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We study candidate vacuum configurations in ten-dimensional 0(32) and E 8 X E 8 supergrav- 
ity 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 E 6 gauge 
group with four standard generations of fermions. 

1. Introduction 

In  recent  years,  it  has become clear that  supers t r ing theories [1] (for reviews, see 
[2]) a re  good  cand ida tes  for  mathemat ica l ly  consis tent  theories of  q u a n t u m  gravity.  
These  theor ies  deve loped  f rom the old Ramond-Neveu -Schwarz  spinning str ing 
theory  [3], a n d  they reduce at low energies to ten-d imens iona l  supergravi ty  theories 
(see [4,5] for  references,  respectively,  on N =  1 and N =  2 supergravi ty  in ten 
d imens ions) .  Recent ly ,  the discovery [6] of anomaly  cancel la t ion  in a modi f i ed  
vers ion  of  d = 10 supergravi ty  and supers t r ing theory with gauge group 0(32)  or  
E 8 x E 8 has  opened  the poss ib i l i ty  that  these theories might  be  phenomeno log ica l ly  
real is t ic  as well  as mathemat ica l ly  consistent .  A new str ing theory  with E 8 x E 8 
gauge  group  has  recent ly  been cons t ruc ted  [7] a long with a second 0(32)  theory.  
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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. 

Extensive work over the years on supergravity the- 
ory has led to general rules for coupling matter multi- 
plets to N = 1 supergravity [1,2]. For instance, in the 
coupling of  the (0, 1/2) multiplet to supergravity, the 
scalar fields are complex fields q~i that parametrize a 
K~hler manifold. The line element is 

ds 2 = (32K/3(J~dp;) d{b i dq~; (1) 

(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 ener- 
gy is 

v((J,  q~;) = exp(GNK ) 

X [ j I*(DW/D(ol)DW*/D~;  - 3GN[WI 2 ] 

+1__ 2 a ~ e2(~*' 7aq~)2 " (2) 

Here G N is Newton's constant, and T a and e a are the 
generators of  the gauge group and the gauge couplings, 
respectively. 

Consider a higher dimensional supergravity theory 
compactified to four dimensions on M 4 X Q (M 4 is 
four-dimensional Minkowski space and Q is a compact 
space) in such a way that N = 1 supersymmetry is un- 
broken in four dimensions. It is natural to expect that 
this theory will reduce at low energies to one with in- 
teractions o f  the type (2). In this paper, we will deter- 

*' Supported in part by NSF Grant PHY-80-19754. 
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mine the four-dimensional supergravity theory that 
arises from ten.dimensional E 8 X E 8 supergravity the- 
ory compactified on Calabi-Yau manifolds [4]. (In 
what follows, indices i,], k = 1 . . . . .  10 are tangent to 
M 4 × Q, indicesI,  J , K  = 5 ..... 10 are tangent to Q, 
and indices/l, v, ;k = 1, ..., 4 are tangent to M 4. We 
will follow the conventions of  Bergshoff et at. and 
Chapline and Manton [5].) As the unknown functions 
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. 

Because o f  the complexity of  Calabi-Yau mani- 
folds, dimensional reduction from M 4 × Q to M 4 is 
not straightforward. Indeed, d = 10 supergravity on 
M 4 = Q contains massless fields ~b i and massive fields 
Xj. In the lagrangian £((~i, Xj) ,  one should not merely 
set X i = 0; one should integrate out the Xj to get ef- 
fective interactions among the ~b i. It would be very dif- 
ficult to explicitly integrate out all of  the massive 
modes on a Calabi-Yau manifold. However, it turns 
out that there is a simple way to explicitly construct 
a supergravity theory that has qualitatively the right 
structure. It is not necessary to work on a Calabi-Yau 
with all its complexity and infinity of  massive modes; 
a supergravity lagrangian very similar to what arises 
from Calabi-Yau manifolds can be obtained by a sim- 
ple truncation o f  ten-dimensional supergravity, in a 
way we will now describe. This truncation probably 
does not quite correspond to compactification on any 
Calabi-Yau manifold, but it is very similar and much 
simpler. 
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The purely bosonic terms in the ten-dimensional 
lagrangian that involve gauge fields are 

3 . ~ - 3 / 2  ~- ~,ijk A£ = 1 ~ - 3 / 4  T r  Fi~ - aVJ l ' i jk*'  , 

Fi] is the Yang-Mills field strength, and 
1 2 fij k = ~ [ai3/k - 2-1/2K Tr(A;~.  k - ~gA~A/A~) 

+ cyclic permutat ions] .  

( s )  

First, we consider the terms that in the four-dimen- 
sional sense only involve gauge fields. These come from 
the terms in _~_q~-3/4 Tr Fi~, i , j  = 1 .... .  4 that involve 
S gauge fields only. The surviving part is simply 
-~-q~-3/4f Tr F2v where now F~u is the four-dimen- 
sional S field strength, a n d f i s  a constant defined as 
follows; if X is an S generator, and Tr G, Tr S are traces 
in the adjoint representation of  G or S, then Tr G )t 2 
= f Tr s X 2. 

To reduce the terms involving scalars, we first de- 
fine scalar fields B a, a = 1 ... . .  3, transforming as 3 of  
su(3): 
B 1 = 2-1/2(A5 + iA 6) , B 2 = 2-1/2(A7 + iA8) ,  

B 3 = 2-1 /2(A 9 + i A l ° ) .  (6) 

The general R + R invariant form of  the B a is B a 
= Y~x TaCX where C x are scalar fields in d --- 4. The 
terms in (6 ) tha t  must be reduced are Tr F2I,  Tr F2j, 
F2I j ,  and F?j K. 

One readily finds 

T r F 2 I =  TrF2u=6e2OD,  CxDUCX , 

F 2 I j  = Fyta ̀  - F2j .  = ~e°(3.a  - 2-1/2i r  CxDtaCX) 2 , 

2 = }e-3OK2g2(Tr FhK % [ A j ,  AK12) 

= .~ e -3  o K 2g2 [dxyzCX CY C a [ 2 , 

TrFIjF 1J= 2e -2a ~ Tr[B a, B b ] [B;, Ba] 
a,b 

+ 2e -23  ~ Tr[B a, B;] [B b, Ba] 
a,b 

= 4e -20 ~ Tr[B a, B b] [B;, Ba] 
a,b 

+ 2e  - 2 °  ~Tr[B a, B;] [B ~, B;]. ( 7 )  
a,b 

(In the last equation, the Jacobi identity was used.) 
We also find 

Tr[B a, B b ] [B;, Ba] = 241dxyzCYCZl 2 , 
a,b 

Tr [B a, Bal [B b, B~I = ~- (C*, XiC) 2 , (8) 
a,b 
where the )t i a re  the generators of  S, normalized so 
Tr S X/X/= 5i], Tr G xix] = f~i]. Putting all of  the pieces 
together, the bosonic part of  the supergravity lagrangian 
is 

d] = -- ½ R (4) _ 3 3 .  a 3**0 - 9  [ (3 .~ 3"¢)/¢ 2 ] 

- ~e-2O¢-3/2(3 .a  - 2-1/2iK C x g•CX) 2 

_ ~ ~-3/2  o6o i .v0 / :  _ ~#)-3/4e3afT r F . u f • v  ,+ "r - ~ " # u p  

-- 3 e-a()-3/4D,  CxD~CX - 8 g2¢_3/4e_ 5 a 13W/3C 12 

- 9(g2[f)qS-3/4e-5° ~ (C*, xic)  2 
i 

- 8~2g2qb-3/2e-6°lWI2, (9) 

where W is the cubic "superpotential" W = 8 ~ g d x y  z 
× CxCYC z, and now fuvp contains a Chern-Simons 
term, as in ref. [5]. 

At first sight, it is far from obvious how to put this 
lagrangian in the standard form of eqs. (1) and (2). For 
instance, the lagrangian is polynomial in the charged 
fields, which is very unusual for supergravity theories 
with W :/= 0. However, the lagrangian can be put in the 
standard form as follows. Define a pseudoscalar D by 
a duality transformation ()-3/2e6°fuvp = euvpo3°D. 
Define complex fields S and T by 

S = e3°~b -3/4 + 3ix/~-D, 

T = e°q~ 3/4 - ix/-2a + Cx Cx . (10) 

With S, T, and C x viewed as complex chiral fields, the 
K~hler potential defined by 

g = - ln (S  + S*) - 3 ln(T + T* - 2C*C),  (11) 

and the superpotential W defined as before, the 
lagrangian (9) takes the conventional supergravity form. 
Lagrangian (9) and the change of  variables (10) are very 
similar to what have entered in certain phenomenologi- 
cal approaches to supergravity [9], as we will now discuss. 
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" The Institute for Advanced Study, Princeton, NJ 08540, lISA 
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Received lg March 1985 

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

The anomaly free superstring theories with N = l 
supersymmetry [l ] -- especially the new theory with 
the E 8 X E 8 gauge group [2] - seem to have excel- 
lent phenomenological prospects [ 3 - 7 ] .  One of  the 
central unsolved problems is to explain why the cos- 
mological constant vanishes after supersymmetry 
breaking. 

When one contemplates the cosmological constant 
in superstring theory, several possibilities arise. One 
might, for example, try to find a vacuum state with 
spontaneously broken supersymmetry such that the 
cosmological constant remains zero order by order 
in perturbation theory after supersymmetry breaking. 
If  such a state is discovered (a previous attempt was 
not successful [8] ) it would make a surprising predic- 
tion. String theory has no fundamental dimensionless 
parameter; string perturbation theory is really an ex- 
pansion in powers of  ~0 - the massless scalar (dilaton) 
in the supergravity multiplet (this is explained, for 
instance, in ref. [3] ). If  A = 0 order by order in per- 
turbation theory after supersymmetry breaking and 
order by order in any evaluation of  nonperturbative 
effects, it would indicate that A = 0 for any ~, or in 
other words that the effective potential of  the ~0 field 
is identically zero. If  so, the string theory has a one 
(or more)parameter  family of  vacuum states, unre- 
lated by any symmetry.  This would lessen the predic- 
tive power of  string theory in certain respects. For in- 
stance, the fine structure constant (which depends 
on ¢) would not be predictable even in principle. On 

0370-2693/85/$ 03.30 © Elsevier Science Publishers B.V. 
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the other hand, a dramatic prediction would appear 
in another area, for ~ has couplings similar to those 
of  a Brans-Dicke scalar, and if it is massless one would 
expect significant corrections to gravitational forces. 

If  string theory has a unique vacuum state (and 
so makes definite predictions for all dimensionless 
constants), one cannot expect to Emd A = 0 order by 
order in the relevant perturbative or nonperturbative 
calculation. The problem will be to show that the val- 
ue of  the effective potential V(¢) of  the dilaton field 
is zero at its minimum. However, the minimum of  
V(¢) is not necessarily at a finite value of  ~. It might 
happen that V(¢) is minimized at ¢ ~ o~. In this case, 
the "natural constants" would change in time as 
increases. Such a behavior readily occurs in super- 
symmetric theories [9] (for other "evolutionary" 
approaches to the cosmological constant problem, 
see ref. [10]). One might try to explain the fact that 
the cosmological constant is nearly zero by claiming 
that supersymmetry is restored as ~o ~ 0% so that 
hm~_.,o V(¢) = O. The problem with this view is that 
the Bose-Fermi mass differences Am would also 
vanish in time. The typical scaling relation that would 
arise is V(¢) ~ (Am) 4, and this certainly violates ex- 
perimental facts. A scaling relation such as V(tp) 

G2(Am) a (where G N is Newton's constant) re- 
spects experimental bounds (for Am ~ 1 TeV, G N 

lO -38 GeV -2 ,  it gives V(~0) ~ (10 -4  eV) 4) but is 
harder to obtain. 

We now wish to examine these questions in the 
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O N  T H E  L O W  E N E R G Y  d = 4, N = 1 S U P E R G R A V I T Y  T H E O R Y  
E X T R A C T E D  F R O M  T H E  d = 10 ,  N = 1 S U P E R S T R I N G  * 

J.P D E R E N D I N G E R ,  L.E. IBAI~EZ t 
CERN, Geneva, Switzerland 

and 

H . P .  N I L L E S  
Department of Theoretwal Physws, Umverstty of Geneva, Geneva, Switzerland 

Recewed 8 March 1985 

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. 

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 compacUfica- 
tion of  extra dnnensions, then the internal six-dimen- 
sional space must be a Riccl-flat Kiihler manifold with 
SU(3) holonomy group. The condition of  the exis- 
tence of  an unbroken d = 4 supersymmetry strongly 
rAates the values of  (F MN) and (RMN AB) in the ex- 
tra dimensions in such a way that one is apparently 

* Partially supported by the Swiss National Science Founda- 
tion 

1 On leave from Departamento de Flstca Teonca, Umversldad 
Aut6noma de Madrid, Madrid, Spare. 
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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  fam- 
ihes given by one half the Euler characteristic of  the 
internal manifold. In this case the effective low ener- 
gy 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  com- 
pactificatlon 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 spontaneous- 
ly 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- 

*t For reviews, see ref. [6]. 

65 

Gaugino condensation + 
no-scale 

V ⇠ A
�
1�Be�a'

�2
(1.9)

W = Ae�aS +B (1.10)

The recent discovery of gravitational waves has opened a new window of observation for

physical phenomena in which gravity is the dominant interaction. Collisions of black holes

and neutron stars have been observed and a plethora of new events are expected to be seen

in the next few years. It is natural to explore alternative physical objects that may exist

which are di↵erent from the standard stars and black holes and that could lead to particular

imprints. Boson stars, Bose-Einstein condensates of gravitationally coupled scalar fields,

are well motivated alternatives that have been discussed for several decades. A relatively

vast literature already exists on di↵erent realisations of boson stars [].

String theory, being primarily a fundamental theory of gravity, has the potential to

make physical predictions that can be tested only through gravitational couplings. The

(complex) closed string moduli superfields of string theory provide a generic sector that

couples only gravitationally. The corresponding scalar particles tend to survive at low

energies with masses of the order of the gravitino mass and below. Their axion components

can have a much larger range of masses. Furthermore their fermion partners tend to have

masses of order the gravitino mass and may in principle contribute to fermion stars. Open

string modes may also provide candidates for boson and fermion stars. We explore here

the possibility that condensates of these particles may form and survive at late times in

the form of boson or fermion Stars.

Standard fermion stars such as neutron stars are prevented from collapsing because of

the Pauli exclusion principle. Their stability is a balance between the fermion degeneracy

pressure and gravitational attraction. Boson stars have been studied using a hypothetical

long-lived complex or real scalar field. In this case the stability is due not to the Pauli

principle, since bosons are subject to the Bose-Einstein statistics, but to the Heisenberg

uncertainty principle that constrains momenta to be bound by the inverse radius of the

star. Several cases of boson stars have been studied depending if the field is complex, for

which a global U(1) may exist and guarantee stability (e.g. Q-stars coming from Q-balls),

or for real scalars in which case the boson star is usually named an ‘oscillaton’ (not to

be confused with the early universe ‘oscillons’ ). If the scalar field is an axion it leads to

axion stars. In each case the structure of the boson star varies substantially depending on

the self couplings of the boson fields. For a free massive scalar field the Compton wave

length � ⇠ 1/m is bound by the radius of the star R � 1/m and being balanced at the

corresponding Schwarzschild radius R
s

= 2M/M2
p

leads to the critical mass M
c

= M2
p

/m.

This can be of order the solar mass M ⇠ M� for scalar masses of order m ⇠ 10�10 eV.

However, if self couplings are relevant the critical mass is of order M
c

⇠ M3
p

/m2 just of

the same order of the Chandrasekhar limit for fermion stars and then solar masses can be

obtained for scalar masses of order the neutron mass m ⇠ 1 GeV.

A typical string compactification has hundreds or thousands of complex moduli fields

that have di↵erent properties and may lead to completely di↵erent physics (e.g. dilaton,

– 2 –
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ON SUPERSYMMETRY BREAKING IN SUPERSTRING THEORIES 

N.V. KRASNIKOV 
Institute for Nuclear Research. Academy of Sciences of the USSR, Moscow 117312. USSR 

Received 25 March 1987 

We show that non-zero gaugino condensates of several non-abelian gauge groups Gt ®...®Gk = Es in low-energy d=4 superstr- 
ing Es® E6 gauge theory can lead to the exponentially small (compared to the Planck scale) supersymmetry breaking scale. The 
Hosotani mechanism can provide the Es--,G~ ®...®Gk breaking. 

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 (27 )+  m(27 ) chiral multiplets besides 
the 78 gauge multiplet [4]. The shadow E8 group remains unbroken. Witten [ 5 ] has suggested a truncation 
to four dimensions which presumably has some of the general features of Calabi-Yau compactification. The 
main idea of Witten's truncation consists in the assumption that only the light fields are invariant under the 
SU(3) group which is a subgroup of the SO(6) compactified space rotation group. 

Witten's truncated (d=  4)-dimensional lagrangian describes N =  1 supergravity with the K~ihler potential 

G= - l n ( s + s  + ) - 3  In (T+ T + -2 lcx]  2) +lnl W(cx)12 , W(cx) =dxr~CxCyCz. (1) 

Here s and T are Ea × E6 gauge singlet superfields and Cx are superfields transforming as (1, 27) under the Es × E6 
gauge group. The effective potential has the form 

1 ( 2 t+t+ dW 2) 
V:--(s+s+)(t+t+) a [W[ + - - - - ~  ~Cx +D2-terms, t=T-ICxl 2 (2) 

The vacuum solution cx=0 preserves N=  1 supersymmetry. The most likely trigger for the supersymmetry 
breaking seems to be gaugino condensation [6,7] in the shadow Ea gauge group. (There are arguments that 
gaugino condensation is absent for the E8 gauge group [ 8 ]. The breaking of E8 down to some SU (n) subgroup 
via the Hosotani mechanism [9] is a sufficient condition for bilinear gaugino condensation [8].) 

