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We study candidate vacuum configurations in ten-dimensional 0(32) and E 8 X E 8 supergravity and superstring theory that have unbroken N = 1 supersymmetry in four dimensions. This
condition permits only a few possibilities, all of which have vanishing cosmological constant. In the
E 8 × E 8 case, one of these possibilities leads to a model that in four dimensions has an E6 gauge
group with four standard generations of fermions.
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Compactification of ten-dimensional supergravity on Calabi-Yau manifolds (as recently proposed by Candelas, Horowitz,
Strominger, and the author) gives n = 1 supergravity theories in four dimensions. This paper is devoted to working out the
K~hler potential and superpotential which arise.
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scalar fields are complex fields q~i that parametrize a
K~hler manifold. The line element is

(K being the K~ihler potential). The superpotential is
an analytic function W(c)i) (actually, it is a section of a
holomorphic line bundle [3]), and the potential energy is

K and W can be obtained from the purely bosonic part
of the action, we will only reduce the bosonic part of
the action from ten to four dimensions.
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We extract some general features of the N = 1 supergravlty, d = 4 theory which could be obtained as a low energy hmat of
the recently proposed anomaly-free superstrlng theories One finds that after the breaking of the resadual d = 4 supersymmetry
the gravmno and gaugmo masses are equal. Soft scalar couplings are also obtained, including trdmear terms as well as common
scalar masses m ~ m3/2 It is argued that a possable source of supersymmetry breaking may be the condensataon of ferrmons m
the Yang-Mdls sector and we dascuss this posslblhty m the context of the E s x E 8 model Finally, we d~scuss some
lmphcatlons for the low energy supersymmetrlc spectrum, particularly squark and glumo masses.
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Recently [1] it has been shown by Green and
Schwarz that one may construct an anomaly-free N =
1, d = 10 supergravlty theory coupled to Yang-Mills
matter [ 2 - 4 ] as a limit of a d = 1 0 , N = 1 superstring
theory with gauge groups SO(32) and E 8 × E 8. This
offers a possible unification of all known interactions
Incorporating chiral fermions in the low energy sector
which could be identified with quarks and leptons
[2,3]. Candelas et al. have also shown recently [5]
that if one further insists on the conservation of an
unbroken supersymmetry in d = 4 after compacUfication of extra dnnensions, then the internal six-dimensional space must be a Riccl-flat Kiihler manifold with
SU(3) holonomy group. The condition of the existence of an unbroken d = 4 supersymmetry strongly
rAates the values of (FMN) and (RMNAB) in the extra dimensions in such a way that one is apparently

V ⇠A 1

W = Ae

forced to identify an SU(3) subgroup inside SO(32)
or E 8 X E 8 with the SU(3) connection in the compact
manifold. Identifying this SU(3) with the one in the
maximal E 8 subgroup E 6 X SU(3) one is led to an N
= 1 supersymmetric E 6 theory with a number of famihes given by one half the Euler characteristic of the
internal manifold. In this case the effective low energy theory would be an N = 1 supergravlty theory in
d = 4 coupled to an E 6 GUT.
It is an appealing fact that one may consistently
conserve one supersymmetry in the process of compactificatlon since it can be of help in solving the
"gauge hierarchy" problem of GUT's. In particular, it
has been shown in the last few years that spontaneously broken N = 1 (d = 4) supergravity coupled to GUT's
offers an aesthetic scheme for facing that problem ,i
In these theories the Glashow-Salam-Wemberg
SU(2) X U(1) symmetry is radiatavely broken as a
natural consequence of the breaking of supersymme-
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The recent discovery of gravitational waves has opened a new windo
physical phenomena in which gravity is the dominant interaction. Col

Gluino condensation in the second Es provides a natural mechanism for supersymmetry breaking in E 8 × E8 superstring
theory. Under certain assumptions, the vacuum energy is naturally zero in the leading approximation. The effective
* Partially
four-dimensional theory is similar to the "no-scale'" supergravity theories.
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The effective potential (5) at the minimum point

Racetrack SUSY Breaking
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gives the non-perturbative term (3) in the superpotential.
As has been noted before that in order to obtain a non-zero
gauge
group via the
Hosotani
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Es~SU(4)®SU(5)®U(1),

We showthat non-zerogaugino condensatesof several non-abeliangaugegroupsGt ®...®Gk= Es in low-energyd=4 superstring Es®E6 gauge theory can lead to the exponentiallysmall (comparedto the Planck scale) supersymmetrybreakingscale. The
Hosotani mechanismcan providethe Es--,G~®...®Gkbreaking.

In the case of the Es~O~®...®Gk breaking, formula (3) appea

The possibility that the ultimate theory unifying all fundamental interactions could be a superstring theory"
has recently received renewed attention. The reason is that strings can be free of gravitational and Yang-Mills
anomalies [ 2 ], as well as finite to one loop, and probably to all loops, provided the gauge group is SO(32) or
Es®Es [2,3]. In the point-field limit, these theories describe a ten-dimensional supergravity coupled to
/
Yang-Mills supermultiplet with additional Wess-Zumino terms necessary to cancel gauge anomalies. Candelas
et al. [ 4] have shown that an SO(32) and Es@ Es ten-dimensional Yang-Mills theory coupled to supergravity
can undergo spontaneous compactification in four-dimensional Minkowski spacetime with chiral fermions,
provided higher derivative terms are introduced in the bosonic part of the lagrangian. At present, the Es®Es
theory appears to be more realistic. For the Es®E8 theory there is a compactification for which one Es group
is broken to E 6 in four dimensions, with zero modes transforming as n ( 2 7 ) + m(27 ) chiral multiplets besides

A W = ~ h~ e x p ( -

3s/2b~) exp(27tikl/Nl) .

Let us consider for instance the E s - ~ S U ( N ) ® S U ( M ) breaking
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We consider constraints on superstring theories compactified on Calabi-Yau manifolds arising
from the proton lifetime, neutrino masses, sin2 0w, and the requirement of perturbative unification.
All possible low-energy gauge groups are studied with variable number of generations. Several
three-generation models pose no immediate problem. Four-generation models need an intermediate scale. We suggest a natural mechanism to generate it.

It was recently proposed (by Candelas, Horowitz, Strominger and the author) that compact
manifolds of SU(3) holonomy are an interesting starting point for superstring phenomenology.
Some aspects of such models are explored in this paper. Possible low-energy gauge groups are
classified. It is shown that these theories have a mechanism to produce extra massless Higgs
doublets unaccompanied by light color triplets. The SU(3)x SU(2)x U(1) couplings obey the
standard relations after E6 breaking, so the standard computation of sin20 is valid. These models
lead typically to discrete global symmetries, but a model in which these symmetries forbid all
baryon-violating dimension-four operators may be hard to find. An alternative possibility (involving O(6) holonomy) is discussed in the last section.

1. Introduction

It is a r e l a t i v e l y old i d e a [1] that consistent theories of q u a n t u m gravity can be
o b t a i n e d f r o m t e n - d i m e n s i o n a l string theories. In recent years this p r o g r a m has been
1. Introduction
i m p l e m e n t e d to a convincing extent [2], a n d the discovery of a new m e c h a n i s m for
The existence of anomaly-free superstring theories with gauge groups SO(32) [1] a n o m a l y c a n c e l l a t i o n has m a d e it clear that these theories can be p h e n o m e n o l o g i and E 8 ® E 8 [2] presents the exciting prospect of consistent unified theories of gauge c a l l y realistic [3]. T h e new superstring t h e o r y with E 8 x E 8 gauge group [4] is
and gravitational interactions. Recently, it has been shown that there exists a class of p a r t i c u l a r l y p r o m i s i n g .

compactifications of these theories which yields a low-energy theory with N = 1

F o r these theories to describe nature, six of the ten d i m e n s i o n s m u s t b e c o m p a c t i -
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We present the preliminary analysis of a three-generation heterotic superstring-inspired
model. A detailed mathematical description of the manifold of compactification is given, along
with a determination of its Hodge numbers and of the associated light supermultiplet structure.
For a particular choice of vacuum moduli we derive this manifold's symmetry and groups, and
determine their action on the massless fields in the theory. These transformation properties shall
be shown, in a companion paper, to give rise to a model with interesting phenomenological
properties.

