,1) 2 0 0 0 0 !
2x(3,1,1,1,1) -2 0 0 0 0 ~1

scale. Depending on whether thesgA; states are relevant, @dn2 .
one could have either th&s— Qg is broken at an interme- S4a=(Mp™) f dx*VgR+---
diate scale an®— L at the TeV scal¢by N(8) andN(8’)];
or that both are broken at the TeV scaleN8) andN(8'). =
The second possibility could lead to significant mixing be- 167Gy
tween the twaZ’ bosons. Of course, symmetry breaking in-
duced by the VEVs of the scalar componentsN{f8) or
N(8") would lead to mixing between the cclresponding
gauginos and the fermionic sterile neutrinosNit8) and
N(8'). 3 . _
The compositeSU(2)-singlet N, supermultiplet sug- V3=(27T)3_H Vn'2(R))Z+m'2(R)?, (6)
gested by the strong coupling of tBg(2)g group(Sec. V) =1
could also play a role in the breaking of the extiél)’’s. _
This state is only relevant to the effective theory below thewhere R} , are the radii of the two dimensions of thh
scale at whichSp(2)g becomes strong, but that could be two-torus, m'=m' for i=1,2, m*=m°, and the wrapping
anywhere from a few TeV up to very high scales, so it isnumbers (',iM') are given in Table I. The total internal vol-
possible forB—L to be broken along ®-flat direction at a ume is given by
large scale. Of course, other dynamical mechanisms, such as
fermion condensates, could possibly be relevant to the break- (2m)8 3
ing of the extraU(1)"’s. Ve=—7— )
=

1

fdx4ng+---. (5)

Since Gy '?=1.22x10° GeV, we have MV =1/4/7
X Gy Y?=1.7x10'® GeV. (Some authors define a scale
larger byv2.) V3 is given by

RIR,. (7)

V- GAUGE COUPLINGS The factor of 1/4 comes from the fact that we are orbifolding

The gauge couplings are associated with different stack&® by Z,XZ,, which is an Abelian group of order 4. The
of branes and do not exhibit conventional gauge unificationPlanck scale and Yang-Mills couplings are related to the
Nevertheless, the value of each gauge coupling at the stringfring couplinggs by
scale is predicted in terms of a modulyand the ratio of the 8
Planck to string scales. The running is strongly affected by (M2 MsVe @)
the exotic matter and multiple Higgs fields, leading to low P (27) g2
values of the MSSM sector couplings at low energy. How-

ever, the hidden sector groups are asymptotically free. and
The gauge coupling of the gauge field from a stack of 5
D6-branes wrapping a three-cycle is given[l] (the fac- 1 MQVs 9
tors of 27 were carefully worked out ifig8]): g’y (2mgs ©
2 4 5o We In terms of the complex structure modylj=R,/R!
gymMp = 27TMsV_3a (4) o
V27M N,
where V3 is the volume of the three-cyclé/q is the total gim= 7:40')5 3 Xli)z(zxfiz : (10)
internal volume, andMy is the string scale. The four- 2Mp™ T Vn'"2 4+ Mm%y
dimensional Planck scale is defined as the coefficient of the
Einstein term in the low energy effective action: Supersymmetry requires thgt : x,: x3=1:3:2. Therefore
o _\/1271'MS X2 11
M 2MET TDZ (ML) 2+ 9(mA) 2T (n%) 2+ (M%) 2]
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wherexy=yx;.
At a scaleM below the string scale, the coupling,
=g§/47r of the ath gauge factor is givefat one loop by

1 _ Ca(X)
aa(M) ~ aglx)  Pab (12

where
3 M,
ac(X)= \ﬁ X (13
G T 4M(P4d)
and
1 M,
t—gh’]v. (14

ForM=M; andM,~M&? one hag~6. Thec, andb, are
displayed in Table VI. For thd, the contributiondb,(int)
from the states at the intersecting brafesed in the analy-
sis) and thoseb,(aa) from the unwantedha states are dis-
played separately. The hyperchatd€l) is in general a lin-
ear combination ofU(1)'s from branes wrapping around
different three-cycles:

QY:§ daQa- (15

TABLE VI. Coefficientsc, of 1/ag, andg functionsb, for the
ath gauge group. The contributiors,(int) from the intersecting
branes (used in the analysis and the additional contributions