Non-zero gaugino condensation leads to the appearance of the non-perturbative term 

AW=h e x p ( -  3s/2bo), bo>0 ,  (3) 

~t For a review see ref. [1]. 
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in the superpotential W. Taking into consideration the A W term we obtain 

V-(s+s+)(t+t+ )3 I W+h(3sR/bo+ 1) exp(-3s/2bo)12+ t + t +  ---g-- + D2-terms, SR=Re S. (4) 

The parameter SR determines the gauge coupling constant SR = 1/g2 and has to be non-negative. For the effective 
potential (4) the non-trivial minimum with zero vacuum energy exists only if W= k ¢  0. Condensation of the 
antisymmetric tensor field strength Hijk=keijk gives an additional constant term in the superpotential [6,7]. 
So the gaugino condensation accompanied by condensation of the nijk field leads to the supersymmetry break- 
ing with vanishing vacuum energy [ 6,7]. However, such a scenario does not explain why the supersymmetry 
breaking scale is so small compared to the Planck scale ~2. 

In this paper we propose to use non-zero gaugino condensates of  several non-abelian gauge groups 
G~®. . .®G~c Es for the obtaining the exponentially small (compared to the Planck scale) supersymmetry 
breaking scale ,3. Note that in our scenario the condensation of the antisymmetric tensor field strength Hok is 
not necessary. 

To understand the origin of  the non-perturbative term A W it is convenient to use the method of the effective 
lagrangians. The effective lagrangian describing the supersymmetric gluodynamics with the gauge group SU (N) 
has the form [ 10 ] 

£P=9 f (pp)l/3 d40 +( f d2O P[ln(PU/AaN)-N] +h'c) (5) 

where P =  (g2/321t2) W~ W ~,a, g2= 1/SR and A is a characteristic scale of  the theory. Our case A exp( -3s /2bu) ,  
bu= 3N/16rt 2. The effective lagrangian (5) leads to the non-zero gaugino condensate 

((gZ/32n2)2,~2 '~) =A 3 exp(2ztik/N),  k =  1, 2,..., N .  (6) 

The effective potential (5) at the minimum point 

AWN=P[ln(PN/A 3N) -N] [e=A 3 exp(2zt ik /N)~h,  exp ( -3s /2bu)  exp(2ztik/N) , hu=O(M31) (7) 

gives the non-perturbative term (3) in the superpotential. 
As has been noted before that in order to obtain a non-zero gaugino condensate we have to break the Es 

gauge group via the Hosotani mechanism [ 9 ]. There are several patterns of  Es breaking via the Hosotani mech- 
anism, for instance 

Es--.SU(3) ®SU(3)  ®SU(3)  ® S U ( 3 ) ,  

E s ~ S U ( 5 )  ®SU( 5 ) ,  

E s ~ S U ( 4 ) ® S U ( 5 ) ® U ( 1 ) ,  

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

AW= ~ h~ e x p ( -  3s/2b~) exp(27tikl/Nl) . (8) 
/ 

Let us consider for instance the Es -~SU(N)®SU(M)  breaking. The effective potential has the form 

~2 To solve the gauge hierarchy problem we must have a relatively low supersymmetry breaking scale. (For a review, see e.g. ref. [ 10]. ) 
~3 The idea to use the gaugino condensates of several non-abelian gauge groups for the supersymmetry breaking has been proposed in our 

paper ref. [ 11 ]. 
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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 E 6 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 (involv- 
ing O(6) holonomy) is discussed in the last section. 

1. Introduction 

I t  is a re la t ive ly  old  idea  [1] that  consis tent  theories of  q u a n t u m  gravi ty can be 
o b t a i n e d  f rom ten-d imens iona l  s tr ing theories.  In  recent  years  this p rog ra m has been 
i m p l e m e n t e d  to a convincing extent  [2], and  the discovery of a new mechan i sm for 
a n o m a l y  cance l l a t ion  has made  it clear  that  these theories can be phenomenolog i -  
ca l ly  real is t ic  [3]. The  new supers t r ing theory  with E 8 x E 8 gauge group [4] is 
pa r t i cu l a r l y  promis ing .  

F o r  these theories  to descr ibe  nature ,  six of  the ten d imens ions  mus t  be  compac t i -  
f led in to  some  microscopic  space K. Compac t i f i ca t ion  schemes have been  investi-  
ga t ed  in several  recent  papers  [5-8].  In  par t icular ,  in [8] it  was argued that  a var ie ty  
o f  f ield theore t ic  and  str ing theoret ic  a rguments  favor  a special  class of  man i fo lds  K, 
name ly ,  the  Ca l ab i -Yau  mani fo lds  of  SU(3) h o l o n o m y  [9,10]. In  [8], it was shown 
tha t  the  C a l a b i - Y a u  mani fo lds  lead in four d imens ions  to unbroken  N = 1 super-  
s y m m e t r y  at  t ree level. They also lead  au tomat ica l ly  in the E 8 X E 8 context  to the 
b r e a k i n g  of  one  E 8 factor  to E 6, which is known to be  (unl ike E8) a real is t ic  g rand  
un i f i ed  g roup  in four d imens ions  [11]. Several genera t ions  of s t anda rd  quarks  and 
l ep tons  appea r ,  the number  of  genera t ions  being one-ha l f  of  the Euler  character is t ic  
of  K.  I t  was also shown that  if K is not  s imply  connec ted  (which seems necessary 
a n y w a y  to achieve a real is t ical ly low number  of  fe rmion  generat ions) ,  there is a 
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We consider constraints on superstring theories compactified on Calabi-Yau manifolds arising 
from the proton lifetime, neutrino masses, sin 2 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 inter- 
mediate scale. We suggest a natural mechanism to generate it. 

1. Introduction 

The existence of anomaly-free superstring theories with gauge groups SO(32) [1] 
and E 8 ® E 8 [2] presents the exciting prospect of consistent unified theories of gauge 
and gravitational interactions. Recently, it has been shown that there exists a class of 
compactif icat ions of these theories which yields a low-energy theory with N = 1 
supersymmetry  [3], a promising feature if one hopes to understand the hierarchy 
problem. Moreover, the E 8 ® E 8 theory can yield a reasonable low-energy gauge 
group (e.g. SU(3)c ® SU(2) L ® U(1) r  ® " '"  ), and a repetitive structure of families. 
Each family consists of 27 chiral fields, essentially representing a 27 of E 6 (under the 
SO(10) subgroup of E6,  these transform as 16 + 10 + 1). Motivated by this spectac- 
ular success, we assume the existence of a manifold with some desired set of Yukawa 
couplings, and of a supersymmetry-breaking mechanism which leads at low energies 
to a theory with explicit soft breaking of order M w. We then ask whether standard 

* Supported in part by NSF grant PHY-82-17352. 
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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 

The recent enthusiastic interest in superstring theories [1] rests on the belief that  a 
suitable compact i f icat ion of the ten-dimensional theory can be found which repro- 
duces  observed phenomenology  in four dimensions. Compact i f icat ion on M 4 X K0, 
where M 4 is four-dimensional  Minkowski space-time and K 0 is a compact  six- 
d imensional  Ricci-flat K~ihler manifold with SU(3) ho lonomy (Calabi-Yau mani-  
fold) ensures an N = 1 supersymmetry in four dimensions [2], and hence offers the 
possibil i ty of  addressing the hierarchy problem [3]. Of the known superstring 
theories, the heterotic theory with Es ® E~ gauge group [4] appears to be the most  
phenomenologica l ly  viable. 

W h e n  these theories are compactif ied on a Calabi-Yau manifold K0, with the 
spin connec t ion  of  K 0 embedded in one of the E 8 factors, an E 6 unifying group 
emerges ( ignoring the E~ factor) with chiral superfields appearing in copies of  its 
fundamenta l  (27 and 27) representations. The compactif icat ion manifold K 0 is 
crucial  in determining the other low-energy properties of the model. In particular, 
the Hodge  numbers  of  the manifold determine the number  of light chiral supermul- 
tiplets t ransforming as 27 and 27 [2], and the vacuum structure of  the manifold 
determines  the discrete symmetries of  the theory which restrict the allowed Yukawa 
coupl ings o f  the chiral supermultiplets [5]. Indeed it is in principle possible to 
determine the Yukawa couplings completely if one knows enough about  the 
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We discuss low-energy phenomenology for a three-generation model, based upon compactifi- 
cation 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)). 

1. Introduction 

The  exc i t ement  engendered  b y  the p rospec t  of  bu i ld ing  a unif ied theory  of  the 
s t rong,  weak,  e lec t romagnet ic  and  gravi ta t ional  in terac t ions  based  on the super-  
s t r ing [1] has  been  tempered  by  the real isa t ion that  the s implest  examples  of  such 
m o d e l s  a p p e a r  to have p rob lems  with p ro ton  decay,  neu t r ino  masses,  ext ra  genera-  
t ions  and  mul t ip le ts ,  sin20w, new neut ra l  currents  and  supe r symmet ry  breaking.  I t  
has  been  suggested that  many  of  these p rob lems  might  be e l iminated ,  if there  exist 
m a n i f o l d s  on  which Ka luza -Kle in - type  compac t i f i ca t ion  leads to low energy SO(10) 
or  SU(5)  gauge  groups [2, 3] ra ther  than the E 6 associa ted  with mani fo lds  whose 
SU(3) -va lued  spin  connect ion  is e m b e d d e d  in the gauge group.  However ,  we are no t  
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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  s tnng  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 compac- 
tification 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 
natural to attempt to do so for Lorentz symmetries as well [5] The idea of using 
twisted boundary  conditions to break Lorentz symmetries is that spacetime coor- 
dinates x"(cr) should not be periodic functions of  cr but perio&c up to a Lorentz 
transformation. Modular  invarlance puts severe constraints on such attempts, since 
a string sector with twisted boundary conditions in the o--direction is related by 
modular  transformations to sectors with various boundary conditions in the g- and 
z-&rections. What will be described below is one consistent framework m which 
the twisted boundary conditions are related to the construction of a new manifold 
(or at least, a new orbifold, as we will describe later) The method of  constructing 
new manifolds (or orbifolds) that we will employ is a classical geometrical method 
that we will implement directly in string theory. 

* Research supported m part by NSF Grant PHY80-19754 
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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 

Supers t r ing  theories are ser ious  cand ida te s  for unif ied theories of all known  
in te rac t ions  [1-3].  However  if they are  to make  contac t  with the real world  it will be 
necessary  to unders tand  how the e n o r m o u s  s y m m e t r y  of  these theories is b roken  
d o w n  to someth ing  like that which we observe  at low energies.  In a previous  p a p e r  
[4] we discussed a s imple but  power fu l  me thod  of  achieving symmet ry  b reak ing  in 
s t r ing  theories  via twisted b o u n d a r y  condi t ions .  D e p e n d i n g  on how the twists act on 
the  space t ime  and internal  degrees  of  f reedom this general  app roach  can descr ibe  
to ro ida l  compac t i f i ca t ion ,  s y m m e t r y  b reak ing  by Wi l son  lines, a s ingular  l imit  of  
c o m p a c t i f i c a t i o n  on certain Ca l a b i - Yau  spaces,  and  may  even be used to der ive one 
he te ro t ic  s t r ing theory from the other!  In  add i t i on  to its general i ty  this m e t h o d  has 
the a d v a n t a g e  of  a l lowing expl ic i t  ca lcu la t ions  of  tree and loop str ing ampl i t udes  
with real is t ic  symmet ry  breaking.  

In this p a p e r  we will present  a general  f ramework  for discussing str ings with 
twis ted  b o u n d a r y  condi t ions  and  explore  some of the phenomenolog ica l  conse-  
quences  of  this app roach  to s y m m e t r y  breaking.  Twis ted  b o u n d a r y  cond i t ions  
na tu r a l l y  ar ise  when one cons iders  s t r ing p r o p a g a t i o n  on an orbifold.  We will def ine  
an o rb i fo ld  to be the object  one  ob ta in s  by d iv id ing  a mani fo ld  by  the ac t ion of  a 
d i sc re te  g roup  G.  (More  genera l ly  an o rb i fo ld  is locally,  but  not  necessar i ly  global ly ,  
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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 
compactif icat ion 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 + 2L~u  + y '  l otAe -2inu 
..~o 2n " 

A = 1 . . . q ,  

i ~I --2inv ~ i =  ~ _  2L~v + 2.., ";--- ,e , I = 1 . . .  p (1) 
n ~ 0  z n  

(with u = • + o, v = T - o ) ,  and no a priori assumptions about the left- a n d  
right-moving " m o m e n t a "  (L  A, L t) were made. It was then shown that modular 
invariance requires that two allowed momenta  (L  A, L t) and (L  'A, £,1) should obey 
LAL,A _ ~ _ _ , I ~ _ t I ~ :  2Z; thus (L  A, L I) and ( L  "A, 7-, 'I) are points in an even lattice with a 
metric of signature (q, p),  i.e., q positive and p negative eigenvalues. It further 
emerged that  this lattice must be unimodular or self-dual. 

For  p, q > 0, such lattices exist only for q - p = 8n and moreover it is unique up 
to an SO(q, p )  transformation. However, it was pointed out that the contribution 
LAL A or L I L t  of the momenta  to the mass of a closed string does not have SO(q, p )  
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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 recent- 
ly. 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 se- 
rious candidates for describing nature, and many attempts have been made to obtain d = 4 theories by compactify- 
ing 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 re- 
markable features o f  the Calabi-Yau manifolds, such as vanishing of  the/3 function in the corresponding two-di- 
mensional 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 ap- 
propriate 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 envis- 
age an alternative approach of  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 of  these groups 
cannot be obtained by a simple torus compactification o f  ten-dimensional heterotic string theory, and thus may 
provide new possibilities for phenomenology. For this,however, one will have to b reakN = 4 (in d = 4) down to 
N = I by invoking some discrete symmetries, such as in the orbifold approach [6], but I shall not dwell upon this 
here. 

A crucial ingredient in the construction is the generalisation o f  the condition for modular invariance. Let p and 
q be the number o f  compactified dimensions in the left- and right-moving sectors, respectively 
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We describe string theories in which the left-moving and right-moving degrees of freedom live 
on different orbifolds. 

1. Introduction 

In the study of string theories, some of the most interesting issues relate to the 
applicability or inapplicability of our intuition gained from dealing with quantum 
field theories. This intuition has been at the root of some recent developments in 
string theory. For example, the fact that point particles and their interactions are 
most elegantly described by a quantum field theory, motivates the study of string 
field theories. This has led to extending the point particle symmetries such as 
general coordinate invariance to an infinite dimensional symmetry of the string 
theory. 

On the other hand there are a number of examples showing how our naive 
intuition fails. For instance, the field theory of particles gives no clue as to why 
compactifying on special tori, such as is the case for heterotic strings [1] and their 
toroidal compactifications to lower dimensions [2], should give rise to gauge 
invariances besides the ones expected from the Kaluza-Klein picture. These are 
"stringy" effects which cannot be explained from a point particle viewpoint. The 
winding of strings around the non-trivial loops of the tori is responsible for giving 
rise to gauge degrees of freedom. Since this involves extended states, it is not 
expected from a point particle point of view. Another counter-intuitive aspect 
of heterotic string (in its bosonic formulation) is that the left-movers and right- 
movers live on different spaces. Left-movers live on the product of 10-dimensional 
Minkowski space with one of two choices of 16-dimensional toil, and the right- 
movers live on the 10-dimensional Minkowski space. The 10-dimensional 
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ORBIFOLDS AND WILSON LINES 

L.E. IBAI~IEZ, H.P. NILLES and F. QUEVEDO 
CERN, CH- I 211 Geneva 23, Swttzerland 

Recewed 12 December 1986 

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 mechanism for controlhng the number  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 tnng  models with three famdies of  quarks and leptons and d~fferent gauge groups such as 
E6, SU(3)  3, SU(6)  ×U(1  ) or SU(5)  × [SU(2)  ×U(1  )]2. 

1. Introduction. A clarification of an eventual con- 
nection between superstring theories and physics 
necessitates a better understanding of four-dimen- 
sional string theories. Compactification of higher- 
dimensional 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 con- 
sideration of orbifolds [2,3 ] (or, more precisely, of 
twisted tori O~=T~/P :~) seems to be more promis- 
ing in this respect, still sharing the conceptual sim- 
plicity 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 heter- 
otic 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- 
ground gauge fields corresponding to noncontracti- 
hie loops on T ~ in the framework of orbifold 
compactification. Such Wilson lines can be equiva- 
lently understood as the embedding of the full space 
group S into the gauge group of the high-dimensional 
string theory. We show, as might have been expected 
[ 3 ], that this leads to more flexibility with respect to 

n p Is a discrete group called the point group. Equivalently, we 
can consider On~S, where the space group S contains P as well 
as the shifts A of  the latuce defining the toms  T n. 
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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] 
we will see that this method allows us to easily con- 
struct models with three generations of quarks and 
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 )×  
U(1 )] 2. In a certain way our work is complementary 
to the attempts to classify all possible four-dimen- 
sional string models on the basis of modular invar- 
iant partition functions [ 7,8 ]. Although here a very 
large number of such models can be classified, a 
mechanism for selecting the interesting ones is still 
lacking. 

Let us therefore consider the motion of closed 
strings on the twisted torus On=T~/Pg Rn/S. Con- 
sistency requires that the action of P leaves the torus 
T ~ invariant. We denote the two-dimensional coor- 
dinates by a=am+za2,  where z is the modular 
parameter. We then observe the existence of several 
sectors of closed strings denoted by (g, h), where g 
and h are elements of P: 

X(a,  +~,  a 2 ) = h X ( a , ,  tr2), 

X(a l ,  tr2 +zt) =gX(a l ,  iX2) , (1) 

and g and h have to commute for the boundary con- 
ditions to be compatible. The contribution of the (g, 
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we c0n5truct 5evera1 N= 1 5uper5ymmetr1c three-9enerat10n m0de15 w1th 5u (3) × 5u (2) x u ( 1 )•• 9au9e 5ymmetry, 06ta1ned 
fr0m 0r61f01d c0mpact1f1cat10n 0fthe heter0t1c 5tr1n91n the pre5ence 0f c0n5tant 9au9e-6ack9r0und f1e1d5.7h15 w1150n-11ne mech- 
an15m a150 a110w5 u5 t0 e11m1nate extra c010ur tr1p1et5 wh1ch c0u1d med1ate fa5t pr0t0n decay. 