1. Introduction
T h e recent enthusiastic interest in superstring theories [1] rests on the belief that a
suitable compactification of the ten-dimensional theory can be found which reproduces observed p h e n o m e n o l o g y in four dimensions. Compactification on M 4 X K0,

We discuss low-energy phenomenology for a three-generation model, based upon compactification on a specific Calabi-Yau manifold, with an underlying E s ® E 8 symmetry following from
the heterotic superstring. It is shown how a combination of breaking by flux loops and Higgs
scalar vevs can lead to just the standard model at low energy. The discrete symmetries following
from the compactification manifold give rise to a matter parity in the low energy theory which
forbids dimension four baryon and lepton number violation. They also ensure a light pair of Higgs
bosons and constrain the form of the light fermion mass matrix. The Kobayashi-Maskawa mixing
matrix and light fermion masses are determined, and a relation is obtained between the mixing
angles. The only light states additional to those of the supersymmetric standard model are a
charged lepton and three neutral leptons. Neutrinos are massive but their mass is expected to be
very small ( ~<O(10 1 eV)).
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Stnng propagatton on the quottent of a flat torus by a &screte group is considered We obtain
an exactly soluble and more or less reahstlc method of stnng compactlficatlon

The most thoroughly understood example of superstring compactification is
compactification on a fiat torus [1]. This example is exactly soluble and obeys all
of the equations of string theory. It is also clearly a significant example since it is
one way to understand the construction of the heterotic string theory [2]. For
compact~ficatlon of physical dimensions from ten to four, the fiat torus is not suitable
since it leads in many ways to unappealing phenomenology. More realistic compactification schemes involve non-trivial supersymmetric non-linear sigma models, and
the realisUc ones seem to be rather complicated mathematically. The purpose of
this paper is to descnbe a scheme of compactlfication of extra physical dimensions
which is almost as simple as standard toroidal compactxfication and far more reahstic.
The main phenomenological question involves the realization of spacetime and
gauge symmetry breaking. In the string theory a way to achieve symmetry breaking
is to twist the boundary conditions in such a way that there is no net charge
corresponding to the broken symmetries on the string world sheet. Such a procedure
has been used for supersymmetry [3] and gauge symmetry [4] breaking and it is

Received 12 March 1986

A general framework for analyzing string propagation on the quotient of a manifold bv a
discrete group is presented. The conditions necessary for modular invariance and absence of
tachvons are discussed. Models with four or fewer generations which correspond to the standard
embedding of the spin connection in the gauge group are analyzed. Wc all discuss some
generalizations which may lead to more phenomenologically promising model.,,.

I. Introduction
S u p e r s t r i n g theories are serious c a n d i d a t e s for unified theories of all k n o w n
i n t e r a c t i o n s [1-3]. However if they are to m a k e c o n t a c t with the real world it will be
n e c e s s a r y to u n d e r s t a n d how the e n o r m o u s s y m m e t r y of these theories is b r o k e n
d o w n to s o m e t h i n g like that which we o b s e r v e at low energies. In a previous p a p e r
[4] we discussed a simple but p o w e r f u l m e t h o d of achieving s y m m e t r y b r e a k i n g in
s t r i n g theories via twisted b o u n d a r y c o n d i t i o n s . D e p e n d i n g on how the twists act on
the s p a c e t i m e a n d internal degrees of f r e e d o m this general a p p r o a c h can d e s c r i b e
t o r o i d a l c o m p a c t i f i c a t i o n , s y m m e t r y b r e a k i n g by W i l s o n lines, a s i n g u l a r limit of
c o m p a c t i f i c a t i o n on certain C a l a b i - Y a u spaces, a n d m a y even be used to derive one

First explicit string compactifications exact CFTs with
chiral matter! (some singular limit of CY)
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K.S. NARAIN and M.H. SARMAD1
It is shown that infinitely many heterotic string theories exist in uncompactified dimensions less than 10. that are one-loop
finite (for massless external legs). Tachyons are removed by compactifying into tori (10- d) and (26- d) dimensions of the
right-moving superstring and left-moving bosonic string sectors, respectively. The condition for modular invariance is shown to
be equivalent to self-duality condition on even Iorentzian lattices with (10- d) and (26- d) timelike and spacelike directions,
respectively. The construction results in a (10- dX26- d) parameter family of one-loop finite string theories. The zero mass
sector of these theories for d = 4 and 6 correspond to N = 4 and 2 supergravity coupled to super Yang-Mills with many
possible groups, some of which cannot be obtained by compactifying d = 10 heterotic string theory.

Superstring theories [1 ] and in particular the heterotic string theory [2] has attracted a lot o f attention recently. The latter has two important features - namely it is t'mite at the one-loop level (and possibly to all orders) and
the zero mass sector describes an anomaly-free chiral field theory [3]. Due to these reasons they have become serious candidates for describing nature, and many attempts have been made to obtain d = 4 theories by compactifying the extra dimensions into Calabi-Yau manifolds [4], starting either from the d = 10 field theory (i.e. massless
sector) or by directly defining the string theory on these compact manifolds. The latter is possible due to some remarkable features o f the Calabi-Yau manifolds, such as vanishing of the/3 function in the corresponding two-dimensional field theory and of the one-loop correction to the central charge in the Virasoro algebra [5]. More
recently an attempt has been made to compactify via orbiforlds obtained from a six-torus by the action of some appropriate discrete group, and it appears that most of the features of Calabi-Yau manifolds could be obtained this
way [6]. This is, of course, very attractive, as orbifolds are simpler to handle than Calabi-Yau manifolds.
All the approaches so far, however, have involved two steps - first the 26-dimensional left-moving sector of
the heterotic string is cofiapactified to ten dimensions and then the ten dimensions of the left- and right-moving
sector are compactifie.d to lower dimensions. As the scales o f these two steps are of the same order, one can envisage an alternative approach o f directly compactifying 26-dimensional and ten-dimensional dimensions of left- and
right-moving sectors into toil.
In this letter, I shall show that such a construction yields a ( 1 0 - d ) ( 2 6 - d ) parameter family of tachyon-free,
one-loop finite string theories. This, of course, does not preclude the existence o f other consistent theories on
more complicated manifolds. The massless sector o f these theories in d = 6 and 4 correspond, respectively, to N = 2
and 4 supergravity coupled to super Yang-Mills with many possible groups (of rank 2 6 - d ) . Many o f these groups
cannot be obtained by a simple torus compactification o f ten-dimensional heterotic string theory, and thus may

Direct 4D constructions +
interpretation in terms of
background fields gMN, AMI, BMN

Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OXl l OQX, UK
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The connection of recently constructed lower dimensional heterotic strings with conventional
toroidal compactification is clarified.

1. Introduction
In a recent paper, one of us considered a more general scheme for toroidal
compactification of superstrings than had been considered hitherto. The purpose of
the present note is to clarify this scheme and consider some of the implications.
In ref. [1] the following general expansion of left- and right-moving bosons X A
and ,I~"t was considered:
X,4 = qA + 2 L ~ u + y ' l otAe -2inu
..~o 2n "

A = 1...q,

General Orbifold Models
Volume 187, n u m b e r 1,2
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We study the consequences of the presence of gauge background fields on the torus underlying orbffold compactlficatmn of the
heterotic string. It is pointed out that such Wilson hnes provide us with a m e c h a n i s m for controlhng the n u m b e r of chlral matter
states both from twtsted and untwisted sectors, as well as breaking the symmetry group. Starting from the Z orbifold, we can
construct a variety of four-dlmensmnal s t n n g models with three famdies of quarks and leptons and d~fferent gauge groups such as
E6, S U ( 3 ) 3, S U ( 6 ) × U ( 1 ) or S U ( 5 ) × [ S U ( 2 ) × U ( 1 )]2.

Nuclear Physics B288 (1987) 551-577
North-Holland, Amsterdam

1. Introduction. A clarification of an eventual connection between superstring theories and physics
necessitates a better understanding of four-dimensional string theories. Compactification of higherdimensional string theories on a torus T~= R~/A is
well understood [ 1 ] but seems to be unrealistic
because of the absence of chiral fermions. The consideration of orbifolds [2,3 ] (or, more precisely, of
twisted tori O~=T~/P :~) seems to be more promising in this respect, still sharing the conceptual simplicity of torus compactification [4,5]. In this
direction the work has mainly been concentrated on
the choice of an abelian point group with standard
embedding in the gauge group E8 X E8 of the heterotic string [ 3 ]. Whilst this leads to encouraging results
concerning the breakdown of E8 and the existence of
chiral fermions, it usually leads to an embarrassing
proliferation of matter fields. Also, one example with
nonstandard embedding has been worked out [ 6 ].
In this paper we consider the inclusion of back-