PHYSICAL REVIEW D 66, 066004 (2002

Its coupling ay (or the relatede; = \/5/3ay conventionally
used in the MSSMis not independent of the three other
U(1)’s, but isincluded for convenience. It is given by the
relation

—=> dgal . (16)

From Eq.(8), along with the requiremeri 8= (277)°
(i.e., the compactification radii cannot be smaller than the
string scal¢ andg2<4 (perturbative string theojywe ex-
pect thatM =M /\87. We will generally takeM &'
=My in our numerical examples. Near unification of, e.g.,
the SU(3) andSU(2) couplings atM ¢ prefers smally, but
the overall scalexg requires thajy cannot be too small. The
best results are fogy~0.5. The predicted MSSM gauge cou-
plings at the electroweak scale are presented as a function of
x in Fig. 1. It is seen that the predicted valueaf is quite
close to the experimental value for~0.5 (lk3~8.5).
However, « is predicted to be much too small, mainly be-
cause of the contributions of the exotic states to the running,
while sir? 4, is predicted too large by a facter2. (The
predicted value of sfd,, at the string scal®/l ranges from
0.78 to 0.73 fory varying from 0 tooe, while 1/ag~12 for
x~0.5 andME=My.)

Although the predictions for the MSSM gauge couplings
are unrealistic, the quasihidden sec8pgroups are all as-
ymptotically free. Figure 2 displays the scales at which each
Spgroup becomes strongly coupled as a functionyofll
three groups become strong above the electroweak scale for
MED=Mg and y=0.4. ForME?D <M the couplings be-
come strong at higher scalg¢s.g., Sp(2)g would become
strong at around 0 GeV for M§®=My3 and y=0.5,
with possible implications for neutrino mass, as mentioned in
Sec. IV]. The implications will be further discussed in Sec.
VI and in[23].

VI. IMPLICATIONS OF A STRONGLY COUPLED SECTOR

We have seen that for sufficiently low valueshf'®/M

b,(aa) from unwantedaa states not localized at the intersections the quasihidden sector group(2)s, SP(2)a, andSp(4)

are both displayedSp(2)g and Sp(2), refer to theSp(2) groups
associated with thé82 and A2 branes, respectively. The gauge
coupling for hypercharge is not independent of thatBer L and
Qg+ Qg , but is shown for completeness. For comparison, ghe
functionsb,(MSSM) in the MSSM forSU(3), SU(2), and 1&;
are, respectively-3, 1, and 33/5.

Groupa C, b,(int) b,(aa)
SU(3) 1+ y? -1 9
SU(2) 1+9y? 18 6
B-L FA+x) 5

Qs* Qg 12y? 80 144
1 31 1 . 592 76 108
a, Say 6 30 5 5
Sp(2)g 6> -4

Sp(2)a 2 -6

Sp(4) 2x? -5 3

will become strongly coupled above the electroweak scale.
This is likely to lead to supersymmetry breaking in the hid-
den sector, which can be transmitted to the observable sector
by supergravity, as well as dilaton/moduli stabilizat{@3].
Here we will focus on another aspect, i.e., the confinement of
free Spcharges, expected in analogy with QCD. In particular,
it is plausible to assume that when one of 8ygn) groups
becomes strongly coupled at some sddle-M any states
carryingSp(n) charges become confined and drop out of the
physical spectrum. However, there may$eneutral bound-
state chiral supermultiplets remaining in the spectfum,
which may be required to avoid the introduction of anoma-
lies for the remaining gauge groups.

Sp(4) is expected to become strong at a high scale. The

4Supersymmetry breaking associated with a related gaugino con-
densation will be transmitted to the ordinary sector only by weak
supergravity effects, and can be ignored for the purposes of the
present discussion.
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FIG. 1. Predicted values ¢ 1/ag, (b) 1/a=1lay+lla,, and(c) the weak angle sff,=ay /(ay,+ay) at the electroweak scale as a
function of y for M(P“d): M. Only the contribution®,(int) of the states localized at the brane intersecti@sswell as the gauge bosgns
to the running are included. The experimental values-a8e5, 128, and 0.23, respectively.

only state in the chiral sector withp(4) charge is from the N4=(1325
B,C, intersection. We denote this state ¥s which trans- '

forms as(1, 2, 1, 1, 4 under SU(3)XSU(2)XSp(2)s (17

XSp(2)aXSp(4). ThestrongSp(4) forces may lead to a U,=®XE,
composite chiral supermultiplelfiA, where the subscript o
indicates an antisymmetrization in both tf&U(2) and D,=®XN,