1. 1ntr0dUCt10n. ReCent 5tUd1e5 0f  f0ur-d1men- 
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 
m0de15 have n0t yet emer9ed fr0m the d1fferent 
ana1y5e5 0f  c0n515tent 5tr1n9 the0r1e5 1n f0ur d1men- 
510n5. Even th0u9h ch1ra1 5uper5ymmetr1c m0de15 are 
ea511y 06ta1ned, the 9au9e 9r0up and/0r the num6er  
0f  9enerat10n5 9enera11y appear5 t0 6e unrea115t1c. 

Recent1y, a mechan15m wa5 f0und [3] w1th wh1ch 
1t 15 p055161e t0 reduce the num6er 0f  9enerat10n5 and 
at the 5ame t1me 6reak the 9au9e 9r0up 1n 0r61f01d 
c0mpact1f1cat10n 0f  the heter0t1c 5tr1n9. 7h15 wa5 
d0ne thr0u9h the c0n51derat10n 0f  W1150n 11ne5, 1.e. 
c0n5tant 9au9e-6ack9r0und f1e1d5 c0rre5p0nd1n9 t0 
the n0n-c0ntract161e 100p5 0f  the t0ru5 under1y1n9 the 
0r61f01d. 1n the pre5ent n0te, we u5e the a60ve mech- 
an15m t0 c0n5truct three-9enerat10n m0de15 w1th the 
9au9e 5ymmetry 5U(3 )  ×5 U ( 2 )  XU(1 )n. 0 u r  a1m 
15 - m0re than 5tre551n9 the phen0men01091ca1 v1r- 
tue5 0f  the m0de15 - t0 111u5trate h0w the ex15tence 
0f  W1150n 11ne5 a110w5 u5 t0 have 900d c0ntr01 0ver 
the type5 0f  m0de15 we have, 1n 5uch a way that we 
can 5e1ect the ••1ntere5t1n9 0ne5•• 6y appr0pr1ate 
ch01ce5 0f  the W150n 11ne5 and the d1fferent em6ed- 
d1n95 0f  the p01nt 9r0up 0f  the 0r61f01d 1n the 9au9e 
9r0up. U51n9 th15 mechan15m, we can e11m1nate extra 

Permanent addre55: Department 0f Phy51c5, 5e0u1 Nat10na1 
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c010ur tr1p1et5 and thu5 av01d the r15k 0 f them 1nduc- 
1n9 fa5t pr0t0n decay. 

2. 0r61f01d5 and W1150n 11ne5. F0r def1n1tene55, we 
w111 re5tr1ct 0ur d15cu5510n t0 the 2 0r61f01d, wh1ch 
15 the 51x-t0ru5 def1ned 6y the [5U(3 ) ]  3 1att1ce, 
m0dded 0ut 6y the d15crete 9r0up P = 23.7h15 9r0up 
act5 a5 2rc/3 r0tat10n5 0f  the 1att1ce vect0r5. 7he  2 
0r61f01d ha5 27 (f1xed) p01nt5 wh1ch are 1nvar1ant, 
up t0 a 1att1ce vect0r, under the act10n 0f  P. 7he  
tran51at10n5 0n the 1att1ce e1, t09ether w1th the d15- 
crete r0tat10n5 0 0n P, f0rm the 5pace 9r0up 5. 7he  
act10n 0f  5 can 6e extended t0 the 9au9e de9ree5 0f 
freed0m, where 60th the d15crete r0tat10n5 and 
tran51at10n5 1n the 5pace-t1me 1att1ce are repre5ented 
6y 5h1ft5 1n the E8 × E8 1att1ce. 70 a d15crete r0tat10n 
0 we a5519n a 5h1ft v 1 (1= 1 ..... 16), and t0 a tran5- 
1at10n 6y e~ (1= 1, ..., 6) we a5519n the 5h1ft5 a~ c0r- 
re5p0nd1n9 t0 the W1150n 11ne5 f1 A~ dxu= 

1 /t 21rA~e, = 2na~. 7he5e 5h1ft5 cann0t 6e ch05en ar61- 
trar11y. 7he  fact that P 15 0f  0rder 3 1mp11e5 that 3 v ~ 
15 a 1att1ce vect0r; th15, t09ether w1th the 9r0up 1aw 
0n 5, 1mp11e5 that 3a~ 15 a150 a 1att1ce vect0r. A150, 
51nce a r0tat10n 6y 0 re1ate5 tw0 5U(3 )  1att1ce vec- 
t0r5, we have 

1 1 a1=a1+1, 1 = 1 , 3 , 5 .  (1) 

7heref0re, there are 0n1y three 1ndependent W1150n 
11ne5. M0du1ar 1nvar1ance a150 1mp05e5 re5tr1ct10n5 
0n the ch01ce5 0f  v r and a~, a5 we w111 5ee 1ater. 
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We discuss the construction of SU (3)× SU (2)X U (1) three-generation superstrings through the "'degenerate orbifolds'" re- 
cently described by the authors. These are lower rank models continuously connected to rank-sixteen or twenty-two models through 
fiat directions in the potential of the scalar fields. The structure of Yukawa couplings is carefully investigated and special attention 
is paid to nonrenormalizable interactions in determining the fiat directions and the induced cubic couplings that are forbidden in 
the original model. The importance of twisted oscillator modes and moduli to this effect is explained, One specific example is 
presented in detail and its phenomenological consequences such as quark and lepton masses, proton stability and neutrino masses 
are discussed. In this example there are built-in "stringy" symmetries that protect Higgs doublets from getting large tree-level 
masses. 

1. Introduction 

The space of classical vacua for four-dimensional  
strings has been extensively studied during the last 
years, due especially to the large proliferation of con- 
structions admit t ing chiral fermions in the massless 
spectrum ~ [2].  By now it is convent ional  wisdom 
that these vacua correpond to two-dimensional  con- 
formal field theories (CFTs) .  In principle, a candi- 
date CFT will have a set of marginal operators and 
varying the associated parameters one can generate 
other vacua cont inuously connected to the starting 
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point.  However, in practice it is difficult to identify 
these marginal operators, except perhaps in (2, 2) 
models [2]. Thus, in most of the explicit four-di- 
mensional  string models only one representative of a 
class of continuously connected vacua has been ana- 
lyzed in detail. These representatives usually corre- 
spond to so-called multicritical points in the space of 
continuous parameters and have gauge groups of rank 
sixteen or twenty-two. 

In orbifold models, it has been possible to give a 
construction [ 3 ] in which one can consider classes of 
continuously related models rather than only one 
representative. The cont inuous parameters (besides 
the modul i )  correspond to Wilson lines on the un- 
derlying torus. Recently [ 4], a more general class of 
cont inuously connected models, degenerate orbi- 
folds, has been discussed in terms of flat directions in 
the potential  of the massless fields in the twisted and 
untwisted sectors of (2, 2) and (0, 2) orbifolds. It 
was found that generically the models in a continu- 
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Explicit SU ( 3 ) × SU ( 2 ) X U ( 1 ) r four-dimensional string models are obtained from compactification of the heterotic string on 
the Z 3 orbifold. The presence of a Fayet-Iliopoulos term, associated with an "anomalous"  U ( 1 ), plays a crucial role in the sym- 
metry breaking process. In the example presented here the spectrum of light panicles is remarkably close to that of  the standard 
model. It contains three generations of  the standard panicles, with the correct representations under SU ( 3 ) × SU (2) × U ( 1 ) r, 
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 facts the model still has some problems (related to renormalization group equa- 
tions and fermion masses) ,  which may be cured in other examples. 

In order to achieve contact between strings [ 1 ] and 
the low energy world it is necessary to find consistent 
string theories in four dimensions [2,3] which are 
able to accommodate the observed S U ( 3 )×  
SU (2) × U ( 1 ) r standard model. The compactifica- 
tion of the heterotic string on a Z3 orbifold with Wil- 
son lines [2,4] is an efficient method to construct 
interesting models. In particular, as has been shown 
by Ibfifiez et al. [ 5 ], it is possible to obtain supersym- 
metric models with gauge group [ S U ( 3 )×S U ( 2 )×  
U(1)  5] [hidden sector] and three generations of 
chiral particles with the correct SU (3) × SU (2) rep- 
resentations plus some extra particles [ 6 ] (other at- 
tempts at model-building, using the fermionic 
formulation of string theories directly in four dimen- 
sions, can be found in refs. [ 7,8 ] ). The U ( 1 ) charges 
and the mechanism for anomaly cancellation in these 
models have recently been analyzed for the first time 
[ 9 ], with the result that there are, in general, many 
combinations of the non-anomalous U ( 1 )'s for the 
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physical hypercharge (the "anomalous" U( 1 ) is al- 
ways broken and the pseudoscalar degree of freedom 
of the antisymmetric tensor in four dimensions, B~,,, 
becomes the longitudinal mode of the massive gauge 
boson [ 10,11 ] ). It was also found that this kind of 
compactification can have several phenomenological 
problems. For example, the hidden sector is, in gen- 
eral, mixed with the observable one. On the other 
hand, the Fayet-Iliopoulos (FI) terms which appear 
if there is an "anomalous" U ( 1 ) after compactifica- 
tion [ 11-13 ] may, in principle, destabilize the su- 
persymmetric vacuum, although it is known [ 14 ] that 
one can often preserve supersymmetry by giving vac- 
uum, expectation values to particular scalar fields. 
The use of D-terms to break extra U( 1 )'s and get in- 
teresting models was first made in ref. [ 7 ] in the con- 
text of fermionic constructions (which are likely to 
be equivalent to orbifolds). If the fields responsible 
for the cancellation of the anomalous D-term are 
charged under other U( 1 ) factors an additional 
breaking is unavoidable, having the potential to re- 
duce a SU(3) x S U ( 2 )  ×U (  1 )~ model, for example, 
to adjust the standard model at low energies [9]. 
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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 super-
symmetry, chiral fermions, and phenomenologically interesting gauge groups.

PACS numbers: 11.17.+y, 12.10.6q

Superstring models are promising candidates for
unified theories, in particular providing an ultraviolet-
finite quantum gravity. To date, however, thc
phenomenologically interesting models2 have been
constructed in ten-dimensional space-time, leaving the
difficult dynamical problem of compactiflcation of the
extra dimensions to be settled before any meaningful
comparisons with low-energy physics can be made. It
is clearly desirable to construct four-dimensional string
models directly. For most low-energy physics, such a
four-dimensional string model reduces to an effec-
tive-gauge-field theory with (super)gravity. Since each
model has only two parameters, e.g. , Newton's con-
stant and a gauge coupling (which may be dynamically
fixed), and properties of gauge theories are relatively
well understood, confrontation with experiments is
direct and in principle straightforward. In this Letter,
we present rules for constructing consistent
closed-fermionic-string theories in four dimensions.
These rules are simple enough that they may be readi-
ly used even by readers not well versed in string
theory. A priori, the size of the gauge groups obtained,
typically rank 22, is big enough to permit left-right
symmetry, horizontal symmetries, hypercolor compo-
siteness, andlor hidden sectors.
The only compactifications which are presently well

understood at the string level are flat toroidal ones, for
example that used in constructing the heterotic string. 2

The possibilities for such constructions are limited by
the requirements of unitarity and space-time Lorentz
invariance. In particular, invariance under discrete re-
parametrizations of the world sheet (modular transfor-
mations) is a key ingredient in the ultraviolet finite-
ness of string theories and provides a stringent con-
straint on string-model building. In addition to these
requirements one must demand that the theory give a
sensible projection onto the subspace of physical states
with proper space-time spin statistics.
In a previous work we developed a formalism based

on a generalization of the projection of Gliozzi,
Scherk, and Olive4 for systematically constructing
ten-dimensional closed —fermionic-string models which
satisfy the above requirements. Strictly speaking we
imposed modular invariance only at the one-loop lev-
el; the work of Seiberg and Witten and others sug-

gest, however, that this, together with the proper pro-
jection of physical states with correct statistics which
we demand, is sufficient to ensure multiloop modular
invariance. Hence we believe that the method de-
scribed here generates the complete set of ultraviolet-
finite closed-fermionic-string models. 6
Here we present the results of a straightforward gen-

eralization of the methods described in Ref. 3 to in-
clude twisted boundary conditions for complex fer-
mionic fields on the world sheet and to allow any even
space-time dimension up to ten, in particular four. As
in Ref. 3 we use fermionic fields on the string world
sheet to represent the internal-symmetry degrees of
freedom of the string and the Neveu-Schwarz-Ramond
formalism7 for the space-time fermions. Our main
concern is to ensure the modular invariance of the
one-loop path integral (which is just the partition func-
tion) obtained from integrating out the fermionic de-
grees of freedom (viewing the string as a two-dimen-
sional field theory on a world sheet with toroidal topol-
ogy). The contribution to the partition function de-
pends on the boundary conditions chosen for the fer-
mionic fields around the two noncontractible loops of
the world-sheet torus. In general, to achieve a modu-
lar invariant result we must sum over contributions
with several different choices of boundary conditions
since modular transformations can map one set of
boundary conditions into another.
The rules we give here allow for twisted boundary

conditions. In a complex diagonal basis for the fer-
mionic fields the boundary conditions around the cr
loop of the torus, for example, can be specified by a
single vector W with rational numbers as components
(O» Wt& I),
+t(t, a +2vr) =exp(2mi+")+'(t, o ),

where I labels the complex fermionic fields for internal
and space-time degrees of freedom, both left- and
right-moving modes. Similarly some other vector Vf'
labels the sct of boundary conditions in the t direction.
The fields Wt are generalizations of Neveu-Schwarz-
Ramond fermions and have been analyzed by Vafa. 8
For simple boundary conditions (periodic or anti-
periodic), complex fermion fields can be decomposed
into real fields. The "single-fermion" cases are of in-
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We solve completely the constraints of factorization and multiloop modular invariance for 
closed string theories in which all internal quantum numbers of the string are carried by free 
periodic and antiperiodic world-sheet fermions. We derive a simple set of necessary and sufficient 
rules, and illustrate how they can be used to find the spectrum, one-loop ampfitudes and 
low-energy lagrangian of many realistic four-dimensional chiral models. We prove that modular 
invariance and factorization ensure the presence of a massless graviton and the correct connection 
between spin and statistics. We also prove that the existence of a massless spin- 3 state ensures the 
absence of tachyons and the vanishing of the one-loop cosmological constant. 

1. Introduction 

I t  is p r e sen t ly  bel ieved that  in o rder  to realize the p r o g r a m  of  str ing uni f ica t ion  [1] 
of  all  pa r t i c l e  interact ions,  one must  eventual ly  arrive at a theory in four  f iat  
space - t ime  d imensions ,  with N = 1 super symmet ry  and  chiral  ma t te r  fields. This 
w o u l d  p r e s u m a b l y  be the first s tep in any effort  to af f ront  the real world,  and  see 
whe the r  s t r ing theories m a y  provide  the answers to such long-s tanding  quest ions in 
pa r t i c l e  phys ics  as the vanishing of  the cosmological  constant ,  the gauge h ie rarchy  
p r o b l e m ,  the  exp lana t ion  of  the observed spec t rum of  fe rmion masses  etc. 

A first  a p p r o a c h  to carrying out  this p rogram,  was to compac t i fy  the known  
t en - d imens ion a l  superst r ings [1, 2] on a Ca lab i -Yau  man i fo ld  [3] or  an orb i fo ld  [4]. 
A much  s imple r  p roposa l  [5,6,11] is to cons t ruc t  s t r ing theories di rect ly  in four  
d imens i ons  wi th  noth ing  fancier  than the tools used for  const ruct ing  the consis tent  
t e n - d i m e n s i o n a l  superst r ings [2, 7-10] :  all of the str ing 's  in terna l  qua n tum numbers  

* On leave from Ecole Polytechnique, 91128 Palaiseau, France. 
** On leave from Ecole Normale Sup~rieure, 75231 Paris, France. 
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It is shown how our previous work on lattice constructions of ten-dimensional heterotic 
strings can be applied to four dimensions. The construction is based on an extension of Narain's 
lattices by including the bosonized world-sheet fermions and ghosts, and uses conformal field 
theory as its starting point. A natural embedding of all these theories in the bosonic string is 
automatically provided. Large numbers of chiral string theories with and without N = 1 supersym- 
metry can be constructed. Many features of their spectra have a simple interpretation in terms of 
properties of even self-dual lattices. In particular we find an intriguing relation between extended 
supersymmetry and exceptional groups. 

I. Introduction 

In  the early days of string theory it was considered a major  embarrassment  when 
it turned out  that  string theories could only be formulated consistently in 26 or 10 
dimensions.  The revival of interest in the subject was for a small, but  not  unim- 
por tan t  par t  due to a change in attitude towards extra dimensions, namely the 
acceptance of  the idea that they can be compactified. This idea dates back to the 
first half  of  this century, but  received serious attention only during the last ten 
years, after the end of  the first string era. When strings were reconsidered one 
initially a t tempted to compactify their field theory limits, with the help of the 
technology developed during the past decade. More recently the at tention has slowly 
shifted towards  more "s t r ingy" compactifications. 

Actual ly  the concept  of a critical dimension for string theory is a misconception. 
This is clear once one realizes what  this concept  is based upon. All string theories 
which might  be relevant for four-dimensional physics (and this certainly includes 
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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 to- 
day. 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 with- 
out 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 wor- 
rying about its origin. Surprisingly little effort is di- 
rected towards deriving the standard model from 
some variant of string theory, or to seeking some other 
distinctive signature of  the TOE. Many would doubt- 
less consider any such effort premature and fool- 
hardy until we understand the string better. How- 
ever, 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 

i Permanent  address: Ecole Polytechnique, F-91128 Palaiseau 
Cedex, France. 