gauge symmetry breakdown. However, it will also be
shown, as might not have been expected from the
beginning, that such Wilson lines provide us with a
mechanism for controlling the number of matter
multiplets. In the framework of the Z orbifold [2]
ASYMMETRIC ORBIFOLDS
we will see that this method allows us to easily construct models with three generations of quarks and
K.S. NARAIN and M.H. SARMADI
leptons with semi-realistic gauge groups such as E6,
S U ( 6 ) × U ( 1 ) , SU(3) 3, and S U ( 5 ) x [ S U ( 2 ) ×
Rutherford Appleton Laboratory, Chilton, Didcot, OXll OQX, UK
U(1 )] 2. In a certain way our work is complementary
to the attempts to classify all possible four-dimenC. VAFA
sional string models on the basis of modular invariant partition functions [ 7,8 ]. Although here a very
Lyman Laboratory of Physics, Harvard University, Cambridge, MA 02138, USA
large number of such models can be classified, a
mechanism for selecting the interesting ones is still
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lacking.
Let us therefore consider the motion of closed
strings on the twisted torus On=T~/Pg Rn/S. ConWe describe string theories in which the left-moving and right-moving degrees of freedom live
sistency requires that the action of P leaves the torus on different orbifolds.
T ~ invariant. We denote the two-dimensional coor-
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fr0m 0r61f01dc0mpact1f1cat10n0fthe heter0t1c 5tr1n91nthe pre5ence 0f c0n5tant 9au9e-6ack9r0und f1e1d5.7h15w1150n-11nemechan15m a150a110w5u5 t0 e11m1nateextra c010urtr1p1et5wh1ch c0u1d med1ate fa5t pr0t0n decay.
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510na1 5tr1n9 the0r1e5 [ 1-4 ] have 1ed t0 a 9enera112ed
1mpre5510n that, 5tart1n9 fr0m heter0t1c 5tr1n95, 1t 15
p055161e t0 06ta1n a1m05t any f0ur-d1men510na1 m0de1
we want. H0wever, phen0men01091ca11y 1ntere5t1n9
THREE GENERATION SU(3) × SU(2) × U(1)y MODELS FROM ORBIFOLDS
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510n5. Even th0u9h ch1ra1 5uper5ymmetr1c m0de15 are
and
ea511y 06ta1ned, the 9au9e 9r0up and/0r the num6er
0f 9enerat10n5 9enera11y appear5 t0 6e unrea115t1c.
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at the 5ame t1me 6reak the 9au9e 9r0up 1n 0r61f01d
Explicit SU ( 3 ) × SU ( 2 ) X U ( 1 ) r four-dimensional
string models are obtained from0f
compactification
of the heterotic
string on 7h15 wa5
c0mpact1f1cat10n
the heter0t1c
5tr1n9.
the Z 3 orbifold. The presence of a Fayet-Iliopoulos term, associated with an "anomalous" U ( 1 ), plays a crucial role in the symd0ne
thr0u9h
the c0n51derat10n
W1150n
metry breaking process. In the example presented here
the spectrum
of light panicles
is remarkably close to that0f
of the
standard 11ne5, 1.e.
model. It contains three generations of the standard panicles, with the correct representations under SU ( 3 ) × SU (2) × U ( 1 ) r,
c0n5tant 9au9e-6ack9r0und f1e1d5 c0rre5p0nd1n9 t0
and all the extra colour triplets, which could mediate fast proton decay, become naturally massive. Finally, there is a true (not
mixed) hidden sector. Despite these attractive factsthe
the model
still has some problems (related
renormalization
group
equan0n-c0ntract161e
100p5to 0f
the t0ru5
under1y1n9
the
tions and fermion masses), which may be cured in other examples.
0r61f01d. 1n the pre5ent n0te, we u5e the a60ve mechan15m t0 c0n5truct three-9enerat10n m0de15 w1th the
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c010ur tr1p1et5 and thu5 av01d the r15k 0 f t h e m 1nduc1n9 fa5t pr0t0n decay.
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act10n 0f 5 can 6e extended t0 the 9au9e de9ree5 0f
freed0m, where 60th the d15crete r0tat10n5 and
We discuss the construction of SU (3)× SU (2)X U (1) three-generation superstrings through the "'degenerate orbifolds'" retran51at10n5
1n theThese
5pace-t1me
1att1ce
are repre5ented
cently
described by the authors.
are lower rank models
continuously
connectedto rank-sixteenor twenty-twomodelsthrough
fiat directions in the potential of the scalar fields. The structure of Yukawa couplingsis carefullyinvestigatedand specialattention
6y to5h1ft5
1n the E8
× E8 in
1att1ce.
70theafiatd15crete
r0tat10n
is paid
nonrenormalizable
interactions
determining
directions and
the induced cubic couplingsthat are forbidden in
the0original
model. Theaimportance
modes and
effect is explained, One specific example is
we a5519n
5h1ft vof1twisted
(1= oscillator
1..... 16),
andmoduli
t0 toa this
tran5presented in detail and its phenomenologicalconsequencessuch as quark and lepton masses, proton stability and neutrino masses
1at10n
6y
e~
(1=
1,
...,
6)
we
a5519n
the
5h1ft5
a~
c0rare discussed. In this example there are built-in "stringy" symmetries that protect Higgs doublets from getting large tree-level
masses.
re5p0nd1n9 t0 the W1150n 11ne5 f1 A~ dxu=
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%e present a simple set of rules for constructing ultraviolet-finite closed-fermionic-string
models. In particular, the method easily gives four-dimensional models which possess % = 1 supersymmetry, chiral fermions, and phenomenologically
interesting gauge groups.
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We present a refined version of our three-generation flipped SU (5) × U ( 1 ) string model with the following properties.
- The complete massless spectrum is derived and shown to be free of all gauge and mixed anomalies apart from a single anomalous
U(I).
- The imaginary part of the dilaton supermultiplet is eaten by the anomalous U ( 1 ) gauge boson, and the corresponding D-term
is cancelled by large VEVs for singlet fields that break surplus U( 1 ) gauge factors, leaving a supersymmetric vacuum with an
SU (5) X U ( 1 ) visible gauge group and an SO (10) X SO (6) hidden gauge group.
- There are sufficient Higgs multiplets to break the visible gauge symmetry down to the standard model in an essentially unique
way.
- All trilinear superpotential couplings have been calculated and there are in particular some giving m~, mb, m ~ 0.
- A renormalization group analysis shows that rnt < 190 GeV and mb= 3m,.
- Light Higgs doublets are split automatically from heavy Higgs triplets, leaving no residual dimension-five operators for baryon
decay, and the baryon lifetime % ~ 2 × 1034± 2 yr.
- There are no tree-level flavour-changing neutral currents, but ~t-,ey may occur at a detectable level: B(p.~e'f) ~ 1 0 - u - 1 0 -~4.

There is a regrettable schism in particle physics today. On the one hand, many theorists are convinced
that the string is the theory of everything (TOE), and
strive hard to understand better its formalism without worrying about its physical signatures. On the
other hand, experiment is confined dismally within
the standard model, and many phenomenologists
strive hard to constrain its parameters without worrying about its origin. Surprisingly little effort is directed towards deriving the standard model from
some variant of string theory, or to seeking some other
distinctive signature of the TOE. Many would doubtless consider any such effort premature and foolhardy until we understand the string better. However, if we wait around for someone to tell us how
non-perturbative string effects determine the correct
vacuum state, we will have a long wait. Indeed, since
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We report a first attempt at model-building using the fermionic formulation of string theories directly in four dimensions. An
example is presented of a supersymmetricflipped SU (5) × U ( I ) model with three generations and an adjustable hidden sector
gauge group. The simplest version of the model contains most of the Yukawa couplings required by phenomenology,but not all
those needed to give masses to quarks or conjugate neutrinos. These defects may be remedied in a more general version of the
model.