Sp(4) indices.\lf,iA is a total gauge singlet. Whether or not

this composite state is formed, the confinement¥otloes i.e., 3 forms bound states with each member of one of the
not lead to any anomalies for the residual gauge groups. Afpur families of SU2)-singlet antiquarks and antileptons.
anomaly is induced in th®,— SU(2)? vertex, whereQ, is  The latter do not have to drop out of the spectrum, so the
associated with an anomalol 1) with a massive gauge

boson. This can be regarded as a breakingQefand is 6
presumably harmless, analogous to the breaking of the global
axial U(1) symmetry in QCD. The fouSU(2) doublets \K
contained in¥ drop out of the renormalization group equa- 4.,
tions for SU(2) at the decoupling scale, loweritg ;) by
2, but this has only a minor impact on the discussion in Sec.
V. 2 "'.'Woc
Sp(2)g can become strongly coupled anywhere from a 2T,
few TeV up to very high scales such asf1GeV, depending S e
on y and M{*¥/M,. The fractionally charge®,C; states e ol o e

are charged undeSp(2)g. Let us denote them a®
=(3,1,2,1,1) and&&=(1,1,2,1,1). By our assumptions, these
will be confined at theSp(2)g scale. The strongp(2)g
binding might form the composite color tripletbs
=(3,1,1,1,1). This has chargel/3, and would be a candi- °
date for an exoticSU(2)-singlet down-type quark, except

-2 °

that it has lepton numbér=1. Furthermore, if this were the =

only massless composite, anomalies would be induced in the .

Q$ and Qy— SU(3)? vertices. The anomaly-matching con-

dition suggests that, instead @, there is a more compli- Y 04 06 08 1

cated spectrum of massless composites. The simplest possi-
bility is that the spectrum consists of X
FIG. 2. Scaleg=1/2m In M/M2, whereM is the scale at which

the Spgroup becomes strongly coupled fa&'® =M. The curves

E4=CI>EU, areSp(2)4 (solid), Sp(2)g (circles, andSp(4) (crosses
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compositesU,, D,, E,, andN, are candidates to be the tors.] These mixed states have fractional charges like 1/6 or
exotic [SU(2)-singlel left-handed partners of the elemen- =1/2. A hidden sector is an ideal candidate for dynamical
tary fourth family of antiparticles. This spectrum matches allsupersymmetry breaking if it is strongly coupled. In the het-
of the gauge anomalies, although it does lead tprasum-  erotic example the hidden sector groups are not asymptoti-
ably harmless (B+ L)—Qg anomaly, again similar to the cally free. However, in the orientifold example, the groups
axial U(1) in QCD. are asymptotically free, and may lead to gaugino condensa-
This binding mechanism seems very plausible from théion,_d@laton/moduli stabilization, and charge confinement,
viewpoint of anomaly matching. However, it is harder to modifying the low energy spectrum. _ .
understand from the actual forces between the constituents, Both models involve exotic states, often with no satisfac-
since theU, D, E, N are not charged under the strong 1Y Means of generating fermion masses. These include ad-
Sp(2)s grOL;p.(',I'he,y do carry other gauge charges. d|t|onf:1l Higgs doublets_and smglets, suggesting such effect.s
The decoupling of® andS, and the appearance of the as arich spectrum of Higgs particles, qeutrahnos, an_d_chargl—
composite states lead to a net increase of 6/5 foptfinc- nos, perhapg with nonstandard couplmgs due to mixing and
tion for 1/ay at the decoupling scalebg sy andbgy;) do f'?VOF changing teffsctz. 'TI'Ee eﬁeCt'Vﬁll terkr)ns ar? e”h?f f
not changg but this is a small effect for the specific numeri- Toond OF hohstandard. There may aiso be vector pairs o

cal example we have displaved. For examole m&“d) additional quarks and leptons. In the orientifold case, the
P played. Pie, left-chiral states are composite and their right-chiral partners

=M, and x=0.5, Sp(4) and Sp(2)s become strong at elementary. The orientifold model also contains unwanted
~.1015 and 2><10.6 GeV, respecg\{ely. Inqludlng both decou- adjoints. There may be mixing between lepton and Higgs
plings, the predicted \_/alues of * and sif &y de_crea_lse by doublets, leading to lepton number violation. This was re-
~6 and 0.02, respectively, compared to those in Fig. 2. quired in the heterotic cag@vhere baryon number violation
SP(2)a may also become strongly coupled. However,aq aiso possible for one flat directioand optional for the

there are no chiral states withp(2), charges. orientifold
Although the Yukawa couplings have tree-level contribu-
VII. DISCUSSION tions in string perturbation theofjn orders ofg,) in the two