2 Permanent  address: Maharishi  International University, 
Fairfield, IA 52556, USA. 

3 Permanent  address: Texas A&M University, College Station, 
TX 77843, USA. 

we now have many tools - geometric [ 1 ] and alge- 
braic [2], bosonic [3] and fermionic [4,5] - f o r  
constructing different string models, surely we should 
be using them to look for candidate vacua that are 
phenomenologically realistic. 

It may well be that the standard model can be de- 
rived directly from the string without invoking any 
field-theoretical intermediate scale of gauge symme- 
try breaking [ 6-8 ]. However, so far all phenomeno- 
logical string models [ 7-10 ] have had four-dimen- 
sional groups larger than SU (3) X SU (2) × U ( 1 ), 
though often only with extra U ( 1 ) factors [ 7 ]. We 
think [ 10] that if one is to extend the standard model 
gauge group, it is interesting and desirable to embed 
it in a grand unified theory(GUT),  i.e., a simple non- 
abelian group containing the SU(3) ,  SU(2)  and 
(maybe) U ( 1 ) factors of the standard model. Such 
a framework would combine the physical advantages 
of  GUTs (e.g., slow baryon decay, cosmological bar- 
yosynthesis, small neutrino masses, etc.) with the 
well-known benefits of the string. However, there is 
an obstacle to such a programme that we have em- 
phasized previously [ 10 ] : in general, GUTs require 
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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 supersymmetric flipped 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 world- 
sheet. 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 con- 
tributing 2 6 - d  ( 1 5 -  3 d / 2 )  to the central charge of the Virasoro algebra. Modular invariance then imposes 
nontrivial constraints on the boundary conditions for these internal degrees of  freedom which ensure that count- 
ing errors are not made when higher-genus string topologies are summed. It is known that the number of  solu- 
tions to these modular invariance conditions is restricted, particularly if  the number of  space-time dimensions 
d is close to the critical number 26 (or I 0). In particular, in d =  10 there are only two modular invariant heterotic 
string theories with N =  1 space-time supersymmetry, based on the gauge groups SO (32) and E8 × E~ [ 1 ]. 

The choice of  gauge group for string theories formulated directly in d =  4 dimensions is much more extensive, 
and is imperfectly understood as yet. An interesting subclass of  models is offered by supersymmetric compacti- 
fications of  the Es × E~ heterotic string. Early attention was focused on Calabi-Yau manifold compactifications 
[2 ], but has subsequently been extended to other manifolds [ 3 ] and to orbifold compactifications [4 ]. The 
most systematic approach to this ambiguity in the four-dimensional gauge group would be to use one of  the 
general formulations of  string theories directly in d =  4, using either bosonic [ 5 ] or fermionic [ 6-9 ] variables 
to describe the internal degrees of  freedom. 

The range of choice in four-dimensional theories is embarrassingly generous, and no systematic enumeration 
of models has yet emerged. The alternative strategy, followed here, is to start from the bottom up, looking for 
models which contain phenomenologically favored ingredients such as the standard model or a plausible grand 
unified theory (GUT) .  Already examples are known of  Calabi-Yau ~ and orbifold [ 11 ] compactifications 
which yield SU (3) c × SU (2) L X U ( 1 )": n/> 2 gauge groups. In this paper we look for models containing the 
flipped supersymmetric SU (5) × U ( 1 ) G U T  whose virtues were recently extolled [ 12,13 ]: natural doub- 
let-triplet mass splitting, a see-saw mechanism for neutrino masses, no cosmologically embarrassing phase tran- 

~r Work supported by the Department of Energy, contract DE-AC03-76SF00515. 
On leave of absence from Centre de Physique Throrique, l~cole Polytechnique, F-91128 Palaiseau, France. 

¢~ See ref. [ 10] for a review and references. 
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I present a new three generation superstring standard-like model in the free fermionic formulation with the following properties. 
The complete massless spectrum is derived and shown to be anomaly free apart from a single anomalous U (l) .  The Dine- 
Seiberg-Witten mechanism is applied to cancel the anomaly, leaving a supersymmetric vacuum. I show that the resulting observ- 
able gauge symmetry is SU ( 3 ) × SU (2) × U ( 1 )" where n = 1 or 2. All trilinear superpotential couplings have been calculated. I 
show that of the standard model quarks and leptons, only + 32 charged quarks obtain a non vanishing trilevel coupling, which 
suggests a possible explanation for the heaviness of the top quark relative to the lighter quarks and leptons. The additional, 
generation independent, U ( 1 ) symmetry may remain unbroken down to low energies and prevents fast proton decay. 

1. Introduction 

In the last few years great efforts have been made  by theoret ical  physicists  to der ive the s tandard  model  f rom 
the superstr ing [ 1 ]. Two approaches  can be followed to connect  the superstr ing with the s tandard  model.  One 
is to use a G U T  model  with an in te rmedia te  energy scale. Many  a t tempts  have been made  in this direct ion and 
most  notable  are the f l ipped SU (5)  [ 2 ] and  the SU (3)3 [ 3 ] models.  The second possibi l i ty  is to der ive the 
s tandard  model  direct ly  f rom the superstring, wi thout  any non-abel ian gauge symmetry  at an in te rmedia te  en- 
ergy scale [4,5 ]. In ref. [ 5 ] a three generat ion string model  in the four d imens iona l  free fermionic  formula t ion  
[ 6 ] was derived.  The observable  gauge symmet ry  after the appl ica t ion  o f  the GSO project ions  is SU (3)  × 
S U ( 2 )  X U ( I ) B _ L X U ( 1 ) r 3 ~  ×U ( 1 )  6 [5]  ,,1 

The massless spect rum of  the string model  [ 5 ] contains  an anomalous  U ( 1 ) gauge symmetry.  The anomalous  
U ( 1 ) is broken by the D i n e - S e i b e r g - W i t t e n  [ 7 ] mechanism in which a potent ia l ly  large Faye t - I l l iopoulos  D- 
te rm [ 8 ] is generated by the VEV of  the d i la ton field. Such a D-term would, in general, break supersymmetry  
and destabi l ize  the string vacuum, unless there is a d i rect ion in the scalar potent ia l  ~ = ~.iai~i which is F flat and 
also D flat with respect to the non anomalous  gauge symmetr ies  and  in which y~iQg Io6 12 < 0. I f  such a direct ion 
exists, it will acquire  a VEV, canceling the anomalous  D-term, restoring supersymmetry  and stabil izing the vac- 
uum [ 9 ]. Since the fields corresponding to such a flat d i rect ion typical ly also carry charges for the non anoma-  
lous D-terms,  a non tr ivial  set o f  constraints  on the possible choices of  VEVs is imposed.  It is, in general, a non 
tr ivial  p roblem to f ind solutions to the set o f  constraints .  This const ra int  is found to be especially restr ict ive in 
the case o f  the s tandard- l ike  models  under  considerat ion.  The reason is that  the set ofs inglets  which do not  carry 
U ( 1 )~_/~ and U ( 1 )T3R charges is significantly reduced,  thus reducing the set of  fields which can receive a non 
vanishing VEV. This p roblem is i l lustrated further  in ref. [ 10 ] where the construct ion o f  realistic free fermionic  
spin structure models  is discussed in more  detail .  In this paper  I present  an explicit  example  which admits  a 
supersymmetr ic  solut ion to the F and  D flatness constraints.  This  example  is an existence p r o o f  that  supersym- 

~1 In ref. [5 ] and in this paper I take U ( 1 )c = ~U( 1 )n-L and U ( 1 )L----2U ( 1 )T3R. 
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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 5uper- 
5tr1n9 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 we11 a5 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 ren0rma112a- 
t10n 9r0up ca1cu1at10n5 0f c0up11n9 c0n5tant5. 7hey a150 may 1ead t0 m0de15 w1th fewer unkn0wn 
parameter5 than have 6een pre5ent 1n prev10u5 4ua51-rea115t1c m0de15. 

1. 1ntr0duct10n 

1n 0ne  a p p r 0 a c h  t0 5Uper5tr1n9 C0mpaCt1f1Cat10n, 0ne  06ta1n5 Un6r0ken  N = 1 
5 u p e r 5 y m m e t r y  1n f0Ur d1men510n5 6y  C0mpaCt1fy1n9 the  ten-d1men510na1 the0ry  0n 
M 4 X  K,  K 6e1n9 a C0mpaCt 51X man1f01d 0f  5U(3)  h010n0my [1]. A1th0U9h th15 
C0mpaCt1f1Cat10n Can 6e  C0n51dered 1n a Var1ety 0f  5Uper5tr1n9 the0r1e5, 1t 15 m05t  
1ntere5t1n9 1n the  E 8 X E 8 the0ry  tha t  wa5 d15C0vered [2] f0110w1n9 the  e m e r 9 e n c e  [3] 
0 f  a n e w  mechan15m f0r CanCe11n9 ten-d1men510na1 9aU9e and  9rav1tat10na1 a n 0 m a -  
11e5 [4]. 7 h e  9enera1 0ut11ne5 0f  ex15t1n9 phen0me n 0109 y  are  a5 f0110w5. R a t h e r  a5 1n 
[5], 6 y  e m 6 e d d 1 n 9  the 5p1n c0nnect10n 0f  K 1n the 9au9e 9r0up,  E 8 X E 8 can  6e  
6 r 0 k e n  t0 E 6 X E8; ch1ra1 ferm10n5 then  a p p e a r  1n the  27 0f  E6, the n u m 6 e r  0f  

* Re5earch 5upp0rted 1n part 6y N5F 6rant PHY80-19754. 
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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. 

Recen t ly  several  p roper t ies  of  str ing theory have been der ived by  focussing on an 
effect ive l ag rang ian  for the massless modes.  Especia l ly  for conf igura t ions  which, in 
the  lowest  o r d e r  approx imat ion ,  possess space- t ime supersymmetry ,  symmet ry  argu-  
m e n t s  coup led  with some knowledge  of  the lowest  o rder  spec t rum allow one to 
der ive  qui te  power fu l  results [1-3]. A n  N = 1 supe r symmet ry  can be preserved in 
c o m p a c t i f i c a t i o n  on cer ta in  smooth  mani fo lds  [4,1, 5, 6] and  compac t i f i ca t ions  on 
o rb i fo lds  [7]. Consider ,  first, compac t i f i ca t ions  on smooth  manifolds .  These config-  
u ra t ions  are  uncovered  by  solving the lowest  order  equat ions  of  mot ion  in the 
t e n - d i m e n s i o n a l  effective action.  The  effective ac t ion for the modes  which are  
mass less  in lowest  order  must  be  supersymmetr ic ,  to all orders.  The symmetr ies  of 
this  ac t ion  m a y  be  b roken  at  higher  orders,  e i ther  in the s igma mode l  coupl ing  (or 
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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 AQC D 
m terms of 0tQE D and Mplanck 

1 .  I n t r o d u c t i o n  

The  t e rm grand unlftcatton usual ly  refers to umf ica t lon  of low-energy gauge 
in t e rac t ions  in to  a single gauge theory,  such as SU(5), SO(10) or  E6, winch is 
s p o n t a n e o u s l y  b roken  at  some high-energy scale M ~ u  T - 1014-1019 GeV N o t  
su rpns ing ly ,  the ma in  subjects  of  g rand  umf ied  theones  (GUTs)  are the low-energy 
gauge  coupl ings  and  the G e o r g t - Q u l n n - W e m b e r g  ( G Q W )  equat ions  [1] winch 
re la te  these couphngs  to M ~ u  r and  to each o ther  In the first approx imat ion ,  G Q W  
equa t ions  can  be wri t ten  as 

4~.2 4~r2 2 . MGUT 
Va g2(g)-- - -  k a "  --g2OT + ba" l o g - - / . t 2  + 0 ( 1 ) ,  (1) 

where  the index  a runs over  low-energy gauge couphngs  and /~  is some phenomeno-  
logical  scale such as M w Here,  the coe f f ioen t s  k a are  the tree-level relaUons 
be tween  the couphngs  (e.g. k 1 = ~, k 2 = k 3 = 1 in SU(5) [2]) while b a are  the effects 
of  c o u p h n g s '  r enormahzaUon below McuT,  they are  re la ted  to the one- loop  fl-func- 
Uons w a  fla = bag3~ 16~r2" F o r  a given grand  umf ied  model ,  bo th  b a and  k a are 
f ixed n u m b e r s  and  there are on ly  two free pa rame te r s  g6OT and  MGU T Hence,  
G Q W  e q u a u o n s  yie ld  one parameter less  relaUon be tween  the three phenomenolog l -  
ca l ly  k n o w n  coupl ings  gl, g2 and  g3 - or  be tween re la ted  quan t lues  aQED, sln20w 
a n d  log A QCD, tinS relaUon is of ten cal led a p re&cUon for sin20w . In  a d d m o n ,  we 

* Research supported m part by the NSF under grant no PHY-86-12280 
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We 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
vacua of t he het er ot i c st r i ng. The f ormof t hese cor r ect i ons pl ays an i mpor t ant r ol e i n scenar i os
f or dynami cal super symmet r y br eaki ng i n st r i ng t heor y . Speci f i cal l y, we cal cul at e t he exact
f unct i onal dependence of _Aa(U) on any unt wi st ed modul us f i el d Uof an or bi f ol d vacuum, i t has
t he uni ver sal f ormAJU, U) =Aa - l og( I n(U) j 4 . I mU) + const . , wher e A, , ar e easi l y comput abl e
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
expect ed i nvar i ance under modul ar t r ansf ormat i ons of U, si nce t hese ar e symmet r i es of t he
or bi f ol d vacuumst at e. However , da 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 wi t h t he exi st ence of a super symmet r i c ef f ect i ve l agr angi an. The appar ent par adox
i s an i nf r ar ed pr obl em, and can occur not j ust i n st r i ng t heor y but i n r enormal i zabl e super sym-
met r i c f i el d t heor i es as wel l . We 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 resol ut i on appl i es al so t o t he st r i ng t heor y case.

1. I nt r oduct i on

Het er ot i c st r i ng t heor y [ 1] i s cur r ent l y t he best candi dat e f or a f undament al
t heor y of al l par t i cl e i nt er act i ons . The f i r st st ep i n deduci ng phenomenol ogy f r om
st r i ng t heor y i s t o der i ve an ef f ect i ve f our - di mensi onal quant um f i el d t heor y f or
par t i cl es t hat ar e l i ght compar ed t o t he st r i ng scal e. Thi s t heor y descr i bes par t i cl e
i nt er act i ons at ener gi es j ust bel ow t he st r i ng scal e, but once i t has been obt ai ned
f r omst r i ng t heor y, or di nar y f i el d- t heor et i cal t echni ques can be used t o deduce an
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Suppor t ed i n par t by t he NSF under gr ant #PI TY- 86- 05978 and by t he Rober t A. Wel ch
Foundat i on.
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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 mat t& 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. 

1. Introduction 

Heterotic string theory [ 1 ] -  a candidate theory of all fundamental particle 
interactions - has a huge set of classical vacuum states, including many four-dimen- 
sional vacua whose features allow them to serve as starting points for realistic 
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*** Supported in part by the NSF under grants no. PHY-86-12280 and no. PHY-86-05978 and by Robert 
A. Welch Foundation.  
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IS THE SUPERSTRING WEAKLY COUPLED? 
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We argue that if the superstring is to describe our world, it is probably strongly coupled. Several other (unlikely) possibilities 
are discussed. 

Our current understanding of  superstring theory*l 
is based completely on weak coupling expansions. In 
a previous paper [3], we attempted to clarify the na- 
ture of  these expansions. We noted that there are, in 
fact, two expansions, both of  whose expansion param- 
eters are expectation values o f  fields. For closed strings, 
the VEV of  the dilaton field ~0 = e - D  controls the 
string semi-classical expansion [4], i.e. it determines 
the importance of  complicated world-sheet topologies 
[3 -6 ] .  The size of  compact dimensions in string units, 

X 1/2, is the inverse coupling o f  the corresponding non- 
linear o-model on the two-dimensional world-sheet. In 
that paper, we showed that, if the string theory itself 
is assumed to be weakly coupled; and to describe the 
real world (there is a vacuum with six compact dimen- 
sions), the non-linear o-model must be strongly cou- 
pled. In the present paper, we argue, by a small exten- 
sion of  this reasoning that if it is to have a four-dimen- 
sional ground state which resembles our world, the full 
string theory should be strongly coupled (in a sense 
that will be explained) and the semi-classical analysis 
might, therefore, be misleading. Our arguments are 
very general and quite elementary. We will make them 
more plausible by considering two cases where explicit 
calculations have actually been carried out. As we will 
show, our arguments do contain loopholes, but it 

1 Supported in part by the National Science Foundation, 
through grant no. PHY 32-17352. 

2 Supported in part by the U.S. Department of Energy through 
grant no. DE-AC02-76ER02220. 
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would be very surprising if the string slipped through 
them. 

The basic point is very simple. In tree approxima- 
tion, the vacuum energy vanishes for any value of  the 
dilaton field, D. Thus, there is a large vacuum degener- 
acy. Classically, these vacua are related by a symmetry 
[3,7]. However, since this symmetry is not a symmetry 
of  the full quantum theory, this degeneracy might be 
lifted. This may happen in perturbation theory, non- 
perturbatively, or not at all. In any case, since ~0 = e - D  
is the expansion parameter of  string theory, and the 
D = oo vacuum is free, the vacuum energy must vanish 
as D ~ oo, for any fixed X. Thus, there are three pos- 
sibilities for large D: 
1. The effective potential Veff(O ) m a y  be identically 
zero both perturbatively and non-perturbatively. In 
this case there is a massless scalar (D), whose mass is 
not  protected by any symmetry (supersymmetry is as- 
sumed broken). This seems extremely unlikely. Field 
theories with unbroken supersymmetry and exactly 
massless particles (perturbatively and non-perturbative- 
ly) are known [8,9], but it is extremely difficult to un- 
derstand how the dilaton field could avoid acquiring 
mass in this case. If  this rather bizarre possibility does 
occur, it will be disappointing, for it means a loss of  
predictive power. The vacuum will not be uniquely 
determined and the coupling constants of  the theory 
will be determined by the physics which selects the 
vacuum state. Furthermore, the dilaton field will have 
to be quite weakly coupled [10], since it mediates long 
range forces which compete with gravity. 
2. Weft(D ) may be positive, tending to zero for large D 
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Fig. 1. Generic asymptotic form for a positive Veff(D) in string 
theory. 