It is now well appreciated that the two key ingredients in formulating a consistent string theory are conformal
invariance and modular invariance. The former condition fixes the number of degrees of freedom on the worldsheet. It can be satisfied in any number of dimensions d,<<26 (10 for a supersymmetric left- or right-moving
sector) if the space-time coordinates X~:/z = 0,1, ..., d - 1 are supplemented by internal degrees of freedom conwe now have many tools - geometric [ 1 ] and algetributing 2 6 - d ( 1 5 - 3 d / 2 ) to the central charge of the Virasoro algebra. Modular invariance then imposes
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d is close to the critical number 26 (or I 0). In particular, in d = 10 there are only two modular invariant heterotic
It may well be that the standard model can be destring theories with N = 1 space-time supersymmetry, based on the gauge groups SO (32) and E8 × E~ [ 1 ].
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Non-renormalisation of W under α’
corrections
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1t 15 5h0wn that 1n c0mpact1f1cat10n 0f 5uper5tr1n95 0n man1f01d5 0f 5U(3) h010n0my, the
5uperp0tent1a1 rece1ve5 n0 5tr1n9 the0ret1c c0rrect10n5 fr0m the f0rm 1t take5 1n the f1e1d the0ret1c
11m1t, at 1ea5t t0 a11 f1n1te 0rder5 1n 519ma m0de1 pertur6at10n the0ry. M0du10 n0npertur6at1ve
effect5, th15 1mp11e5 that th05e man1f01d5 d0 1ndeed 06ey the exact c1a551ca1 e4uat10n5 0f 5uper5tr1n9 the0ry, a5 ha5 6een ar9ued 0n 0ther 9r0und5. A150, 1t 15 p01nted 0ut that the
5uperp0tent1a1 - even 1n the f1e1d the0ry 11m1t- c0nta1n5 term5 c0up11n9 char9ed f1e1d5 t0 E 6
51n91et5 a5 we11a5 5e1f-c0up11n95 0f the char9ed f1e1d5.A 5119ht1y tentat1ve ar9ument 15 91ven that 0n
certa1n man1f01d5 0f 5U(3) h010n0my- th0u9h n0t a11- 1t 15 p055161e t0 f1nd c0nf0rma11y
1nvar1ant 519ma m0de15 that, wh11e keep1n9 un6r0ken 5uper5ymmetry, 6reak E 8 t0 50(10) 0r 5U(5)
rather than E 6. 1nc1ud1n9 the effect5 0f W1150n 11ne5 th15 w0u1d mean that E 8 c0u1d 6e 6r0ken
prec15e1y t0 5U(3) X 5U(2) X U(1) wh11e keep1n9 un6r0ken 5uper5ymmetry. 7he5e fact5 may 0pen
avenue5 f0r 501v1n9 the pr061em5 a550c1ated w1th neutr1n0 ma55e5, pr0t0n decay, and ren0rma112at10n 9r0up ca1cu1at10n5 0f c0up11n9 c0n5tant5. 7hey a150 may 1ead t0 m0de15 w1th fewer unkn0wn
parameter5 than have 6een pre5ent 1n prev10u5 4ua51-rea115t1c m0de15.
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For vacua of string theory which leave unbroken N = 1 supersymmetry in the leading
approximation, non-renormalization theorems guarantee that higher order (string or sigma model)
perturbative corrections do not modify the space-time superpotential. If the low energy gauge
group contains U(1) factors, this is not enough to ensure that the low energy physics is
perturbatively stable. It is still possible to generate a Fayet-Iliopoulos D-term. We show that
under certain conditions such a term is generated, and destabilizes the vacuum. This is a
counterexample to various claims about the universal absence of quantum tadpoles when
expanding around a classical solution with unbroken supersymmetry. Whether, in a given model,
the generation of a D-term will destabilize the vacuum (or merely change the pattern of symmetry
breaking) can be determined from properties of the low energy effective action.

Stringy Calculations of EFT
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Classical vacua of the heterotic string corresponding to c = 9, N = (2,2) superconformal
theories on the world sheet yield low-energy effective field theories with N = 1 space-time
supersymmetry in four dimensions, gauge group E6 ® E~, several families of 27 and 27 matter
fields, and moduli fields. String theory relates matter fields to moduli; in this article we relate the
kinetic terms in the effective lagrangian for both moduli and matter fields to the 273 and 273
Yukawa couplings. Geometrically, we recover the result (obtained previously via the type II
superstring and N = 2 supergravity) that moduli space is a direct product of two KS.hler manifolds
of restricted type, spanned by the moduli related respectively to the 27 and 27 matt& fields. The
holomorphic functions of the moduli generating the two restricted KSNer metrics also determine
the Yukawa couplings of the matter fields. We derive explicit formulae for the metric for the
matter fields in terms of the metric for the corresponding moduli; the two metrics are not identical
to each other. The precise relation between moduli and matter metrics takes a slightly different
form on subspaces of the moduli space where the unbroken gauge symmetry is enhanced beyond
E~ ® Ex: this phenomenon is illustrated using the examples of (2, 2) orbifolds and tensor products
of minimal N = 2 theories.

Like grand umflcatmn of old, stnng umflcatmn pre&cts simple tree-level relatmns between
the couphngs of all unbroken gauge groups such as SU(3)c or SU(2)w I show here how to
compute one-loop correctmns to these relataons for any four-&mensmnal model based on a
classical vacuum of the heterotac stnng The result can be used to calculate both sm20w and AQCD
m terms of 0tQED and Mplanck
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Introduction
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i n t e r a c t i o n s i n t o a single gauge theory, such as SU(5), SO(10) or E6, winch is
ULI
C O STRI NGLOOPCORRECTI ONS
s p o n t a n e o u s l y b r o k e n at s o m e high-energy scale M ~ u T - 1014-1019 G e V N o t
TOGAUGECOUPLI NGCONSTANTS*
s u r p n s i n g l y , the m a i n subjects of g r a n d u m f i e d t h e o n e s ( G U T s ) are the low-energy
g a u g e c o u p l i n g s a n d the G e o r g t - Q u l n n - W e m b e r g ( G Q W ) equations [1] winch
Lance J . DI XON
r e l a t e these c o u p h n g s to M ~ u r a n d to each o t h e r In the first a p p r o x i m a t i o n , G Q W
St anf or d Li near Accel er at or Cent er , St anf or d Ur ùi -er si t } ", St anf or d, CA 94309, USA
e q u a t i o n s c a n be written as
Vadi mS. KAP
LUNOVSKY * X
4~.2
4~r2
2
.
MGUT
Va
g2(g)-k
a
"
+ , ba"
o g TX78712,
- - / . t 2 +USA
0(1),
Uni r er si t <l of Tens, Physi cs Depar t i nent
Aust il n,

--g2OT

(1)

Jan LOU
I S c o u p h n g s a n d / ~ is some p h e n o m e n o w h e r e the i n d e x a runs over low-energy
gauge
St anf or dsuch
Li near as
AccelMerw
at or Here,
Cent er , St
anf orc do eUnif fver
logical scale
the
i osie tny,t s St anf
k aor d,areCA94309,
the tree-level
relaUons
USA
b e t w e e n the c o u p h n g s (e.g. k 1 = ~, k 2 = k 3 = 1 in SU(5) [2]) while b a are the effects
1990 are r e l a t e d to the o n e - l o o p fl-func25 June they
o f c o u p h n g s ' r e n o r m a h z a U o n bReecei
l o wvedMcuT,
Uons w a fla = bag3~ 16~r2" F o r a given g r a n d u m f i e d model, b o t h b a a n d k a are
W
e consi der one- l oop cor r ect i ons Aa t o i nver se gauge coupl i ngs g. ` i n super symmeer yc
fixedvacua
n u mofb et he
r s a n d there
are o n l y two free p a r a m e t e r s g6OT a n d MGU T Hence,
het er ot i c st r i ng. The f or mof t hese cor r ect i ons pl ays an i mpor t ant r ol e i n scenar i os
G Q Wf or e dynam
q u a ui ocal
n s super
yieldsym
one
m e tng
e r li ens sst rrelaUon
t w ef ei cal
n l the
three
h ee ntohem eexact
nologlmet rpya rbraeaki
i ng t heor yb. eSpeci
y, we
cal culpat
onal
_Aa(g2
unt -wi st
U) on
el d Uof an
, i t has
c a l l y f unct
k n oi w
n dependence
couplings ofgl,
a n danyg3
oredbm
eodul
t w eus
e n f i related
q uorabin ft ol
l udevacuum
s aQED,
sln20w
t he uni ver sal f or m
, U) =Aa - l og( I n( U) j 4 . I mU) + const ., wher e A, , ar e easi l y comput abl e
a n d log A QCD, tinS AJU
relaUon
is often called a p r e & c U o n for sin20w . In a d d m o n , we
r at i onal const ant s . The dependence i s nont r i vi al ( Aa * 0) onl y i f some sect or s of t he or bi f ol d
Hi l ber t space have pr eci sel y N= 2 space- t i me super symmet r y . The expr essi on f or , a has an

* Research
part by
the ar
NSF
under
grant
expect edsupported
i nvar i ancemunder
modul
t r ansf
or mat
i onsno
of PHY-86-12280
U, si nce t hese ar e symmet r i es of t he
or bi f ol d vacuumst at e. However , d a i s not t he r eal par t of a hol omor phi c f unct i on, i n seemi ng

cont r adi ct i on wi50©Elsevier
t h t he exi st ence
of aPubhshers
super symmetBrV
i c ef f ect i ve l agr angi an. The appar ent par adox
0550-3213/88/$03
Science
i s an i nf r ar Physics
ed pr obl Pubhstung
em, and canDwaslon)
occur not j ust i n st r i ng t heor y but i n r enor mal i zabl e super sym(North-Holland

met r i c f i el d t heor i es as wel l . W
e showhowt he par adox i s r esol ved i n t he f i el d t heor y case and
ar gue t hat t he same r esol ut i on appl i es al so t o t he st r i ng t heor y case.

s

~, D

Fig. 1. Generic asymptotic form for a positive Veff(D) in string
theory.

Fig. 3. Generic asymptotic form for a negative Veff(D ) in
string theory.