In this paper we have described the phenomenologica‘fO”Str”CtiO”s’ phey have d!ffer_ent origins from the world-
implications of a semirealistic supersymmetric three familySN€et perspective. In the orientifold model, the Yukawa cou-

model derived from an orientifold construction. In addition PliNgs arise from nonperturbative effecisoridsheet instan-

to the MSSM, the model involves an extended gauge strud2"S in the worldsheet conformal field theory. In the
Hockney, and Lykker{CHL5) model, the

ture, including two additional(1)’ factors, one of which ~Chaudhuri, H _
has family nonuniversal couplings. There is also a quasihidY”kawa couplings are tree-level from the worldsheet point of

den sector non-Abelian group, which becomes strongl)}"ew' We note, however, that in some heterotic string con-

coupled above the electroweak scale. There are many exotityUCtions, the quarks, leptons, and the Higgs fields are local-
chiral supermultiplets, including an exoti€U(2)-singled ized at different orbifold fixed pointgsee, e.g.[31] and

fourth family of quarks and leptons in which the left-chiral references thereinin these constructions, the Yukawa cou-

states have unphysical fractional electric charges. These apings also come from worldsheet instantons. Both construc-

presumably confined by the strong hidden sector interacionS ¢@n yield masses and mixings for some, but not all, of

tions, while anomaly constraints imply composite Ie1‘t-chiralthe fermions, but the' deta|I§ depend on the_ mechanlsm_ of
states with the correct charges. The right-chiral states argPersymmetry breaking. Neither has an obvious mechanism

elementary. The Yukawa secti®?] and other aspects of the [0 @& neutrino seesaw, except possibly for the case of an

hidden sectof23] will be presented separately. intermediate sca!e breaking ofli(1)’. I -
As emphasized in the Introduction, none of the models In the heterotic model the gauge unification predictions

that have been constructed are fully realistic, and it is diffi-2"® nonstandgrdand not very SL_JCC?SSM'% to the_combl-
cult to know whether the specific features of a given modefation of exotic particles contributing to the running of the

are hints of possible new TeV scale physics, or merely artjg@uge couplings and higher Katoody levels at the string

facts of the construction. For that reason, it is useful to conSC@le. The orientifold predictions are also nonstandard: the

trast some of the features of this orientifold construction withd2Uge groups are associated with different branes, and have
those of a specific heterotic model described4h For con- nonstandard moduli-dependent boundary conditions at the

venience, those predictions are described in more detail i tring sca_lle, and there are also exotic partic_les contributing to
the Appendix the running, leading to electroweak couplings that are too

Both models predict additiona) (1)’ gauge symmetries small. Resolutions of these difficulties in more successful

some of which have family-nonuniversal and therefore ﬂaVOIconstructions might involve avoiding these nonstandard fea-

changing neutral current couplings. Both are most likely brolures, having exotics which fall into complete grand unifica-

ken at the TeV scale, but have a possibility of being brokerﬂon multiplets, or invoking cancellations of effects occurring
at an intermediate scale alongDaflat direction. Both also Y a@ccident or due to some other mechanism.
have quasihidden non-Abelian gauge sectors. This means
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the University of Wisconsin at Madisdi®.L.); by the W. M. however, has unrealistic Yukawa couplings, is described in
Keck Foundation at the Institute for Advanced Stl.(%), [34]) The Spectrum includes a number of Chaﬂg:yz states.
and by the ITP, Santa Barbara, the ITP workshop on Brangnese are all charged under the quasihidden sector group,
Worlds and the Newton Institute, Cambridge. and potentially could disappear from the spectrum if the hid-
den sector charges are confing®86]. However, as noted
above, the hidden sector factors in the CHL5 model are not
APPENDIX strongly coupled, so this mechanism does not occur.
) _ ) _ There are more than the two Higgs doublets of the
As described in the Introduction, there has been considely sy, 1n addition to the more complicated Higgs spectrum,

able study of semirealistic perturbative heterotic string conypare is a possibility of Higgs mediated FCNC. Models with
structions, |n_clud|ng a class of free-fermionic string models, | ojectroweak scalg(1)’ can generically provide a natural
which contain the gauge group and matter content of th

MSSM [2,3]. Such constructions generally involve addi-%omtIon fo theu problem|[26,27, which is generated dy-

tional gauge factors and many extra matter supermultiplet namically by the VEV of the field that breaks thé(1)".