(fig. 1), in which case the theory undergoes a runaway 
to the free vacuum (D = oo). (Although a cosmological 
solution in which the world is slowly sliding to its free 
vacuum is not completely ruled out, one should make 
sure that the cosmological constant is sufficiently small 
(A "~ m2/2), the nearly massless particle which is pres- 
ent is very weakly coupled [10] and that the sliding is 
extremely slow [10,1 1].) There may also be a "good"  
vacuum with zero cosmological constant at some non- 
zero coupling ~o 0 = e - D °  (fig. 2). However, any such 
vacuum must arise in a regime in which the lowest 
(non-trivial) order calculation does not give the shape 
of  the potential correctly, so that higher order correc- 
tions are at least as important.  (Of  course, it is always 
possible that, for no apparent reason, a calculation to 
second order gives reasonable results. This, however, 
could only be verified by explicitly checking that all 
higher order corrections were small.) We conclude, 
therefore, that such a vacuum, if it exists, is strongly 
coupled. 
3. The energy may be negative (fig. 3), so the vacuum 
of  the theory, if it exists, lies at strong coupling. (Here, 
as in the previous possibility, there might be a cosmol- 
ogical solution in which the system rolls slowly to 
strong coupling.) 

It  is possible that with a deeper understanding of  
string theory, possibilities other than those described 
here may arise. For example, the theory might have 
hidden parameters, not associated with the VEV of  

Veff 

J ' D  

Fig. 2. A possible strongly coupled vacuum. 

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

any field. Such parameters, if they exist and can be 
made arbitrarily small, might justify the expansion in ~0. 

These points may be verified explicitly in two cases 
where the potential f o rD  and X has been computed. 
Before doing so, it is worthwhile to review the form of  
the string perturbation expansion. As noted in ref. [3], 
the expansion parameters for the various string theories 
can be identified by examining the low-energy ten-di- 
mensional field theory [12] *2 (this only makes sense 
for large manifolds). This theory must be viewed as a 
cutoff  theory with cutoff  of  order the string scale M s 
= Or ' -1 /2 .  In the case of  the heterotic string [14], after 
appropriate rescalings of  the fields, the classical 
lagrangian may be written 

1 1 2 S 2 e - l L  (10) = ~0 -2  [ -  ~ R - ~ F ~  - 7 H~vp 

+ 2 (~u¢~/~) 2 + fermionic terms]. (1) 

where all dimensional quantities are measured in units 
o 2 fMo = 1. Expressed in this fashion, it is clear that 
= e - 5 0  counts loops in string theory. (Recall that M s 
is the only scale here, and it is also the cutoff.) When 
the lagrangian is reduced to four dimensions, we have 
[3] 
e- lL(4)  y ( _  1 1 2 = "~R-~F~v+. . . ) ,  (2) 

where Y = X3~0 -2 .  
These facts also have a simple interpretation in the 

string theory [5,6], which is most easily seen in the 
functional integral formalism. The coupling of  the dila- 
ton and background metric tensors to the non-linear 
o-model on the string world sheet is given by [5,6] 

*2 Another term needed for supersymmetry was added in ref. 
[131. 
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any field. Such parameters, if they exist and can be 
made arbitrarily small, might justify the expansion in ~0. 

These points may be verified explicitly in two cases 
where the potential f o rD  and X has been computed. 
Before doing so, it is worthwhile to review the form of  
the string perturbation expansion. As noted in ref. [3], 
the expansion parameters for the various string theories 
can be identified by examining the low-energy ten-di- 
mensional field theory [12] *2 (this only makes sense 
for large manifolds). This theory must be viewed as a 
cutoff  theory with cutoff  of  order the string scale M s 
= Or ' -1 /2 .  In the case of  the heterotic string [14], after 
appropriate rescalings of  the fields, the classical 
lagrangian may be written 

1 1 2 S 2 e - l L  (10) = ~0 -2  [ -  ~ R - ~ F ~  - 7 H~vp 

+ 2 (~u¢~/~) 2 + fermionic terms]. (1) 

where all dimensional quantities are measured in units 
o 2 fMo = 1. Expressed in this fashion, it is clear that 
= e - 5 0  counts loops in string theory. (Recall that M s 
is the only scale here, and it is also the cutoff.) When 
the lagrangian is reduced to four dimensions, we have 
[3] 
e- lL(4)  y ( _  1 1 2 = "~R-~F~v+. . . ) ,  (2) 

where Y = X3~0 -2 .  
These facts also have a simple interpretation in the 

string theory [5,6], which is most easily seen in the 
functional integral formalism. The coupling of  the dila- 
ton and background metric tensors to the non-linear 
o-model on the string world sheet is given by [5,6] 

*2 Another term needed for supersymmetry was added in ref. 
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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 

1. Introduction 

I n  a p r e v i o u s  p a p e r  [1], It was  s h o w n  h o w  l n t e r e s t m g  ques t i ons  a b o u t  the  
p h e n o m e n o l o g l c a l  p rope r t i e s  o f  a supers t r lng  v a c u u m  c o u l d  be  r eph ra sed  m the 
l a n g u a g e  o f  two-dxmens lona l  (2d) s u p e r c o n f o r m a l  f ie ld  t h e o r y  This  p a p e r  is a 
c o n t m u a U o n  o f  tha t  work .  W e  c o n c e n t r a t e  first  on  v a c u a  w~th e x t e n d e d  s p a c e t l m e  
s u p e r s y m m e t r y .  Whale of  h m i t e d  p h e n o m e n o l o g l c a l  re levance ,  they  d lus t r a t e  the  
p o w e r  o f  s u p e r c o n f o r m a l  t e c h m q u e s  O n e  m i g h t  have  ~maglned tha t  a s t r ing  t heo ry  
w i t h  an  m f i m t e  n u m b e r  of  s p a c e t l m e  f ields w o u l d  n o t  be  s t rong ly  c o n s t r a i n e d  by  a 
f ew  loca l  s p a c e t l m e  s y m m e t n e s  O n  the  con t ra ry ,  we  f ind  m sect  2 tha t  he*erot ic  

* Work supported by the U S Department of Energy, contract DE-AA03-76SF00010 
* Work supported by the National Science Foundation, contract PHY80-19754 
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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. Introduct ion 

R e c e n t  a t t e m p t s  to extract  real is t ic  phys ics  f rom supers t r ing  theories  [1] have  
largely  focused  o n  the heterot ic  s t r ing [2]. Pa r t i cu la r  compac t i f i c a t i on  schemes  for  
the E 8 ® E 8 he tero t ic  s t r ing (e.g., on  C a l a b i - Y a u  m a n i f o l d s  [3] or o rb i fo lds  [4]) give 
rise to a large var ie ty  of f o u r - d i m e n s i o n a l  (4d) mode l s  wi th  N = 1 supe r symmet ry ,  
ch i ra l  f e r m i o n s  a n d  realist ic gauge groups.  F r o m  the p h e n o m e n o l o g i c a l  p o i n t  of  
view, the  p r i n c i p a l  p r o b l e m  wi th  this s i tua t ion  is the  vast  n u m b e r  of quas i - rea l i s t ic  
mode l s ,  a n d  the lack at p resen t  of a n y  d y n a m i c a l  r eason  for p re fe r r ing  o n e  of  t hem 

* Work supported by the Department of Energy, contract DE-AC03-76SF00515. 
~ Research supported in part by the NSF under grant #PHY-86-12280. 
* Research supported in part by the NSF under grant #PHY-82-15249, and in part by a Fellowship 
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V¢ 

o ,10 -" 

Fig. 1. Gross behavior of the effective potential for a closed 
string system versus a common scale a (a i =- ~ia). 

ifD - d/2 >1 2, hence (10) is convergent. The potential 
V({ai}) is positive, symmetric under interchange o fa ' s  
and goes to infinity as any subset o fa ' s  approaches 
either zero or infinity. It  is also invariant under the 
interchange ai -~ ai -1 (fig. 1). These properties guaran- 
tee that the minimum of V occurs at 

ai=x/~-/Ri =1,  i = l , . . . , D - d .  (11) 

It will be instructive at this point to think over how 
this compactification occurred. Once a subspace hap- 
pens to be compactified, the string modes wound 
around circumferences of  the toms tend to squeeze 
the radii further to reduce the tension energy. On the 
other hand the kinetic energy increases asRi -> 0 ac- 
cording to the uncertainty principle. There must be 
somewhere finite radii at which the space is balanced. 
I f v ~  r is of  the order of  the Planck length, so must be 
R i according to (1 I). This provides a dynamical justi- 
fication of  the limiting procedure performed by 
Green, Schwarz and Brink [3] for SST-II. 

Although the inspected symmetry breaking (9) is 
an ad hoc example, those qualitative characters of  V 
are not changed in so far as the ai +* a[ -1 symmetry 
and the softness of  the supersymmetry breaking are 
kept. In fact, even if the operator 1' in (9) is replaced 
by an any ai-independent operator B that keeps 
Tr(B e -rH) i'mite, V c in (10) is unchanged except for 
a normalization constant. 

Unfortunately there is so far no acceptable model 
of  spontaneous supersymmetry breaking in string the- 
ories. Although Rohm [9] recently proposed a model 
of  spontaneous breaking, the symmetry breaking is 
not soft in the sense that boson and fermion masses 

are not degenerate as the masses go to infinity. The 
effective potential turns out to be monotonically in- 
creasing in ai for 0 ~< ai < 1/2 and singular at ai = 1/2. 
As a result his model prefers a fiat Minkowski space 
M10 to the compactified space. 

Let us return to our case. As for SST-I, there can 
be another contribution V 0 from the open strings to 
the effective potential in addition to the one propor- 
tional to Vc in (10). A numerical factor will be different 
because the physical states are more restricted than in 
SST-II. As will be seen below, if the closed string sec- 
tor is coupled with the open string, the supersymmetry 
breaking in the open string sector does not play an im- 
portant role as far as the compactification problem is 
concerned. Let us assume first that the symmetry 
breaking appears only in the closed string sector. In 
this case the total effective potential is given by V c in 
(10) besides a numerical factor, because the open 
string gives a vanishing contribution due to the ab- 
sence of  symmetry breaking term. The potential Vc 
compactifies the space and we get the same conclusion 
as in SST-II. One should notice in this case that the 
closed string (gravity) coupling constant r 2 ~ a'g 2 in 
d dimensions (d = 4) turns out to be very small and ap- 
proaches zero as a '  -~ 0, hence we get the supersym- 
metric Yang-Mills theory. Although the supergravity 
decouples in the limit the closed string effective po- 
tential works (if Am2a ' is kept finite) as an initiator 
as well as a stabilizer of  compactification since the 
one-loop effective potential is independent of  K 2 ,3 

Finally, let us consider a model of  open strings on- 
ly. In this case the ordinary Einstein gravity has to be 
introduced, which couples with the string. To get a 
non-trivial effective potential a supersymmetry break- 
Lug term H~ is again needed. The open string potential, 
which is associated with (10), is given by 

Vo({ai}) = ~ ~ ( ~i aT1)(Am2a') 

× (positive const.) f dt t -2+D/2 
0 

x I-Ii (1+2~=1 exp(-rr2M2t/a2)), (12) 

,3 if Hi 3 4:0 in the open-string sector also, the potential turns 
out to be the sum of V c and Vo which is given in (12). In 
this case V c has a decisive power. 
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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 com- 
pactffy the ten-dimensional Minkowski space Mlo into a stable Md X Tlo -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 initi- 
ator as well as a stabilizer of the compactification. 

The superstring theory [1,2] ,a has a number of  
fascinating features as a fundamental  theory of  unify- 
ing all interactions. The theory,  however, can be for- 
mulated only in a ten-dimensional space, which must  
be reduced into our four-dimensional space with com- 
pactified internal spaces by some mechanism. 

Green, Schwaiz and Brink [3] studied some possi- 
ble compactif ied limits of  the theory and showed that  
the model  SST-I (consisting of  non-orientable strings) 
reduces into a super Yang-Mil ls  theory with N = 4, 
while the model  SST-II (consisting of  orientable closed 
strings) into a supergravity with N = 8 in four dimen- 
sions. In both cases assuming that  the compactif ied 
space is a six-dimensional toms T 6 they take the zero- 
slope l imit  a '  ~ 0 keeping X/-~/R finite, where a '  and 
R are, respectively, the Regge slope (the inverse of  
string tension) and the radius of  T 6 (all radii are taken 
to be common).  These two limits are particularly of  
physical interest among many possibilities. 

In this paper we ask ourselves how these compacti-  
fication of  space can be dynamically possible, and 
whether the compact if ied spaces are stable. These 
questions can be answered by exploiting our know- 
ledge about  the string theory i f  the compactif ied space 
is the one having vanishing curvature like a toms. As 

be seen below a small supersymmetry breaking 

,x Further references are given in t e l  [2]. 

effect is necessary to initiate and also to stabilize the 
compactification, although no detailed properties of  
the symmetry breaking are required. 

For  full understanding of  compactification, one 
probably needs to know the field theory of  strings ,2 
in a curved space. I f  known, just  as in the K a l u z a -  
Klein theory [6], one should look for a compactif ied 
metric tensor solution to the generalized Einstein 
equation which follows from the string field theory. 
Such a master equation is y e t  unknown to us. I t  is, 
however, reasonable to suppose that  the presently 
known string equations follow from the master equa- 
tion if  the background metric gAB happens to be of  
vanishing curvature. This is the reason why all argu- 
ments about  dimensional reduction in string theory 
have been restricted within toms spaces [ 1 - 3 ] .  Our 
analysis also concerns the compactif icat ion 

M D "+ M d X T D - d .  (1) 

In this case the r ad i iR i  of  toms should be determined 
by stationary conditions for the effective potential  
V({Ri} )  [7], 

a V/aRi = O. (2) 

,2 As for the field theory of the Nambu-Goto string, see ref. 
[4], in which the action formalism of string field was first 
given. The superstring field theory was studied in ref. [5]. 
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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 poten-
tially ofmuch greater interest with regard to phenomenologically viable models, as there are 25
three-generation models among these manifolds.

1. Introduction

In this paper we construct a large class of Calabi—Yau manifolds which may be
realised by polynomials in weighted p4’s. We have constructed in this way some
6000 examples, of which 2339 have distinct pairs (b11,b21). We find this class to be
of considerable interest because it interpolates between a previously studied class
the CICY manifolds [1], which have negative Euler numbers in the range 0 ~ x ~‘

—200, and the orbifolds of tori which have positive Euler number. In fact, a
remarkable feature of the present class is immediately apparent from fig. 1 in
which the Euler numbers of the manifolds are plotted against b11 +b21, and from
fig. 2 of section 3 in which we plotted the Euler number against the number of
occurrences in the list. It is evident that the manifolds are very evenly divided
between positive and negative Euler numbers, the distribution exhibiting an
approximate but compelling symmetry under x —~ —x. This resonates with the
* Supported in part by the Robert A. Welch Foundation, NSF grant nos. PHY-880637 and PHY-
8605978 and by the National Science Foundation under grant no. PHY 82-17853, supplemented by
funds from the National Aeronautics and Space Administration, to the University of California at
Santa Barbara.
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Fig. 1. A plot of Euler numbers against the number of particles b11 + b21.

observation made with regard to conformal field theories that the distinction
between particles and antiparticles is purely one of convention and the suggestion
that for every Calabi—Yau manifold with Euler number x there should be one with
Euler number —~.

The richness of the list can be appreciated from the fact that it had previously
proved very difficult to find Calabi—Yau manifolds with x = ±6.The present list
contains 25 such manifolds which are listed in sect. 3. We do not ascribe any
immediate phenomenological interest to these manifolds since they are all simply
connected, so the best place to seek interesting models may well be among
manifolds with Euler number ±6k, with k> 1, or it may be possible to construct
interesting (2,0)-models [2] from the manifolds of Euler number ±6.This, how-
ever, we leave for future work. In the following we discuss the general properties
of Calabi—Yau manifolds that can be embedded as hypersurfaces in a weighted P4
and the construction of the list.

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



T-Duality and SUSY Breaking 
Volume 245, number 3, 4 PHYSICS LETTERS B 16 August 1990 

Supersymmetry breaking from duality invariant gaugino condensation 
A. Fon t  a, L.E. Ib~ifiez b, D. Liist b and  F. Quevedo  c 
a Departamento de Fisica, Universidad Central de Venezuela, Aptdo. 20513, Caracas 1020-A, Venezuela 
b CERN, CH-1211 Geneva 23, Switzerland 
c Theoretical Division LANL, Los Alamos, NM 87545, USA 

Received 3 May 1990 

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. 