The Dine-Seiberg Problem

(fig. 1), in which case the theory undergoes a runaway
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to the free vacuum (D = oo). (Although a cosmological
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solution in which the world is slowly sliding to its free
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We examine the consequences of extended spacetlme supersymmetry for classical superstrlng
vacua with four dlmensxons uncompactxfied N = 2 spacetlme supersymrnetry lmphes that the
"internal" N = 1 superconformal algebra with central charge g = 6 sphts into a piece with ~ = 4
winch has N = 4 superconformal mvarlance, and a p~ece with g = 2 winch as constructed from two
free dimension ½ superfields N = 4 spacetxme supersymmetry requtres that the entire g = 6
algebra be represented by sxx free superfields Using the world-sheet propertxes of N = 1 spacetlme
supersymmetnc classical vacua, we show that spacetlme supersymmetry cannot be continuously
broken Wltinn a famxly of classical vacua Finally, we argue that the effective field theones for
classical vacua of superstnng theones (whether spacetlme supersymmetrlc or not) have no
continuous global symmetries - all continuous symmetries are gauged
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GAUGE THEORIES
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We study the four-dimensional gauge theories which are associated with classical vacua of the
type II superstring, i.e. which correspond to a superconformal field theory on the world sheet.
Using the fact that gauge symmetry arises from a supersymmetric affine Kac-Moody algebra, and
demanding unitarity of the underlying world-sheet field theory, we show that no such vacua can
yield the particle spectrum of the standard model. Of the gauge theories which are permitted by
unitarity, we find that many can be constructed explicitly as orbifolds which twist the left- and
right-moving degrees of freedom of the string asymmetrically; among these are three N = 4
supersymmetric models- which have previously been constructed in a quite different
fashion- and two N = 1 supersymmetric models with chiral gauge representations for the
massless fermions.

1. Introduction
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CASIMIR EFFECTS IN SUPERSTRING THEORIES

Fig. 1. Gross behavior of the effective potential for a closed
Keiji K l K K A W A andstring
Masami YAMASAKI
system versus a common scalea (ai =-~ia).
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ifD - d/2 >12, hence (10) is convergent. The potent
V({ai}) is positive, symmetric under interchange o f a

Compaetification of the space in superstring theories is studied by calculating the one-loop effective potential provided
that the supersymmetry is softly broken by some mechanism. The Casimir energy of closed string modes is shown to compactffy the ten-dimensional Minkowski space Mlo into a stable Md X T l o - d (1 ~ d < 10) with ai = x/~[Ri = 1, where a'
and R i are the Regge slope and the ith radius of the toms Tlo_d, respectively. In the SST-I model, although the dosed
string (gravity) sector decouples from the open string (Yang-Mills) sector in a' ~ 0 limit, the former functions as an initiator as well as a stabilizer of the compactification.

and goes to infinity as any subset o f a ' s approaches
either zero or infinity. It is also invariant under the
effect
is(fig.
necessary1).
to initiate
and also
to stabilize the
The superstring theoryinterchange
[1,2] ,a has a number ai
o f -~ ai
-1
These
properties
guaran
compactification, although no detailed properties o f
fascinating features as a fundamental theory of unifythe symmetry breaking are required.
ing all interactions. The theory, however, can be fortee
that
the
minimum
of V occurs at
mulated only in a ten-dimensional space, which must
F o r full understanding of compactification, one
be reduced into our four-dimensional space with com-

probably needs to know the field theory o f strings ,2
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It has recently been recognized that the relation between exactly solvable conformal field
theory compactifications of the Heterotic String and Calabi—Yau manifolds necessarily involves
the discussion of embeddings in weighted projective space. We therefore study this class of
manifolds more closely. We have constructed a subclass of these spaces and find that this class
features a surprising symmetry under x —* —x. Furthermore, we show that this class is potentially of much greater interest with regard to phenomenologically viable models, as there are 25
three-generation models among these manifolds.

11 + b21.

Also: Greene+Plesser; Dixon; Lerche-Vafa-Warner

observation made with regard to conformal field theories that the distinction
between particles and antiparticles is purely one of convention and the suggestion

1. Introduction

In this paper we construct a large class of Calabi—Yau manifolds which may be

T-Duality and SUSY Breaking
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Supersymmetry breaking from duality invariant gaugino condensation
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First concrete efforts to stabilise both
the S and T fields using gaugino
condensation and modular dependent
gauge couplings

It is known that the formation of gaugino condensates can be a source of supersymmetry breaking in string theory. We
study the constraints imposed by target space modular invariance on the formation of such condensates. We find that the
dependence of the vacuum energy on the moduli of the internal variety is such that the theory is forced to be compactified.
The radius of compactification is of the order of the string scale and in the process target space duality is spontaneously broken.

Volume 245, number 3, 4

PHYSICS LETTERS B

One of the major open problems in fourdimensional string theories is the breaking of s p a c e time ( N = 1) supersymmetry. Because o f p h e n o m e n o logical reasons it is desirable that s p a c e - t i m e super5 broken spontaneously below the Planck
symmetry- 2is
scale, and the most promising scenario realizing this
-27
requirement
is the mechanism of gaugino condensation in the so-called hidden sector [1-7]. G a u g i n o
-28
condensation cannot, up to now, be directly analyzed
in string theory;
however, there are strong arguments
-29
that it actually occurs at the level of the low-energy
-3
effective field
theory. More recently it was shown
[8-10] that the effective supergravity action following
2
from string compactification
on orbifolds or even
C a l a b i - Y a u manifolds is severely constrained by an
1
underlying string symmetry, the so-called target space
m o d u l a r invariance. The target space m o d u l a r group
PSL(2, Z) acts on the complex scalar T as
aT-ib
T-~--

a,b,c,d~Z,

ad-bc=l,

0,8

(1)
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action
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cr/-6(T). target
In addition
here the tree-level gauge
invariance is only shown [12] to be an unbroken
kinetic function f = S, since also the K~ihler potential
symmetry at any order of string perturbation theory,
(3) corresponds to string tree-level computations. In
one also expects that non-perturbative string effects
this
case the
scalarthis
potential
has the form
respect these discrete symmetries.
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point
o f view, the effective action describing the spon1 via non-perturbataneous supersymmetry breaking
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Duality and supersymmetry breaking in string theory

+31c1=

where V is defined in (2)
eq. (27). The only essential
difference is that instead of a factor IOl 2 multiplying
where
1 4 ~ ( T )6= q l / 2 4 I ] n ( 1 - q " ) is the well-known
Target-space duality is incorporated in previously proposed effective actions describing non-perturbative supersymmetry
constant
Icl=. Still the m i n i m u m of this
Dedekind function, q~',
~ there
e x p ( - 2 is
~ r Tthe
) , and
the resultbreaking
in string theory via gaugino condensation. Duality-preserving vacua with broken supersymmetry and fixed unified
potential
is
qualitatively
as long
is of the vanishing of the cosmological constant is also briefly addressed.
ing gravitino mass is o f the form
~ / 2 -the dosame,
couplingmconstant
generically
occur. as
The Icl
question
W ( T ) ~ ~9( T)-6,

• gravity mediation
If the mediating field couples with gravitational strength to the standard model, the couplings will be

General Expression for Soft-Terms
suppressed by the inverse Planck mass Mpl which is the natural scale of gravity. We must include some
mass square to get the right dimension for the mass splitting in the observable sector. That will be the
square of SUSY breaking mass M6SUSY :

Notice that this agrees with the KKLT expression2 for n = 0 and the KKLMMT (warped
M6 SUSY
=
.
for n = 1. In this case the warping can bem absorbed
in the coefficient |M |2 /c.
Mpl
We want

m ⇡ 1 TeV and know Mpl ⇡ 1018 GeV, so

Even though without the uplifting term
the field T is stabilised supersymmetricall
p
M
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· Mpl ⇡ 1011 GeV .
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• gauge mediation

3W0
FT = analysis
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Wsoft
⇠ terms in effective
✏
Model-independent
supergravity
G = SU (3) ⇥ SU (2) ⇥ U (1) ⇥ G6S(T
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⇥ G6SUSY
USY +
and in string theory
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Matter fields are charged under both G0 and G6SUSY which gives a M6SUSY of order

with

Towards a theory of soft terms for the
standard model
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m, i.e. TeV. In

M2

6 SUSY
3
Theory
Group, Physws
Umverslty
Texas,
78712,
gravitino
massDepartment,
m 32 is given
by3 of+
⇡ 10 TX
eV.
supersymmetricthat case, the
n Austm,
1 USA
M
pl

✏=

and
• anomaly mediation
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In this case,J aauxiliary
fields of supergravity (or Weyl compensator) get a vacuum expectation value.
n L o ua
i s small
This induces, as
expected,
shift in the scalar potential:
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The e↵ects are always present but suppressed by loop e↵ects.
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We discuss supersymmetry breakdown in effective supergravltles such as emerge in the low-energylimit of superstrmg theory.
Without specifyingthe precise trigger of the breakdown, we analyse the soft parameters in the Lagranglanof the supersymmetrlzed
L = LSUSY + L6SUSY
Standard Model.
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that the standard expressions for soft terms [54] (gaugino masses M , scalar masses m0 a
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We perform a systematic analysis of the soft supersymmetry-breaking terms arising in
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%e consider the flat directions of the potential that play a crucial role in the four-dimensional supersymmetric models that are believed to emerge from the compactification of superstring theories
and study the possibility that they give rise to an inflationary scenario. None of the scalar fields
in particular the dilaton field connected with supersymmetry breaking and
present in these models
the SU(S}-singlet scalars in the matter sector seem, however, to be good candidates for the inflaton,
the scalar field whose cosmological evolution leads to an inflationary expansion of the Universe.