However, they also contain an anomaldul), symmetry ﬁ—|owever, in the CHL5 model the effectiyeterms are non-

and a corresponding Fayet-lliopoulos contribution to thecanonical, connecting Higgs doublets which generatetthe

U(1), D term. Maintaining supersymmetry at the string andb masses to othgrs. In the s_;pecific exampl_es studied, one
scale requires that some of the fields in the effective four®f the needed effective terms is absent, leading to an un-
dimensional theory must acquire compensating vacuum exvanted global symmetry. _ o

pectation value$VEVs) near the string scale, while main-  The model has gauge coupling unification. However, the
taining F flatness and flatness for the other gauge factors. detailed predictions for the low energy couplings differ from
These break some of the extra gauge symmetries, remo¥8e MSSM(and from experimentbecause of the additional
some of the apparently massless states from the low energpatter fields as well as higher K&goody levels for the
effective theory, and require that the theory be restabilizedJ (1) factors.

i.e., the superpotential for the remaining massless states must The Yukawa couplings at the string scale are eitber

be recalculated when some of the fields are replaced by thegy/v2, or 0, whereg=0(1) is the gauge coupling, allowing
string-scale VEVs. A systematic procedure was developed ifarge masses for theandb, and the possibility of radiative
[32] to classify the flat directions associated with non-electroweak breaking. Smaller Yukawa couplings can be as-
Abelian singlet fields. This was used [i] to investigate the sociated with higher dimensional operators that become cu-
flat directions and related low energy phenomenology in depjc after vacuum restabilization. CHL5 containsb and an

tail for a promising model due orlgl_nally to Chauc_ihurl, unphysicaly — 7 universality, a noncanonical— = relation,
Hockney, and Lykken3] (CHLS). Flat directions associated anq a nontrivialbut unphysical d quark texture for one flat
with nonsinglets were studied {183]. The procedures were ;o tion.

used to study the flat directions in a class of models due to The models violateR parity and lepton numbegdue to

Faraggi, Nanopoulos, and Yu@2] in [34]. s . .
The features of perturbative heterotic string models aremlxIng between lepton and Higgs doubletso there is no

illustrated by the prototypical example of the CHL5 modeI.SFable. neutraliqo. The Baryon number is vio_lated_forlone flat
These include the following. dlrgctlon, leading to proton decay amj—n OSC|IIat|9ns
One or more additionghonanomalousU (1)’ gauge fac- (with rates that cannot be ca'lculated without resolving the
tors. The associateZl’ gauge boson is typically expected to Problem of the massless exofics _
be lighter than around 1 Tef27], although for one flat di- There is no obvpus mechanlsm for a neutrino seesaw
rection studied the breaking could be at an intermediate sca@XCept for the cases in which one of t¢1)" gauge factors
[30]. The Z' couplings are family nonuniversal, leading to iS broken at an intermediate sc4&g].
flavor changing neutral currentECNC) [28]. When phenomenological soft supersymmetry breaking
Additional non-Abelian gauge factors. These could, inparameters are introduced by hand at the string scale, one
principle, play a role in dynamical supersymmetry breaking.can calculate the symmetry breaking and the spectrum of the
However, in the model studied the factors do not becoméliggs and supersymmetry particles. One can obtain a suffi-
strongly coupled below the string scalee., they are not ciently largeZ’ mass(e.g.,>700 Ge\j and smallZ-Z' mix-
asymptotically freg These extra gauge factors are quasihid-ing (e.g., <0.005 for somewhat tuned values of the soft
den, i.e., most matter multiplets transform nontrivially underparameters. The largé’ mass scale is set by the soft break-
the standard modebU(3)X SU(2) group or under the hid- ing parameters, implying a spectrum quite different from
den sector grougor neithej, but not both. However, there most of the parameter space of the MSSM: typically, the
are a few exceptions which are charged under both. The extisquark and slepton masses are in the TeV rdegeept pos-
U(1)' typically couple to both sectors. sibly for the third family, but there is a richer spectrum of
There are many exotic supermultiplets in the model, in-Higgs particles, charginos, and neutralii8§].
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