One of  the major  open problems in four- 
d imensional  string theories is the breaking of  space-  
time ( N  = 1) supersymmetry.  Because o fphenomeno-  
logical reasons it is desirable that space- t ime super- 
symmetry is broken spontaneously  below the Planck 
scale, and the most promising scenario realizing this 
requirement  is the mechanism of  gaugino condensa-  
t ion in the so-called hidden sector [1-7]. Gaugino 
condensat ion cannot,  up to now, be directly analyzed 
in string theory; however, there are strong arguments 
that it actually occurs at the level of  the low-energy 
effective field theory. More recently it was shown 
[8-10] that the effective supergravity action following 
from string compactif icat ion on orbifolds or even 
Ca lab i -Yau  manifolds  is severely constrained by an 
underlying string symmetry, the so-called target space 
modula r  invariance. The target space modular  group 
PSL(2, Z) acts on the complex scalar T as 

a T - i b  
T - ~ - -  a , b , c , d ~ Z ,  a d - b c = l ,  (1) 

i c T + d '  

where (T) is the background modulus  associated to 
the overall scale of  the internal s ix-dimensional  space 
on which the string is compactified. Specifically, T = 
R 2 + i B  with R being the " rad ius"  of  the internal 
space and B an internal axion. The target space 
modular  t ransformations contain the well-known 
duali ty t ransformation R ~  1 /R  [11] as well as dis- 

crete shifts of  the axionic background B, and the T 
moduli  space has to be restricted to the fundamental  
region SU(1, 1) / [U(1)  x PSL(2, Z)]. 

Although duali ty respectively target space modula r  
invariance is only shown [12] to be an unbroken 
symmetry at any order  of  string per turbat ion theory, 
one also expects that non-perturbat ive string effects 
respect these discrete symmetries.  Adopt ing this point  
of  view, the effective action describing the spon- 
taneous supersymmetry breaking via non-perturba-  
tive effects, like gaugino condensates  must be also 
invariant under  the modula r  t ransformation on T. In 
fact it was shown in ref. [8] that the non-perturbat ive,  
purely T-dependent  effective superpotent ial  must be 
a modular  form like 

W(T)  ~ ~9 ( T)-6, (2) 

where ~ ( T ) = q l / 2 4 I ] n ( 1 - q "  ) is the well-known 
Dedekind function, q ~  e x p ( - 2 ~ r T ) ,  and the result- 
ing gravitino mass is of  the form m~/2-  
1 / (T+T*)3]~(T)]  '2. We will show that gaugino 
condensat ion provides a natural  dynamical  reali- 
zation for exactly this kind of  effective actions. 
Using the relation W ~ (AA) ~ exp[(3/2bo)f( T)], this 
could be seen as if  the gauge kinetic function of  the 
N = 1 supergravity action is of  the form f ( T ) =  
-bo log [B(T)4 ] .  Interestingly enough, this kind of  
expression for the gauge kinetic function was recently 
derived from a direct one- loop string calculation [ 13 ]. 
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Target-space duality is incorporated in previously proposed effective actions describing non-perturbative supersymmetry 
breaking in string theory via gaugino condensation. Duality-preserving vacua with broken supersymmetry and fixed unified 
coupling constant do generically occur. The question of the vanishing of the cosmological constant is also briefly addressed. 

Despite many interesting attempts to explain it, the 
origin of  supersymmetry breaking in superstring 
theory still remains an unsolved puzzle. The problem 
is of  crucial importance, not only because supersym- 
metry is not observed in nature, but also because the 
breaking of  supersymmetry should eliminate some 
embarrassing, gravitationally coupled, particles such 
as the dilaton and the scalar moduli. The removal of  
the corresponding flat directions should also provide 
"unique" vacuum expectation values for the scalar 
fields that determine the fundamental constants of  
the theory as well as the geometry and topology of  
the compactified space. Among these constants, one 
appears to stand out: once supersymmetry is broken, 
no satisfactory mechanism is known which protects 
the cosmological constant from acquiring unaccep- 
tably large values. Most probably, the resolution of  
the cosmological constant problem lies deep in the 
realm of  quantum gravity; since our considerations 
treat gravity classically, we shall not regard here the 
vanishing of  the cosmological constant as a necessary 
constraint. We shall return to the cosmological con- 
stant problem at the end of  this paper. 

In this note we shall consider a mechanism for 
supersymmetry breaking based on the following two 
main theoretical ingredients: 

i Supported in part by the United States Department of Energy 
under Contract No. DE-AT03-88ER40384, Task E. 

2 A. Della Riccia fellow. 

(1) Target-space duality [1]. This symmetry, which 
appears to be valid at any string-loop order [2], acts 
on the moduli of  the target-space (in its simplest form 
it transforms the radius R into a ' / R ) .  It has been 
already invoked for providing a minimal compac- 
tification scale [3] and, more generally, a minimal 
observable length in string theory [4]. In the context 
of  N = I  supergravity with a single modulus 
superfield T = R 2 / a ' + i B / a ' + . . . ,  the R*-~a ' /R  
symmetry extends to the full group SL(2, Z) of  
modular transformations acting on T [5]. The impli- 
cations of  this symmetry for the K~ihler potential and 
the superpotential of  N = 1 supergravity have been 
discussed at length in refs. [5,6]. 

(2) Non-perturbative gluino condensation [7]. 
Strongly-coupled "hidden"  gauge sectors occur in 
practically all "realistic" compactifications of  
heterotic superstring theory. In this context, gaugino 
condensation has been considered as promising 
mechanism for observable supersymmetry breaking. 

Gaugino condensation has been extensively ana- 
lysed within the context of  globally supersymmetric 
Yang-Mills (SYM) theory without matter. The occur- 
rence of  a gaugino condensate can be argued on the 
basis of  Witten's index [8] and of  effective lagrangians 
[9]. It can also be explicitly computed by instanton 
techniques (see ref. [10] for a review) with the result 

(AA) = Y(AsvM) 3, (1) 
where Y is a calculable constant, and AsvM is the 
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First concrete efforts to stabilise both 
the S and T fields using gaugino 
condensation and modular dependent 
gauge couplings 
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Fig. 1. The scalar potential V as a function of (Re T, lm T). 
Notice the maxima and saddle points at the self-dual points 
(½x/3,~+n), (1, n) respectively. The minima of %) are at 
(~ 1.2, n) and their modular transformed images which are not 
shown in the figure. 

It is clear from the above discussion that the theory 
has to choose among an infinity of  degenerate minima 
whose posi t ions differ by modula r  t ransformations.  
Once the theory chooses one of  them, target-space 
modula r  invariance is spontaneously  broken. This 
was to be expected since the theory somehow has to 
fix the compactif icat ion scale and,  once this is done, 
duali ty has to be spontaneously  broken. As is the 
case for all spontaneously  broken symmetries,  all 
couplings will still respect duali ty and only the 
vacuum will be asymmetric.  At this point  one could 
make some speculat ions about  the effects of  this 
symmetry breaking. Thus, for example,  since duali ty 
is a discrete symmetry, if  there was a phase in the 
evolution of  the universe in which the compac-  
tification radius was spontaneously  chosen, "dual i ty  
domain  walls"  could be created separat ing different 
universes (e.g. the " R - w o r l d "  in which momenta  are 
used to define a posi t ion operator ,  and the " l / R -  
wor ld"  in which winding modes play that role). 

In the above study we have described the gaugino 
condensat ion  through an effective superpotential .  
One can find similar results if  instead of  as in [1] we 
explicit ly substitute the gaugino bi l inear  in the super- 

gravity act ion of  ref. [14] by the expression eq. (16), 
still keeping an S- independent  superpotent ial  W =  
cr/-6(T). In addi t ion we use here the tree-level gauge 
kinetic function f = S, since also the K~ihler potent ia l  
(3) corresponds to string tree-level computat ions.  In 
this case the scalar potential  has the form 

1 
V SRT~lnl,21c+ho exp[(3S/2bo)]l e 

+31c1= '~(T, T*), (28) 
SR 

where V is defined in eq. (27). The only essential 
difference is that instead of  a factor IOl 2 mult iplying 
~', there is the constant I cl=. Still the minimum of  this 
potential  is quali tat ively the same, as long as Icl is 
small enough (i.e. the weak coupling region). S is 
fixed to (approximate ly)  cancel the first term and the 
VEV for T is fixed by the same function ~'(T, T*). 
Thus the results described above are independent  of  
the way one describes the gaugino condensate.  We 
also expect  the quali tative results to remain valid in 
the effective lagrangian approach  of  ref. [24]. 

Coming back to the superpotent ial  description,  
since hs oc SRY2S -- O = 0 at the minima, it is the moduli  
T sector which is responsible for supersymmetry 
breaking (hr  ~ 0) and the gravit ino mass is given by 

Inl 
m3/2=exp (½G) S1R/2T3/2]rI]6 

Insl (29) 
SR1/2 T3R/21,I~16" 

The size of  m3/2 (and thus the scale of  supersymmetry 
breaking) is governed by the size of  the arbi trary 
constant  c. In order  to get the desired hierarchy, a 
value ] e l -  (1014 GeV) 3 is needed.  This requires a cer- 
tain amount  of  fine-tuning. Furthermore,  the origin 
of  such a term is unclear. It could originate from the 
vacuum expectat ion value of  a superpotent ia l  involv- 
ing "h idden  sector" matter  or else it could have some 
gravitat ional  origin [25]. Other suggestions to replace 
this constant  term include the possible existence of  
two s imultaneous condensates  [7, 26] with almost  
ident ical /3-funct ion.  Whatever  the origin of  the small 
factor Inl in eq. (29) may be, we believe that the 
T-dependence  is quite universal and essentially dic- 
tated by modula r  invariance,  and that the quali tative 
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Abstract

We perform a systematic analysis of the soft supersymmetry-breaking terms arising in
some large classes of four-dimensional strings. The analysis does not assume any specific
supersymmetry-breaking mechanism but provides a means of parametrizing our ignorance
in a way consistent with some known properties of these four-dimensional strings. We
introduce a goldstino angle parameter 6 which says where the source of supersymmetry-
breaking resides, either predominantly in the dilaton sector (sin 0 = 1 limit) or in the rest of
the chiral fields, notably the moduli (sin 0 = 0 limit). All formulae for soft parameters take
particularly simple forms when written in terms of this angle. The sin 6 = 1 limit is (up to
small corrections) universal. As sin 6 decreases, the model dependence increases and the
resulting soft terms may or may not be universal, depending on the model. General
expressions for the soft terms as functions of 0 for generic four-dimensional strings are
provided. For each given string model, one trades the four soft parameters (M, m, A, B) of
the minimal supersymmetric standard model by the two parameters m3,/2 (gravitino mass)
and sin 0. The role of complex phases and the associated constraints from limits on the
electric dipole moment of the neutron are discussed. Also emphasized is the importance of
treating the problem of the cosmological constant in a self-consistent manner. Three
prototype string scenarios are discussed and their low-energy implications are studied by
imposing appropriate radiative SU(

2)L x U(1) breaking. The supersymmetric particle spec-
tra present definite patterns which may be experimentally tested at future colliders.

1. Introduction

The particle spectrum in supersymmetric versions of the standard model (SM) is
in general determined by soft supersymmetry (SUSY)-breaking mass parameters
like gaugino, squark and slepton masses. The possible numerical values of these
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We discuss supersymmetry breakdown in effective supergravltles such as emerge in the low-energy limit of superstrmg theory. 
Without specifying the precise trigger of the breakdown, we analyse the soft parameters in the Lagranglan of the supersymmetrlzed 
Standard Model. 

The Standard Model (SM) of  particle interactions 
enjoys overwhelming phenomenological success, but  
it does not account for the gravitational interactions 
nor does it explain the origin or naturalness of  the 
electroweak scale Mw<< Mpv These theoretical prob- 
lems result in a belief that the high-energy physics 
should be described by a supergravtty - a locally su- 
persymmetric quantum field theory that contains 
gravity, the SM, and perhaps some "hidden"  inter- 
actions in which known particles do not participate. 
The hierarchy of  mass scales can be naturally ex- 
plained if the supersymmetry is exact at high energies 
but becomes spontaneously broken, above Mw, by a 
non-perturbatlve mechanism. At low energies, this 
mechanism should decouple from the observable 
physics and the supersymmetry would appear to be 
broken by explicit soft terms in the effective low-en- 
ergy Lagrangian. From the low-energy point  of  view, 
these soft terms - which include the masses o f  the 
super-partners o f  all known particles - are simply in- 
dependent input parameters, just like the gauge and 

Research supported in part by the NSF under grant #PHY- 
9009850 and by the Robert A. Welch Foundation. 

Yukawa couplings of  the SM, but f rom the high-en- 
ergy point o f  view, they are calculable in terms of  su- 
pergravity couplings [ 1 ]. 

Because o f  its non-renormahzability,  supergravity 
itself has to be thought o f  as an effective theory, valid 
below the Planck scale Mpl. Currently, the best can- 
didate for a consistent theory governing the physics 
of  energies O (M~,1) and beyond is the heterotic string; 
unfortunately, our present understanding of  this the- 
ory is rather limited. The state-of-the-art string theo- 
ries are essentially series o f  world-sheet topologies 
analogous to series o f  Feynman diagrams for quan- 
tum field theories. At this perturbative level, the het- 
erotic string has a large class o f  vacua that lead to ef- 
fective ( d = 4 ,  N =  1 ) locally-supersymmetric field 
theories at energies below Mp1 and, at least in princi- 
ple, we know how to derive the Lagrangians o f  those 
effective theories. Alas, the non-perturbative prop- 
erties o f  string theory are largely out of  reach; in par- 
ticular, we have no "stringy" mechanisms for the non- 
perturbative spontaneous breakdown of  supersym- 
metry or for the selection o f  the true string vacuum 
from the multitude of  perturbatlve candidates. In- 
stead, one generally assumes that the dominant  non- 
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• gravity mediation

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

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 M 6SUSY:

�m =
M2

6 SUSY

Mpl
.

We want �m ⇡ 1 TeV and know Mpl ⇡ 1018 GeV, so

M 6SUSY =
p

�m ·Mpl ⇡ 1011 GeV .

The gravitino gets a mass m 3
2
of �m order TeV from the super Higgs mechanism.

• gauge mediation

G =
�

SU(3) ⇥ SU(2) ⇥ U(1)
�

⇥ G 6SUSY =: G0 ⇥ G 6SUSY

Matter fields are charged under both G0 and G 6SUSY which gives a M 6SUSY of order �m, i.e. TeV. In

that case, the gravitino mass m 3
2
is given by

M2
6 SUSY

Mpl
⇡ 10�3 eV.

• anomaly mediation

In this case, auxiliary fields of supergravity (or Weyl compensator) get a vacuum expectation value.

The e↵ects are always present but suppressed by loop e↵ects.

Each if these scenarios has phenomenological advantages and disadvantages and solving their problems is

an acting fields of research at the moment. In all scenarios, the Lagrangian for the observable sector has

contributions

L = LSUSY + L 6SUSY

Where:

L 6SUSY = m2
0 '

⇤ '
| {z }

scalar masses

+

0

@ M� ��
| {z }

gaugino masses

+ h.c.

1

A + (A'3 + h.c.)

M�,m2
0, A are called soft breaking terms. They determine the amount by which supersymmetry is expected

to be broken in the observable sector and are the main parameters to follow in the attempts to identify

supersymmetric theories with potential experimental observations.

6.4 The hierarchy problem

In high energy physics there are at least two fundamental scales - the Planck mass Mpl ⇡ 1019 GeV defining

the scale of quantum gravity and the electroweak scale Mew ⇡ 102 GeV, defining the symmetry breaking

scale of the Standard Model. Understanding why these two scales are so di↵erent is the hierarchy problem.

Actually the problem can be formulated in two parts:

Notice that this agrees with the KKLT expression for n = 0 and the KKLMMT (warped) expression

for n = �1. In this case the warping can be absorbed in the coe�cient |M |2/c.

Even though without the uplifting term the field T is stabilised supersymmetrically (D
T

W =

@
T

W +K
T

W = 0), the presence of the uplift term induces a shift on the value of T that generates a

non-zero F term for T . We find:

F
T

= eK/2D
T

W ⇠ 3W
0

(T + T ⇤)3/2
✏ (4.5)

with

✏ =
3 + n

c

1

a2 (T + T ⇤)2
(4.6)

This induces, as expected, a small shift in the scalar potential:

V
0

=
|M |2

c (T + T ⇤)n+3

� 3m2

3/2

+O
⇣
✏m2

3/2

⌘
(4.7)

A nonvanishing value of M reflects the breaking of supersymmetry. However its impact on matter

fields C and standard model gauginos needs to be computed. We will assume here for simplicity 10,

that the standard expressions for soft terms [54] (gaugino masses M
1/2

, scalar masses m
0

and trilinear

A- terms) can be applied even in case that one of the superfields is nilpotent

M
1/2

=
1

f + f⇤F
I@

I

f

A
↵��

= F IK
I

+ F I@
I

log Y
↵��

� F I@
I

log (Z
↵

Z
�

Z
�

) (4.8)

m2

0

= V
0

+m2

3/2

� F IF J@
I

@
J

logZ

Here, indices ↵, �, � label di↵erent matter fields, indices I, J run over moduli fields and in our case also

the X field. Also, f is the holomorphic gauge kinetic function of the visible sector, depending only on

moduli fields and dilaton, and Y
↵��

are Yukawa couplings among matter fields. It is clear from these

expressions that that the F term of the nilpotent superfield X only a↵ects the scalar masses11: first,

note that X is localised, so f cannot depend on it, and hence the contribution of F
X

to gaugino masses

vanishes; second, since the scalar component of X vanishes in the vacuum, it gives no contribution to

A. On the other hand the first and third terms in the expression for the scalar masses do depend on

M . Using FX = eK/2K�1

XX

⇤D
X

W = M/ (T + T ⇤)n+3/2 and F
T

/ (T + T ⇤) = O
�
✏1/2m

3/2

�
we find:

M
1/2

, A = O
⇣
✏1/2m

3/2

⌘

m2

0

= V
0

+m2

3/2

� FXFX

⇤
@
X

@
X

⇤ logZ +O
⇣
✏m2

3/2

⌘

= V
0

+m2

3/2

� b

c2
(T + T ⇤)k�m�2n�3 |M |2 +O

⇣
✏m2

3/2

⌘
(4.9)

After tuning the vacuum energy to V
0

⇠ 0 we can see that the soft scalar masses are of order the

maximum between the second and third term. For k = m + n these are all of order m2

0

⇠ m2

3/2

as

10The validity of this assumptions will be tested when the complete supergravity models interacting with a nilpotent

multiplet and other chiral multiplets will be constructed.
11This qualitative feature for anti-D3-brane SUSY breaking was derived in [27] in the probe approximation.
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whereas S does not have a breathing mode interpre- 
tation of this sort. However, from the (point-like) 
fe ld theory point of view S may admit such an inter- 
pretation: if we obtain our ten-dimensional super- 
gravity lagrangian by dimensional reduction (circle 
compactlfiCatlon) from the eleven-dimensional su- 
pergravity lagranglan (as was in fact first obtained 
[21 ] ), the ten-dimensional dilaton (and hence S) is 
a breathing mode of the compactifying circle. More- 
over, a proof of duality on the lines of eqs. (5) and 
(6), can be done for the case of extended objects (p- 
brines) [ 12 ], in particular for the 11D supermem- 
brine. Since the type II A superstrlng can be obtained 
from those membranes from a double dimensional 
reduction mechanism, the duahty transformations for 
the membrane include those of the string together 
with a duality transformation for the dilaton field. 
(Type II A strings, however, are not selfdual but 
"dual" to type I IB strings [22,23] ). Of course, there 
is at the moment no idea about how a ten-dimen- 
sional heterotlc string could be obtained from any 
eleven-&mensional extended structure, but that is 
certainly an open possibility. If this was the case, 
duality in both T and S would be expected. 