—

I.

—

INTRODUCTION

of the potential associated with its masslessness is precisefor a "new inflationary"
necessary ingredient
scenario. ' On the other hand, the scale of the dilaton field
determines
of the coupling constant.
the magnitude
Hence, as long as it remains massless, the model is not
Some sort of dynamics has to fix the
fully determined.
scale. In other words, since a ground state with a zero
cosmological constant has to be singled out, the flat region of the effective potential that determines the ground
state has presumably a nonzero vacuum energy. This
could account for the occurrence of an inflationary era
during the cosmic evolution of such systems. (It has actuly the

Among the theories where inflation' can be implemented, the best candidates have proven to be supersymmetric
models.
A major bonus gained by incorporating supersymmetry into an inflationary scenario is the absence of
vacuum renormalization.
If supersymmetry remained unbroken, this would allow one to fine-tune the shape of the
potential in order to obtain the right amount of inflation.
Of course supersymmetry
is broken (if for no better
reason, because inflation demands a nonzero vacuum energy) and fine-tuning there must be, although to a lesser
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We investigate some aspects of thermodynamics and cosmology for supcrstrings. By a rather
delicate computation using the microcanonical ensemble v.e show that the thermod'~namic
description of strings is sound (spccific heat is positive at largc energicsl only for strings
propagating in spaces where all lhe spatial directions arc compact. Using this result and by
considering a simple model, we show how strings resolve the initial singularity, c~f the Big Bang.
We also discuss a cosmological scenario which has the potential of explaining the space-time
dimensionality.
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The duality-type symmetries of string cosmology naturally lead us to expect a pre-big-bang phase of accelerated evolution
as the dual counterpart of the decelerating expansion era of standard cosmology. Several properties of this scenario are
discussed, including the possibility that it avoids the initial singularity and that it provides a large amount of inflation, We
also discuss how possible tracks of the pre-big-bang era may be looked for directly in the spectral and “squeezing”
properties of relic gravitons and, indirectly, in the distorsion they induce on the cosmic microwave background.
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B. d e C a r l o s a, J . A . C a s a s b,a, F. Q u e v e d o c,1 a n d E. R o u l e t b

We show that if there is a realistic 4D string, the dilaton and moduli supermultiplets will generically acquire a small
mass ~ 0(?7/3/2 ), providing the only vacuum-independent evidence of low-energy physics in string theory beyond
the supersymmetric standard model. The only assumptions behind this result are (i) softly broken supersymmetry at
low energies with zero cosmological constant, (ii) these particles interact with gravitational strength and the scalar
components have a fiat potential in perturbation theory, which are well-known properties of string theories. (iii) They
acquire a VEV of the order of the Planck scale (as required for the correct value of the gauge coupling constants and
the expected compactiflcation scale) after supersymmetry gets broken. We explore the cosmological implications of
these particles. Similar to the gravitino, the fermionic states may overclose the Universe ff they are stable or destroy
nucleosynthesis if they decay unless their masses belong to a certain range or inflation dilutes them. For the scalar
states it is known that the problem cannot be entirely solved by inflation, since oscillations around the minimum of
the potential, rather than thermal production, are the main source for their energy and can lead to a huge entropy
generation at late times. We discuss some possible ways to alleviate this entropy problem, that favour low-temperature
baryogenesis, and also comment on the possible role of these particles as dark matter candidates or as sources of the
baryon asymmetry through their decay.
1. Introduction

One of the major problems facing string theories is
the lack of predictive power for low-energy physics.
This problem is mostly duc to the immense number
of consistent supersymmctric vacua that can be constructcd. Concentrating on model-independent propcrtics of these vacua, it is well known that all of them

Another generic property o f 4D string vacua is that
each o f them belongs to classes o f models labelled by
continuous parameters called m o d u l i (T~). These parameters are fields in the effective field theory whose
potential is flat. The standard m o d u l i fields characterize a particular compactifieation, e.g. the size and
shape o f a C a l a b i - Y a u manifold or toroidal orbifold.
But they are also known to exist even in models with-
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Abstract

We provide a taxonomy of dynamical supersymmetry breaking theories, and discus

the cosmological implications of the various types of models. Models in which supersymme

try breaking is produced by chiral superfields which only have interactions of gravitationa

strength (e.g. string theory moduli) are inconsistent with standard big bang nucleosyn

thesis unless the gravitino mass is greater than O(3) × 104 GeV. This problem cannot b

solved by inflation. Models in which supersymmetry is dynamically broken by renormaliz

able interactions in flat space have no such cosmological problems. Supersymmetry can b

broken either in a hidden or the visible sector. However hidden sector models suﬀer from

several naturalness problems and have diﬃculties in producing an acceptably large gluin
mass.
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Abstract
Abstract
In this paper, we present a systematic analysis of eleven-dimensionalsupergravity on a manifold
with boundary, which is believed to be relevant to the strong coupling limit of the E8 x E8 heterotic
string. Gauge and gravitational anomalies enter at a very early stage, and require a refinement
of the standard Green-Schwarz mechanism for their cancellation. This uniquely determines the
gauge group to be a copy of E8 for each boundary component, fixes the gauge coupling constant
in terms of the gravitational constant, and leads to several striking new tests of the hypothesis that
there is a consistent quantum M-theory with eleven-dimensional supergravity as its low-energy
limit.

In a certain strong coupling limit, compactification of the E8 × E8 heterotic string on a CalabiYau manifold X can be described by an eleven-dimensional theory compactified on X × sl/Z2. In
this fimit, the usual relations among low-energy gauge couplings hold, but the usual (problematic)
prediction for Newton's constant does not. In this paper, the equations for unbroken supersymmetry are expanded to the first non-trivial order, near this limit, verifying the consistency of the
description and showing how, in some cases, if one tries to make Newton's constant too small,
strong coupling develops in one of the two Es's. The lower bound on Newton's constant (beyond
which strong coupling develops) is estimated and is relatively close to the actual value.
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Weak Scale Superstrings
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and superstrings at a TeV
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Recent developments in string duality suggest that the string scale may not be irrevocably
tied to the Planck scale. Two explicit but unrealistic examples are described where the
ratio of the string scale to the Planck scale is arbitrarily small. Solutions which are more
realistic may exist in the intermediate coupling or “truly strong coupling” region of the
heterotic string. Weak scale superstrings have dramatic experimental consequences for
both collider physics and cosmology.
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Abstract
Recently, a new framework for solving the hierarchy problem has been proposed which does not rely on low energy
supersymmetry or technicolor. The gravitational and gauge interactions unite at the electroweak scale, and the observed
weakness of gravity at long distances is due the existence of large new spatial dimensions. In this letter, we show that this
framework can be embedded in string theory. These models have a perturbative description in the context of type I string
theory. The gravitational sector consists of closed strings propagating in the higher-dimensional bulk, while ordinary matter
consists of open strings living on D3-branes. This scenario raises the exciting possibility that the LHC and NLC will
experimentally study ordinary aspects of string physics such as the production of narrow Regge-excitations of all standard
model particles, as well more exotic phenomena involving strong gravity such as the production of black holes. The new
dimensions can be probed by events with large missing energy carried off by gravitons escaping into the bulk. We finally
discuss some important issues of model building, such as proton stability, gauge coupling unification and supersymmetry
breaking. q 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

two extra dimensions. The success of the Standard
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Abstract: We propose a bottom-up approach to particle physics model building
from string theory. We start this program by using configurations of type-IIB D3- and
D7-branes located at singularities, combined appropriately to reproduce phenomenologically desirable features. We study in detail ZN N = 1, 0 orbifold singularities
leading to SM or LR symmetric gauge group. The unique N = 1 supersymmetric
twist leading to three generations is Z3 , predicting sin2 ✓W = 3/14 = 0.21, and yielding the simplest semirealistic string models ever built. In the non-supersymmetric
case, each ZN , N > 4, leads to three-generation models, but the Weinberg angle
is in general too small. One can obtain a large class of D = 4 compact models by
embedding the above structure into a Calabi Yau compactification. We construct
explicit examples using T 6 Z3 orbifolds and orientifolds, with additional antibrane
hidden sectors, leading to gravity mediated supersymmetry breaking. We construct
an explicit F-theory compactification with unbroken N = 1 supersymmetry,with a
three-family LR sector.
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fields fill in the precise content of a D = 4 N = 4 vector multiplet, which is the amount of
SUSY those branes preserve.

Chiral four-dimensional N = 1 supersymmetric

2.3 Yukawa couplings in intersecting D-brane models
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order to accommodate the chiral content of the Standard Model in bifundamentals [6].
Abstract: We present what we believe are the first specific string (D-brane)These
con- stacks have been named as Baryonic (a), Left (b), Right (c) and Leptonic (d), in
structions whose low-energy limit yields just a three generation SU(3)⇥SU(2)⇥U(1)
Abstracttheory they initially yield is
account of the global quantum numbers they carry. The gauge
standard model with no extra fermions nor U(1)’s (without any further e↵ective field
We construct
supersymmetric
four-dimensional
orientifolds of type IIA on T 6 /(Z2 × Z2 )
U
(3)
×
U
(2)
×
U
(1)
×
U
(1),
which
arises
from
stack
multiplicities
NNa ==1 3,
Nb = 2, N
c =1
theory assumption). In these constructions the number of generations is given by the
with D6-branes intersecting at angles. The use of D6-branes not fully aligned with the O6-planes in
6
and Nd = 1.
Although this yields extra abelian gaugethefactors,
their gauge bosons may
number of colours. The Baryon, Lepton and Peccei-Quinn symmetries are necessarily
model allows for a construction of many supersymmetric models with chiral matter, including
gauged and their anomalies cancelled by a generalized Green-Schwarz mechanism.
those with up
the Standard
and grandlimit
unified gauge groups. We perform a search for realistic
become massive by coupling to closed string RR fields, showing
in the Model
low energy
The corresponding gauge bosons become massive but their presence guarantees augauge sectors, and construct the first example of a supersymmetric type II orientifold with SU(3)C ×
asand
global U (1) symmetries [6]. Standard Model chiral fermions
naturally
from
tomatically proton stability. There are necessarily three right-handed neutrinos
(1)Y gauge
group andarise
three quark–lepton
families. In addition to the supersymmetric
SU(2)L × U will
Standard
model
contains right-handed neutrinos, a (chiral but anomaly-free) set
neutrino masses can only be of Dirac type. They are naturally small as a consequence
pairs of intersecting stacks. For instance, left-handed quarks
willModel
arisecontent,
fromthe
the
intersection
of exotic multiplets, and diverse vector-like multiplets. The general class of these constructions are
of a PQ-like symmetry. There is a Higgs sector which is somewhat similar topoints
that of baryonic and left stacks, and so on. This scenario
has tobeen
depicted
schematically
related
familiar
type II orientifolds
by small instanton transitions, which in some cases change
of the MSSM and the scalar potential parameters have a geometric interpretation in
the number of generations, as discussed in specific models. These constructions are supersymmetric
in
figure
2.
For
short
reviews
on
this
subject
see
[43].
terms of brane distances and intersection angles. Some other physical implications
only for special choices of untwisted moduli. We briefly discuss the supersymmetry breaking effects
away from that point. The M-theory lift of this general class of supersymmetric orientifold models
should correspond to purely geometrical backgrounds admitting a singular G2 holonomy metric and
leading to four-dimensional M-theory vacua with chiral fermions.  2001 Elsevier Science B.V. All
rights reserved.

of these constructions are discussed.
Keywords: D-branes, Beyond Standard Model, Compactification and String
Models, Superstrings and Heterotic Strings.
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Abstract
The non-perturbative superpotential can be effectively calculated in M-theory compactification
to three dimensions on a Calabi-Yau four-fold X. For certain X, the superpotential is identically
zero, while for other X, a non-perturbative superpotential is generated. Using F-theory, these
results carry over to certain Type lib and heterotic string compactifications to four dimensions
with N = I supersymmetry. In the heterotic string case, the non-perturbative superpotential can
be interpreted as coming from space-time and world-sheet instantons; in many simple cases
contributions come only from finitely many values of the instanton numbers.
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Abstract
We systematically investigate instanton corrections from wrapped Euclidean D-branes to the matter
field superpotential of various classes of N = 1 supersymmetric D-brane models in four dimensions. Both
gauge invariance and the counting of fermionic zero modes provide strong constraints on the allowed nonperturbative superpotential couplings. We outline how the complete instanton computation boils down to
the computation of open string disc diagrams for boundary changing operators multiplied by a one-loop
vacuum diagram. For concreteness we focus on E2-instanton effects in type IIA vacua with intersecting
D6-branes, however the same structure emerges for type IIB and heterotic vacua. The instantons wrapping
rigid cycles can potentially destabilise the vacuum or generate perturbatively absent matter couplings such
as proton decay operators, µ-parameter or right-handed neutrino Majorana mass terms. The latter allow the
realisation of the seesaw mechanism for MSSM like intersecting D-brane models.
© 2007 Elsevier B.V. All rights reserved.

Surprisingly much of the dynamics of supersymmetric field theories and string theories
has proved to be knowable, leading one to wonder how much farther one can get
using techniques that are more or less already available. In particular, one would very
much like to obtain non-perturbative information about the superpotential of N = 1
compactifications to four dimensions.
In this paper, we take some Steps in this direction. We consider in Section 2 the
compactification of eleven-dimensional M-theory to three dimensions on a manifold X
of SU(4) holonomy. This gives a model with N = 2 supersymmetry in three dimensions,
which is roughly comparable to N = 1 in four dimensions. We argue that superpotentials
in this model are generated entirely by instantons obtained by wrapping a five-brane
over a complex divisor D in X. Moreover, only very special D ' s can contribute; for a
given X one can effectively find all of the relevant D's, which in many simple examples
are finite in number, and obtain a fairly precise formula (which depends on one-loop
1 Research supported in part by NSF grant PHY-9513835.
0550-3213/96/$15.00 Copyright (~) 1996 Published by Elsevier Science B.V. All rights reserved
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Abstract: Finding a plausible origin for right-handed neutrino Majorana masses in
semirealistic compactifications of string theory remains one of the most diﬃcult problems in string phenomenology. We argue that right-handed neutrino Majorana masses are
induced by non-perturbative instanton eﬀects in certain classes of string compactifications
in which the U(1)B−L gauge boson has a Stückelberg mass. The induced operators are of
the form e−U νR νR where U is a closed string modulus whose imaginary part transforms
appropriately under B − L. This mass term may be quite large since this is not a gauge
instanton and Re U is not directly related to SM gauge couplings. Thus the size of the
induced right-handed neutrino masses could be a few orders of magnitude below the string
scale, as phenomenologically required. It is also argued that this origin for neutrino masses
would predict the existence of R-parity in SUSY versions of the SM. Finally we comment
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Abstract
We present a novel inflationary scenario in theories with low scale ŽTeV. quantum gravity, in which the standard model
particles are localized on the branes whereas gravity propagates in the bulk of large extra dimensions. This inflationary
scenario is natural in the brane world picture. In the lowest energy state, a number of branes sit on top of each other Žor at an
orientifold plane., so the vacuum energy cancels out. In the cosmological setting, some of the branes ‘‘start out’’ relatively
displaced in the extra dimensions and the resulting vacuum energy triggers the exponential growth of the 3 non-compact
dimensions. The number of e-foldings can be very large due to the very weak brane-brane interaction at large distances. In
the effective four-dimensional field theory, the brane motion is described by a slowly rolling scalar field with an extremely
flat plateau potential. When branes approach each other to a critical distance, the potential becomes steep and inflation ends
rapidly. Then the branes ‘‘collide’’ and oscillate about the equilibrium point, releasing energy mostly into radiation on the
branes. In this scenario, it is even possible for the electroweak Higgs field to be the inflaton. q 1999 Published by Elsevier
Science B.V. All rights reserved.

D-brane Inflation1

Abstract: We show how the motion through the extra dimensions of a gas of branes
and antibranes can, under certain circumstances, produce an era of inflation as seen
by observers trapped on a 3-brane, with the inflaton being the inter-brane separation. Although most of our discussion refers to arbitrary p-branes, when we need
to be specific we assume that they are D-branes of type-II or type-I string theory.
For realistic brane couplings, such as those arising in string theory, the inter-brane
potentials are too steep to inflate the universe for acceptably long times. However,
for special regions of the parameter space of brane-antibrane positions the brane
motion is slow enough for there to be sufficient inflation. Inflation would be more
generic in models where the inter-brane interactions are much weaker. The spectrum of primordial density fluctuations predicted has index n slightly less than 1,
and an acceptable amplitude, provided that the extra dimensions have linear size
1/r ⇠ 1012 GeV. Reheating occurs as in hybrid inflation, with the tachyonic instability of the brane-antibrane system taking over for small separations. The tachyon
field can induce a cascade mechanism within which higher-dimension branes annihilate into lower-dimension ones. We argue that such a cascade naturally stops with
the production of 3-branes in 10-dimensional string theory.

a4
Keywords: D-branes, Cosmology of Theories beyond the SM, Physics of the
G. Dvalia2 and Q. Shafib3 and S. Solganik
Early Universe.