The S-duality we are discussing includes an invar- 
mnce under the transformation of the string coupling 
constant g-~ 1/g. Montonen and 0live [ 24 ] conjec- 
tured some t~me ago that this type of duality lnvarl- 
ance does in fact occur in field theory models of the 
Georgl-Glashow type (and for any other gauge group 
with adjolnt scalars). They argued that both the spec- 
trum and (classical) interactions of the elementary 
fields in these theories are identical to the spectrum 
and interactions of the monopole sector of the theory 
( after doing the replacement g ~  1/g). They also con- 
jectured that this duality was also true quantum-me- 
chanically. The Montonen and Olive conjecture is 
particularly compelling in the N =  4 extended super- 
symmetry case [25,10]. In N = 4  the monopole sec- 
tor of the theory necessarily fits [25] into the same 
type of supermultiplet as the elementary fields since 
there is only one type of relevant supermultiplet 
available, and for the same reason the interactions are 
universal (up to the replacement g-~ 1/g). There is a 
universal formula for the mass of any particle with 
electric and magnetic charge (dyon) 

m2=v2(Q2g2+ (4nh)2Q2m~ ~3 -/ (20) 

where v is the VEV of the symmetry breaking scalar 
field and Qe and Qm are respectively the electric and 
magnetic charges. Notice that the dyon formula is the 
analogue of the string mass formula (4) where the 
role of quantlzed momenta and winding is played by 
the electric and magnetic charges. Now the electric 
and magnetic charges Qeg, Qm/g respectively appear 
as central charges in the extended supersymmetry al- 
gebra and the mass formula (20) therefore becomes 
exact in perturbation theory [ 10 ]. 

Since N=  4 super-Yang-Mills may be obtained as 
the massless hmit of a toroidal compactification of 
the heterotic string, it seems reasonable to expect a 
similar phenomenon to occur in compactified heter- 
otic strings. In this case there should be extended ob- 
jects whose massless gauge sector would be dual (in 
the Montonen-Olive sense) to the N=  4 gauge sector 
of the compactified heterotic string. The existence of 
this type of classical solutions has been recently 
pointed out [ 26 ] by Stromlnger. He found a solution 
to the low-energy heterotic string field equations cor- 
responding to a ten-dimensional "five-brine" which 
is dual to the ten-dimensional heterotlc string. The 
existence of this "heterotlc" five-brane was conjec- 
tures by Duff [27] who also suggested that its low 
energy limit should correspond to the "dual" version 
of D =  10 supergravity which contains a seven-form 
field strengths [21,28 ] (instead of the standard ver- 
sion with a three-form which appears m the low en- 
ergy limit of the heterotic string). These two D = 10 
theories are "dual" in a sense quite analogous to the 
way m which the two world-sheet actions in eq. (6) 
are dual. 

In the case of four dimensions, four of the five spa- 
tial dimensions of the five-brane may be compact~- 
fled on the internal variety and thus these classical 
configurations would look like strings from the four- 
dimensional point of view. These strings would be 
dual to the standard elementary strings [26]. From 
the low energy effective lagrangian point of view, these 
two dual theories would look identical (up to the re- 
placement g ~  1/g). 

At this point one realizes the similarity of these two 
dual theories with the dual theories considered in refs. 
[ 1,2 ]. In fact, since the five-brine is supposed to de- 
scribe the physics of the heterotic string at large cou- 
pling, one can really talk of two different phases of a 
single theory instead of talking about two theories 
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dual to each other. Then it is natural to conjecture 
that the complete theory, the one which describes si- 
multaneously elementary and solitonlc states, should 
present a modular  symmetry of  the type described in 
refs. [2,1 ]. Thus we conjecture that the Montonen-  
Olive type duality of  the heterotlc strings will lead to 
a modular invariance symmetry as in eq. (2).  

The effective lagrangian should be explicitly dual- 
ity lnvarlant, as happens with the R ~  1/R duality. 
The analogy is quite complete. For small g (big R)  
the "elementary" strings dominate and the "dual"  
particles (winding modes in T-duality) are very mas- 
sive. For big g the opposite occurs. Thus a duality 
g~ 1/g in the effective four-dimensional field theory 
should exist if the above arguments are correct. It fol- 
lows that inequlvalent theories are characterized by 
coupling constants g smaller (larger) than some crit- 
ical value. [The notion of  a maximal (minimal)  cou- 
pling could possibly be understood in the sense that 
the coupling constant determines the "size" of  the in- 
ternal gauge group manifold which should not be 
"smaller" than the typical scale in string theory. ] In 
analogy with T-duality, one also expects the contin- 
uous Peccei-Quinn symmetry S-~S+la, a~R not to 
be completely broken but a discrete subgroup (a ~ ~ ) 
to survive. In this way the effective field theory should 
be lnvariant under a full modular  group SL(2, ~)  
generated by the transformations in eq. (2).  

Something similar should be true for the complete 
(non-perturbatlve) partition function Z~ of  the the- 
ory. This partition function should contain not only 
the usual string excitations but also all the sohtonlc 
sectors (monopoles and multlmonopole solutions and 
their partners),  very much in the same way that the 
usual perturbatlve partition function contains mo- 
menta and windings in toroidal compactification. The 
existence of  S-modular lnvariance will then mean the 
lnvarlance 

a S -  ib 
Z~(S)=Zoo(S ' ) ,  S ' -  IcS+~d (21) 

for the complete partition function in four dimen- 
sions. Such a symmetry would imply strong con- 
straints on the possible form of  such partition func- 
tions. It would also tell us that the non-perturbatlve 
partition function shares the same symmetry prop- 
erties as the lattice field theory models described by 
Cardy [ 2 ]. In principle one can think of  many pos- 

slble partition functions Z~(S)  consistent with the 
symmetry in eq. (21 ) like e.g. 

1 
Z ~ ~  ( S + S , )  iq(S) E 4 (22) 

which looks like a bosonic partition function, or many 
others. 

The invarlance property in eq. (21) is not suffi- 
cient to fix uniquely the form of  Z~  since, o f  course, 
there are many modular  invariant possibilities. On 
the other hand one can try to extract some physical 
information by using an effective lagranglan ap- 
proach as in ref. [ 5]. We would like now to explore 
some of  the consequences of  the existence of  this new 
modular  invariance by using such a kind of  four-di- 
mensional effective lagrangian approach. Notice first 
that since the axion mode 0 is related to the antisym- 
metric tensor through a duality transformation 
O#O~euVpaHvpa, the transformation O-~O+a is only 
consistent with Lorentz invarlance in four (or less) 
dimensions. This does not mean that such symme- 
tries are not present in higher dimensions, only that 
they would manifest themselves in a different way. 
We will thus focus here on the constraints that S- 
duality imposes on the form of  the low-energy effec- 
tive four-dimensional N =  1 supergravaty action. To 
start with, the K~ihler potential in eq. (17) is not 
modular  lnvariant by itself. To make the full function 
G modular  invarlant the superpotential must trans- 
form as 

W-. )n(eXr.l~, W (23) 
lcS + s 

under modular transformations. Here c~ is some phase 
(sometimes called in the mathematical literature the 
multiplier of  W). Let us forget for the moment  the 
rest of  the scalar fields. In general one expects that 
non-perturbative effects may generate a purely S-de- 
pendent superpotentlal W(S) with the appropriate 
modular  transformation properties. Holomorphlci ty 
and absence o f  unphyslcal singularities at finite val- 
ues of  S severely constrains the possible forms of  I4/. 
In particular, the most general regular holomorphic 
modular  function o f  weight r can be written [29 ] as 

zJ(S) = [G6(S ) ]P[G4(S ) It [~(S) ]2r-,Zp-8tp(l(S) ) 

(24) 
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We conjecture the existence of a new discrete symmetry of the modular type relating weak and strong coupling in string theory. 
The existence of thxs symmetry would strongly constrain the non-perturbat~ve behawour m string partlt~on functmns and intro- 
duces the notion of a maximal (minimal) couphng constant. An effective lagrangmn analysxs suggests that the ddaton vacuum 
expectatmn value is dynamically fixed to be of order one In supersymmetnc heteroUc strings, supersymmetry (as well as thxs 
modular symmetry itself ) is generically spontaneously broken 

Modula r  lnvar iance appears  in a variety o f  physi-  
cal problems [ 1 ]. These symmetr ies  involve an in- 
varmnce under  the invers ion of  coupling constants  
along with the discrete t ranslat ions of  a " the ta  term".  
The first example o f  this type of  symmetry  in field 
theory was discovered by Cardy [ 2 ] who showed that 
the phase structure of  the abel ian Higgs model  on the 
latt ice exhibits  such a type of  invar iance under  rever- 
sion of  couplings and shift of  the 0-parameter.  These 
t ransformat ions  generate an infini te discrete group 
SL(2,  Z) .  In the context  of  string theory such a sort 
o f  symmetry  seems also ublquous.  The one loop par-  
t l t ion functions in terms of  the world sheet modu la r  
pa ramete r  z must  be exphclt ly modu la r  invanan t .  
More recently [ 3 ] It has been real ized that  the spec- 
t rum and interact ions  of  compact i f ied  strings are in- 
var iant  under  the inversion of  the compactlf iCatlon 
length R-~ oe ' /R (c~' denotes the string tension)  ffone 
s imultaneously replaces quant lzed momen ta  by 
winding modes  (target  space dual i ty) .  This  symme-  
try survives order  by order  m per turbat ion theory [ 4 ]. 
Therefore all mequlvalent  compact i f ica t Ions  are un- 
ambiguously characterized by radii  R larger (smaller)  
than the m l m m a l  (max ima l )  length ~ ,  the scale 
set by the extension of  the string itself. In the case of  
a two-dimensional  compact l f ica t ion  the dual i ty  sym- 
metry is extended to the full modu la r  invar lance due 

to the existence of  the Bran an t i symmetr ic  tensor  
which acts as a 0-parameter.  In more  reahstlc six-di- 
mensional  compact i f ica t ions  (like e.g. orblfolds)  the 
same structure (convenient ly  general ized)  is also 
found. This target-space modula r  lnvar iance strongly 
constrains the form of  the low-energy effective act ion 
as a function of  the compact l f ica t ion modul i  [ 5 ]. It  
can also gwe interesting informat ion  about  the pos- 
sible form of  non-perturbat ive stnng corrections (like 
e.g. supersymmetry  breaking [6,7 ] ) i f  dual i ty  were 
an exact symmetry  of  string theory (possibly broken 
spontaneously  but  not  explici t ly)  [ 6 ]. 

In the present  letter we conjecture the existence o f  
a further modula r  invar lance symmetry  m string the- 
ory. This includes a duahty  invariance under  which 
the string di la ton (whose VEV yields the coupling 
constant  in heterotic  strings) gets inverted.  In four 
d imensions  the dl la ton comes along [ 8 ] with a pseu- 
doscalar  ( " a x l o n " )  field 0. Both degrees of  f reedom 
form a complex scalar 

1 
s =  --;  + 10  (1) g~ 

which is the lowest component  of  a chiral  superfield 
in supersymmetr lc  4D strings. Thus we conjecture an 
mvar iance  under  the modula r  symmetry  
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%e consider the flat directions of the potential that play a crucial role in the four-dimensional su-
persymmetric 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
present in these models—in particular the dilaton field connected with supersymmetry breaking and
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

Among the theories where inflation' can be implement-
ed, the best candidates have proven to be supersymmetric
models. A major bonus gained by incorporating super-
symmetry into an inflationary scenario is the absence of
vacuum renormalization. If supersymmetry remained un-
broken, 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 en-
ergy) and fine-tuning there must be, although to a lesser
extent than in the standard nonsupersymmetric models.
The supersymmetric versions of inflation involve a

gauge-singlet scalar field (inflaton) placed in the hidden
sector of the theory: both requirements —gauge singlet
and hidden sector—are such that the inflaton field cou-
ples as weakly as possible (i.e., gravitationally) and hence
that the quantum corrections are kept to a minimum.
Although the number of problems to which inflation is

supposed to give a clue—or at least avoid—give rise to
numerous constraints' ' on the parameters of the
models, one is still left with several possible candidates,
reflecting the richness of theories coupled to N = 1 super-
gravity. On that ground, the possibility that four-
dimensional field theories with one supersymmetry unbro-
ken originate from the compactification'3 of ten-
dimensional superstring theories' ' is a very welcome
one. It is interesting to see, in that respect, how the new
constraints that are imposed on our four-dimensional field
theory models by superstrings compare with the con-
straints that were derived previously from inflationary
considerations. In other words, since superstring theories
are supposed to provide a framework for grand unified
theories coupled to X=1 supergravity, do they incorpo-
rate inflation along the same lines'
It seems reasonable to think that the cosmology of

superstring models will involve some period of inflation-
ary expansion. The reason is the presence in the massless
sector of a scalar field: the dilaton. The "flat direction"

of the potential associated with its masslessness is precise-
ly the necessary ingredient for a "new inflationary"
scenario. ' On the other hand, the scale of the dilaton field
determines the magnitude of the coupling constant.
Hence, as long as it remains massless, the model is not
fully determined. Some sort of dynamics has to fix the
scale. In other words, since a ground state with a zero
cosmological constant has to be singled out, the flat re-
gion 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 actu-
ally been shown that the nonvanishing dilaton tadpole
found at the one-loop level in the bosonic string' is com-
pensated by introducing a nontrivial background of the de
Sitter type. )
Let us note in particular the close connection of these

questions with the breakdown of supersymmetry. Flat
directions of the potential have been studied in that
respect because one can prove that there is no way to lift
the corresponding degeneracy, to any finite order in per-
turbation theory, as long as supersymmetry remains un-
broken. ' This therefore calls for a breakdown of super-
symmetry at the suitable scale and for nonperturbative ef-
fects, possibly one triggering the other. This was dis-
cussed at length by Affleck, Dine, and Seiberg in the
context of dynamical supersymmetry breaking. They
found in particular that whenever a nonzero potential is
generated, it slopes to zero at infinity. This in turn is a
serious problem for superstring models and, in what is of
more immediate concern to us, it will eventually have to
be dealt with, if an inAaton field is to be associated with
one of these flat directions. We will return to this ques-
tion below.
There is however one obstacle to the study of inflation

at the level of superstrings: string theories have until re-
cently been considered in backgrounds of zero energy. '
This is one of the reasons why we will confine ourselves to
the field-theory limit of these theories, allowing for possi-
ble interactions arising from higher orders in the string
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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. 

1. Introduction 

With the emergence of string theory as a potential candidate for a quantum 
theory of gravity, we should begin to answer questions which in the past had been 
set aside because of a lack of a satisfactory quantum theory of gravity. We have a 
long list of such questions. One major area which we shall begin to address ill this 
paper  is the question of superstring cosmology. There are a number of unacceptable 
features of the standard Big Bang scenario: The initial singularity of space is a 
major issue which has not been totally believable from a physical point of view. We 
do not trust Einstein's equation in the very early universe. We believe it (at best) to 
a few orders of magnitude away from the Planck scale. The infinity of the 
temperature in the standard scenario (as time approaches the time of the Big Bang) 
has been similarly not totally trustable. ( 'an string theory shed some light on these 
questions? Another question is the origin of the dimension of space-time. In general 
relativity this is set to four by hand. Can string theory explain tile dimension of 
extended space (superstrings seem to naively predict the wrong dimension for 
space-time (namely ten))? To answer these questions it is appropriate to review two 
aspects of strings which are relevant to us: One is how strings behave when they are 
put in small spaces, spaces which are smaller than the string scale. The other 

055(}-3213/89/S03.50 "Elsevier Science Publishers B.V. 
North-t  iolland Physics Publishing Division) 



Pre-Big-Bang Cosmology 

Astroparticle Physics 1 (1993) 317-339 
North-Holland 

Astroparticle 
Physics 

Pre-big-bang in string cosmology 

M. Gasperini 
ctipartimento di Fisica Teorica de~l’Um.versit~ and Zstituto Nazionaie di Fisica M&are, Sezione di Torino, 
via P. Giuria I, 10125 Torino, Italy 

and 

G. Veneziano 
Theory Division, Gem. CH-1211 Geneva 23, Switzerland 

Received 14 October 1992 

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. 

1. Introduction 

The standard cosmological model (SCM) pro- 
vides the best account so far for the observed 
properties of our present Universe. Nevertheless, 
in spite of its success, the SCM cannot be ex- 
tended backward in time to arbitrarily large cur- 
vatures or temperatures without running into 
problems. We are referring here not only to the 
well-known phenomenological problems (e.g. 
horizon, flatness, entropy), but also to what is 
probably the main conceptual difficulty of the 
SCM, the initial singularity. The aim of this paper 
is to present a possible alternative to the initial 
singularity, which arises naturally in a string cos- 
mology context because of the “large-scale- 
small-scale” symmetry (target-space duality) typi- 
cal of string theory (see refs. [l-41 for previous 
pioneer work along this line). 