Recently it was suggested that the fundamental
scale of quantum gravity M Pf may be as low as TeV,
providing an alternative understanding of the hierarchy problem w1x. Observed weakness of gravity at
large distances is associated by N large new dimen. in which gravity can
sions Žof size ; R 4 My1
Pf
propagate. Then the relation between the observed
Planck scale M P and the fundamental Planck scale
M Pf is given by
M P2 s M PfNq 2 VN

Ž 1.

where VN ; R N Ž N must be 2 or larger. is the volume
in extra spatial dimensions Ži.e., the bulk.. In this

a
picture, all the standard model
particles
live in Department of Physics, New York, NY 10003, USA.
New
York must
University,
b . with 3 extended space
a brane Žor a set of branes
Bartol Research Institute, University of Delaware, Newark, DE 19716, USA.
1
dimensions w1x . Perhaps the most natural embedding of this picture is in the string context via the
D-brane construction Žsee w6x for an introduction.,
where the standard model fields can be identified
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1. Introduction

Abstract

We discuss a calculable version of brane inflation, in which a set of parallel
D-brane
and anti-D-brane worlds, initially displaced in extra dimension, slowly at1
In a different context an attempt of lowering the string scale
tract each other. In the eﬀective four-dimensional theory this slow motion of branes
to TeV, without lowering the fundamental Planck scale was
translates
into ain slow-roll
of a scalar field (proportional to their separation) with
considered in Ref. w2x, based on an
earlier observation
Ref. w3x.
Žsolitonic. brane
Dynamical localization of the fields
on a potential
embeda flat
that
drives inflation. The number of possible e-foldings is severely
ded in a higher dimensional universe
has been studied
in spectral index is found to be 0.97, while the eﬀective comconstrained.
Theearlier
scalar
the field theoretic context for spin-0 and 1r2 w4,5x, and spin-1
pactification scale is of order 1012 GeV. Reheating of the Universe is provided by
states w5x.
collision and subsequent annihilation of branes.
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String inspired: Ekpyrotic/
Cyclic Cosmology Scenario
The Ekpyrotic Universe: Colliding Branes and the Origin of the
Hot Big Bang
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Abstract
We propose a cosmological scenario in which the hot big bang universe is
produced by the collision of a brane in the bulk space with a bounding orbifold plane, beginning from an otherwise cold, vacuous, static universe. The
model addresses the cosmological horizon, flatness and monopole problems
and generates a nearly scale-invariant spectrum of density perturbations without invoking superluminal expansion (inflation). The scenario relies, instead,
on physical phenomena that arise naturally in theories based on extra dimensions and branes. As an example, we present our scenario predominantly
within the context of heterotic M-theory. A prediction that distinguishes this
scenario from standard inflationary cosmology is a strongly blue gravitational
wave spectrum, which has consequences for microwave background polarization experiments and gravitational wave detectors.
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Hierarchies from Fluxes in String Compactifications
Steven B. Giddings1,2 , Shamit Kachru1,3 and Joseph Polchinski1
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Abstract
Warped compactifications with significant warping provide one of the few known
mechanisms for naturally generating large hierarchies of physical scales. We demonstrate that this mechanism is realizable in string theory, and give examples involving
orientifold compactifications of IIB string theory and F-theory compactifications on
Calabi-Yau four-folds. In each case, the hierarchy of scales is fixed by a choice of RR
and NS fluxes in the compact manifold. Our solutions involve compactifications of the
Klebanov-Strassler gravity dual to a confining N = 1 supersymmetric gauge theory,
and the hierarchy reflects the small scale of chiral symmetry breaking in the dual gauge
theory.
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de Sitter, Kahler Moduli
Stabilisation and the
Landscape
de Sitter Vacua in String Theory
Shamit Kachru,1,2 Renata Kallosh,1 Andrei Linde1 and Sandip P. Trivedi3
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We outline the construction of metastable de Sitter vacua of type IIB string theory. Our starting
point is highly warped IIB compactifications with nontrivial NS and RR three-form fluxes. By
incorporating known corrections to the superpotential from Euclidean D-brane instantons or gaugino
condensation, one can make models with all moduli fixed, yielding a supersymmetric AdS vacuum.
Inclusion of a small number of D3 branes in the resulting warped geometry allows one to uplift the
AdS minimum and make it a metastable de Sitter ground state. The lifetime of our metastable de
Sitter vacua is much greater than the cosmological timescale of 1010 years. We also prove, under
certain conditions, that the lifetime of dS space in string theory will always be shorter than the
recurrence time.
PACS numbers: 11.25.-w, 98.80.-k; SU-ITP-03/01, SLAC-PUB-9630, TIFR/TH/03-03, hep-th/0301240
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Systematics of moduli stabilisation in Calabi-Yau flux
compactifications
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Abstract: We study the large volume limit of the scalar potential in Calabi-Yau flux
compactifications of type IIB string theory. Under general circumstances there exists a limit
in which the potential approaches zero from below, with an associated non-supersymmetric
AdS minimum at exponentially large volume. Both this and its de Sitter uplift are tachyonfree, thereby fixing all Kähler and complex structure moduli. Also, for the class of vacua
described in this paper, the gravitino mass is independent of the flux discretuum, whereas
the ratio of the string scale to the 4d Planck scale is hierarchically small but flux dependent.
The inclusion of α′ corrections plays a crucial role in the structure of the potential. We
illustrate these ideas through explicit computations for a particular Calabi-Yau manifold.
Keywords: Superstrings and Heterotic Strings, Superstring Vacua.
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Abstract: We present an explicit calculation of the spectrum of a general class of string
models, corresponding to Calabi-Yau flux compactifications with h1,2 > h1,1 > 1 with
leading perturbative and non-perturbative corrections, in which all geometric moduli are
stabilised as in [14]. The volume is exponentially large, leading to a range of string scales
from the Planck mass to the TeV scale, realising for the first time the large extra dimensions
scenario in string theory. We provide a general analysis of the relevance of perturbative
and non-perturbative eﬀects and the regime of validity of the eﬀective field theory. We
compute the spectrum in the moduli sector finding a hierarchy of masses depending on
inverse powers of the volume. We also compute soft supersymmetry breaking terms for
particles living on D3 and D7 branes. We find a hierarchy of soft terms corresponding to
‘volume dominated’ F-term supersymmetry breaking. F-terms for Kähler moduli dominate
both those for dilaton and complex structure moduli and D-terms or other de Sitter lifting
terms. This is the first class of string models in which soft supersymmetry breaking terms
are computed after fixing all geometric moduli. We outline several possible applications of
our results, both for cosmology and phenomenology and point out the diﬀerences with the
less generic KKLT vacua.
Keywords: Superstrings and Heterotic Strings, Superstring Vacua.
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Towards Inflation in String Theory
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We investigate the embedding of brane inflation into stable compactifications of string
theory. At first sight a warped compactification geometry seems to produce a naturally flat
inflaton potential, evading one well-known diﬃculty of brane-antibrane scenarios. Careful consideration of the closed string moduli reveals a further obstacle: superpotential
stabilization of the compactification volume typically modifies the inflaton potential and
renders it too steep for inflation. We discuss the non-generic conditions under which this
problem does not arise. We conclude that brane inflation models can only work if restrictive assumptions about the method of volume stabilization, the warping of the internal
space, and the source of inflationary energy are satisfied. We argue that this may not be a
real problem, given the large range of available fluxes and background geometries in string
theory.
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Despite much recent progress in model building with D-branes, it has been problematic
to find a completely convincing explanation of gauge coupling unification. We extend
the class of models by considering F -theory compactifications, which may incorporate
unification more naturally. We explain how to derive the charged chiral spectrum and
Yukawa couplings in N = 1 compactifications of F -theory with G-flux. In a class of
models which admit perturbative heterotic duals, we show that the F -theory and heterotic
computations match.
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Abstract
Motivated by potential phenomenological applications, we develop the necessary
tools for building GUT models in F-theory. This approach is quite flexible because
the local geometrical properties of singularities in F-theory compactifications encode
the physical content of the theory. In particular, we show how geometry determines
the gauge group, matter content and Yukawa couplings of a given model. It turns
out that these features are beautifully captured by a four-dimensional topologically
twisted N = 4 theory which has been coupled to a surface defect theory on which
chiral matter can propagate. From the vantagepoint of the four-dimensional topological theory, these defects are surface operators. Specific intersection points of these
defects lead to Yukawa couplings. We also find that the unfolding of the singularity
in the F-theory geometry precisely matches to properties of the topological theory
with a defect.
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