C~~es~~e~ee to: M. Gasperini, Dipartimento di Fisica 
Teorica dell’tlniversita, Via P. Giuria 1, 1012.5 Torino, Italy. 

What we shall refer to here as “string cosmol- 
ogy” is just the string-theory analogue of the 
usual Einstein-Friedman (EF) equations of the 
SCM. The string-cosmology equations are thus 
obtained by varying the low-energy string theory 
effective action - describing the massless back- 
ground fields - supplemented with a phenomeno- 
logical source term that accounts for possible 
additional bulk string matter at the classical level. 
As long as the equation of state of the classical 
sources [5] is compatible with the properties of 
string propagation in the massless backgrounds, 
the resulting system of coupled equations enjoys 
a much larger symmetry than that of standard 
cosmology [6]. 

This definition of string cosmology is probably 
insufficient for a truly “stringy” description of the 
Universe in the high curvature regime (near the 
Planck scale), where higher-order string correc- 
tion cannot be neglected, but it is certainly enough 
to suggest the alternative to the singularity of the 
SCM discussed here. 
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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 con- 
structcd. Concentrating on model-independent prop- 
crtics of these vacua, it is well known that all of them 
include in the spectrum, besides the gravity sector, 
a dilaton (S) multiplct. The tree-level couplings of 
this field are well understood and arc independent of 
the vacuum. In particular it couples to the gauge ki- 
netic tcrrns, thus its VEV gives the gauge coupling 
constant at the string scale. It is also known to have 
vanishing potential to all orders in perturbation the- 
ory and to couple to every other light field only by 
non-rcnormalizable interactions. 

t Supported by the Swiss National Science Foundation. 

Another  generic property of  4D string vacua is that  
each of  them belongs to classes of  models  labelled by 
continuous parameters  called modul i  (T~). These pa- 
rameters are fields in the effective field theory whose 
potential  is flat. The s tandard modul i  fields charac- 
terize a part icular  compactif ieation,  e.g. the size and 
shape o f  a Ca lab i -Yau  manifold  or toroidal  orbifold. 
But they are also known to exist even in models  with- 
out a clear geometric interpretat ion like asymmetric  
orbifolds #~ . Even though their  existence is generic, 
their  couplings are not as model- independent  as those 
of  the dilaton, except for having vanishing potential  
and non-renormalizable couplings to the other light 
fields. 

#1 Examples of models without moduli have been con- 
structed, but none of them corresponds to a 4D string 
vacuum [ 1 ]. 

0370-2693/93/$ 06.00 ~ 1993-Elsevier Science Publishers B.V. All fights reserved 447 
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Cosmological Implications of
Dynamical Supersymmetry Breaking∗
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David B. Kaplan †#and Ann E. Nelson #
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Abstract

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

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 gravitational

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 be

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

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

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 gluino

mass.
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Abstract 

In a certain strong coupling limit, compactification of the E8 × E8 heterotic string on a Calabi- 
Yau manifold X can be described by an eleven-dimensional theory compactified on X × s l /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 supersym- 
metry 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. 

1. In troduct ion  

This paper  will  consist  mainly of  a technical calculation in eleven dimensions,  which 
could be o f  conceivable relevance to grand unified model  building. To explain this, I 
wil l  begin with an extended introduction focussing on the model  building, postponing 
most  o f  the eleven-dimensional  details to Section 2. 

The models  o f  part icle  physics  that are most straightforwardly derived from the E8 × E8 
heterotic string - with an assumption of  small string coupling constant at all scales and 
low-energy N = 1 supersymmetry in four dimensions - are in many ways str ikingly 
attractive. For  example,  one naturally gets the right gauge groups and fermion quantum 
numbers and recovers the usual, successful super-GUT predict ion for low-energy gauge 
couplings,  even though other aspects of  the GUT package are substantially modified (for  

1 Research supported in part by NSF grant PHY92-45317. 
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Eleven-dimensional supergravity on. a manifold 
with boundary 

Petr Hoi'ava a,1, Edward Witten b,2 
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Abstract 

In this paper, we present a systematic analysis of eleven-dimensional supergravity 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. 

PACS: 04.65.+e; 11.25.-w 
Keywords: M-theory; eleven-dimensional supergravity; ten-dimensional super Yang-Mills; anomalies; string 
duality; E8 x E8 heterotic string 

1. Introduct ion  

In a previous paper [ 1], we proposed that the strong coupling limit of the ten- 
dimensional E8 × Es heterotic string is eleven-dimensional M-theory compactified on 
N 1° × S1/Z2 = R 1° × I ( I  is the unit interval),  with the gauge fields entering via ten- 
dimensional vector multiplets that propagate on the boundary of space-time. This implies 
in particular that there must exist a supersymmetric coupling of ten-dimensional vector 
multiplets on the boundary of an eleven-manifbld to the eleven-dimensional supergravity 
multiplet propagating in the bulk. The purpose of the present paper is to explore this 
coupling. 

l E-mail: horava@puhepl.princeton.edu. Research supported in part by NSF grant PHY90-21984. 
2 E-mail: witten@sns.ias.edu. Research supported in part by NSF grant PHY95-13835. 
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Weak Scale Superstrings

Joseph D. Lykken∗

Fermi National Accelerator Laboratory,

P.O. Box 500, Batavia, IL 60510

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.

3/96

∗ e-mail : lykken@fnal.gov
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New dimensions at a millimeter to a fermi
and superstrings at a TeV

Ignatios Antoniadis a, Nima Arkani-Hamed b, Savas Dimopoulos c, Gia Dvali d
a Centre de Physique Theorique, Ecole Polytechnique, F-91128 Palaiseau, France
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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

w xIn a recent paper 1 , a general framework for
solving the hierarchy problem was proposed not
relying on low-energy supersymmetry or technicolor.
The hierarchy problem is solved by nullification: in
this scenario, gravity becomes unified with the gauge
interactions at the weak scale and there is no large
disparity between the size of different short distance

w xscales in the theory. As argued in 1 , the observed
weakness of gravity is then due to the existence of
new spatial dimensions much larger than the weak
scale, perhaps as large as a millimeter for the case of

two extra dimensions. The success of the Standard
Ž .Model SM then implies that, while gravity is free

to propagate in the bulk of the extra dimensions, the
SM fields must be localised to a 3 spatial dimen-
sional wall at energies beneath the weak scale. While
field-theoretic mechanisms for localising the SM
fields on a topological defect were suggested, the
nature of the theory of gravity above the weak scale

w xwas left unspecified in the general framework of 1 .
In this letter, we show that the above scenario can

be embedded within string theory, which at present
offers the only hope for a consistent theory of grav-
ity. The traditional line of thought has been that

0370-2693r98r$ - see front matter q 1998 Published by Elsevier Science B.V. All rights reserved.
Ž .PII: S0370-2693 98 00860-0
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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 phenomeno-
logically 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 sin

2 ✓W = 3/14 = 0.21, and yield-

ing 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 6Z3 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.

Keywords: F-Theory, D-branes, Superstring Vacua, Brane Dynamics in Gauge
Theories.

Local vs Global Models 



Intersecting Brane Models 

JHEP11(2001)002

Received: July 9, 2001, Accepted: November 2, 2001
HYPER VERSION

Getting just the standard model at

intersecting branes
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Abstract: We present what we believe are the first specific string (D-brane) con-
structions whose low-energy limit yields just a three generation SU(3)⇥SU(2)⇥U(1)
standard model with no extra fermions nor U(1)’s (without any further e↵ective field
theory assumption). In these constructions the number of generations is given by the
number of colours. The Baryon, Lepton and Peccei-Quinn symmetries are necessarily

gauged and their anomalies cancelled by a generalized Green-Schwarz mechanism.
The corresponding gauge bosons become massive but their presence guarantees au-

tomatically proton stability. There are necessarily three right-handed neutrinos and
neutrino masses can only be of Dirac type. They are naturally small as a consequence
of a PQ-like symmetry. There is a Higgs sector which is somewhat similar to that

of the MSSM and the scalar potential parameters have a geometric interpretation in
terms of brane distances and intersection angles. Some other physical implications

of these constructions are discussed.

Keywords: D-branes, Beyond Standard Model, Compactification and String

Models, Superstrings and Heterotic Strings.

JHEP 
fields fill in the precise content of a D = 4 N = 4 vector multiplet, which is the amount of

SUSY those branes preserve.

2.3 Yukawa couplings in intersecting D-brane models

Up to now, we have only considered superpotentials arising from one single stack of D6-

branes. In the intersecting brane world picture we have given above, however, chiral matter

in the bifundamental arises from the intersection of two stacks of branes, each with a

different gauge group. It thus seems that, in order to furnish a realistic scenario, several

stacks of branes are needed. In fact, given the semi-realistic model-building considered

up to now, it seems that a minimal number of four stacks of branes are necessary in

order to accommodate the chiral content of the Standard Model in bifundamentals [6].

These stacks have been named as Baryonic (a), Left (b), Right (c) and Leptonic (d), in

account of the global quantum numbers they carry. The gauge theory they initially yield is

U(3)× U(2)× U(1)× U(1), which arises from stack multiplicities Na = 3, Nb = 2, Nc = 1

and Nd = 1. 6 Although this yields extra abelian gauge factors, their gauge bosons may

become massive by coupling to closed string RR fields, showing up in the low energy limit

as global U(1) symmetries [6]. Standard Model chiral fermions will naturally arise from

pairs of intersecting stacks. For instance, left-handed quarks will arise from the intersection

points of baryonic and left stacks, and so on. This scenario has been depicted schematically

in figure 2. For short reviews on this subject see [43].

 

R

L

LL RE

LQ U  , D RR

W

gluon

U(2) U(1)

U(1)

U(3)

d- Leptonic

a- Baryonic

b- Left c- Right

Q

L

Q
E

L

R
R

CY

(a) (b)

Figure 2: The Standard Model at intersecting D-branes. a) Four stacks of branes, baryonic, left,
right and leptonic are needed to get all quark and leptons at the intersections. b) The SM branes
may be wrapping cycles on a, e.g., CY manifold, with appropriate intersections so as to yield the
SM chiral spectrum.

Notice that considering a full D6-brane configuration instead of one single brane makes

the supersymmetry discussion more involved. Although each of the components of the

6This picture may be slightly changed in orientifold models, see e.g., section 4 below.
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Abstract

We construct N = 1 supersymmetric four-dimensional orientifolds of type IIA on T6/(Z2 × Z2)
with D6-branes intersecting at angles. The use of D6-branes not fully aligned with the O6-planes in
the model allows for a construction of many supersymmetric models with chiral matter, including
those with the Standard Model and grand unified gauge groups. We perform a search for realistic
gauge sectors, and construct the first example of a supersymmetric type II orientifold with SU(3)C ×
SU(2)L × U(1)Y gauge group and three quark–lepton families. In addition to the supersymmetric
Standard Model content, the model contains right-handed neutrinos, a (chiral but anomaly-free) set
of exotic multiplets, and diverse vector-like multiplets. The general class of these constructions are
related to familiar type II orientifolds by small instanton transitions, which in some cases change
the number of generations, as discussed in specific models. These constructions are supersymmetric
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.

PACS: 11.25.-w; 11.25.Mj; 12.10.-g; 12.60.-i

1. Introduction

Four-dimensional N = 1 supersymmetric type II orientifolds ([1–11] and references
therein) provide a class of consistent open-string solutions which in turn could shed light
on the physics of strongly coupled heterotic string models. From a more phenomenological

E-mail address: shiu@dept.physics.upenn.edu (G. Shiu).

0550-3213/01/$ – see front matter  2001 Elsevier Science B.V. All rights reserved.
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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. 

1. Introduction 

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. 
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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 non-
perturbative 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.

1. Introduction

Recent years have witnessed the emergence of a new picture of the space of string vacua. On
the one hand, it is by now widely appreciated that the introduction of non-trivial background
fluxes induces a computable scalar potential. The resulting plethora of stable minima of this
potential has given rise to the idea of a landscape of string vacua. On the other hand, progress in
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E-mail addresses: blumenha@mppmu.mpg.de (R. Blumenhagen), cvetic@cvetic.hep.upenn.edu (M. Cvetič),

timo@sas.upenn.edu (T. Weigand).
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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 prob-

lems 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−UνRνR 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 ReU 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

on other phenomenological applications of similar instanton effects, like the generation of

a µ-term, or of Yukawa couplings forbidden in perturbation theory.

Keywords: D-branes, Superstring Vacua, Neutrino Physics, Intersecting branes models.
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Abstract

Ž .We present a novel inflationary scenario in theories with low scale TeV 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

Žscenario is natural in the brane world picture. In the lowest energy state, a number of branes sit on top of each other or 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.

1. Introduction

Recently it was suggested that the fundamental
scale of quantum gravity M may be as low as TeV,Pf
providing an alternative understanding of the hierar-

w xchy problem 1 . Observed weakness of gravity at
large distances is associated by N large new dimen-

Ž y1 .sions of size ;R4M in which gravity canPf
propagate. Then the relation between the observed
Planck scale M and the fundamental Planck scaleP
M is given byPf

M 2sMNq2V 1Ž .P Pf N

NŽ .where V ;R N must be 2 or larger is the volumeN
Ž .in extra spatial dimensions i.e., the bulk . In this

picture, all the standard model particles must live in
Ž .a brane or a set of branes with 3 extended space

w x 1dimensions 1 . Perhaps the most natural embed-
ding of this picture is in the string context via the

Ž w x .D-brane construction see 6 for an introduction ,
where the standard model fields can be identified

1 In a different context an attempt of lowering the string scale
to TeV, without lowering the fundamental Planck scale was

w x w xconsidered in Ref. 2 , based on an earlier observation in Ref. 3 .
Ž .Dynamical localization of the fields on a solitonic brane embed-

ded in a higher dimensional universe has been studied earlier in
w xthe field theoretic context for spin-0 and 1r2 4,5 , and spin-1

w xstates 5 .

0370-2693r99r$ - see front matter q 1999 Published by Elsevier Science B.V. All rights reserved.
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D-brane Inflation1

G. Dvalia2 and Q. Shafib3 and S. Solganika4

aNew York University, Department of Physics, New York, NY 10003, USA.
b Bartol Research Institute, University of Delaware, Newark, DE 19716, USA.

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 at-
tract each other. In the effective four-dimensional theory this slow motion of branes
translates into a slow-roll of a scalar field (proportional to their separation) with
a flat potential that drives inflation. The number of possible e-foldings is severely
constrained. The scalar spectral index is found to be 0.97, while the effective com-
pactification scale is of order 1012 GeV. Reheating of the Universe is provided by
collision and subsequent annihilation of branes.

1Talk given by Q.S. at the workshop in Heidelberg (April 4-7, 2001), and at the EURESCO conference
in Le Londe (France) May 11-16, 2001.

2E-mail address: gd23@scires.nyu.edu
3E-mail address: shafi@bartol.udel.edu
4E-mail address: ss706@scires.nyu.edu
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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 separa-
tion. 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 su�cient inflation. Inflation would be more

generic in models where the inter-brane interactions are much weaker. The spec-
trum 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 ⇠ 1012GeV. Reheating occurs as in hybrid inflation, with the tachyonic insta-
bility of the brane-antibrane system taking over for small separations. The tachyon
field can induce a cascade mechanism within which higher-dimension branes annihi-
late into lower-dimension ones. We argue that such a cascade naturally stops with

the production of 3-branes in 10-dimensional string theory.

Keywords: D-branes, Cosmology of Theories beyond the SM, Physics of the

Early Universe.

Dedicated to the memory of Detlef Nolte
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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 orb-

ifold 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 with-

out invoking superluminal expansion (inflation). The scenario relies, instead,

on physical phenomena that arise naturally in theories based on extra di-

mensions 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 polariza-

tion 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

1Institute for Theoretical Physics, University of California, Santa Barbara, CA 93106-4030
2Department of Physics, University of California, Santa Barbara, CA 93106

3Department of Physics and SLAC, Stanford University, Stanford, CA 94305/94309

Abstract

Warped compactifications with significant warping provide one of the few known
mechanisms for naturally generating large hierarchies of physical scales. We demon-
strate 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 Vacua in String Theory

Shamit Kachru,1,2 Renata Kallosh,1 Andrei Linde1 and Sandip P. Trivedi3

1Department of Physics, Stanford University, Stanford, CA 94305-4060, USA

2SLAC, Stanford University, Stanford, CA 94309, USA and

3TIFR, Homi Bhabha Road, Mumbai 400 005, INDIA

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

I. INTRODUCTION

There has recently been a great deal of interest in find-
ing de Sitter (dS) vacua of supergravity and string the-
ory. This is motivated in part by the desire to construct
possible models for late-time cosmology (since a small
positive cosmological constant seems to be required by
recent data [1]), and in part by more conceptual wor-
ries that arise in the study of dS quantum gravity (as
discussed, for instance, in [2]). The no-go theorem of
[3] guarantees that such solutions cannot be obtained in
string or M-theory by using only the lowest order terms in
the 10d or 11d supergravity action, but one expects that
corrections to the leading order Lagrangian in the gs or
α′ expansion or inclusion of extended sources (branes)
should improve the situation. Indeed, a careful discus-
sion of how such additional sources (which are present in
string theory) invalidate the no-go theorem for warped
backgrounds and allow one to find highly warped com-
pactifications appears in [4]. Additional sources which
violate the assumptions of the theorem were shown to
yield dS vacua in noncritical string theory in [5].

Here, we use our knowledge of quantum corrections
and extended objects in string theory to argue that there
are dS solutions of ordinary critical string theory. Our
basic strategy is to first freeze all the moduli present
in the compactification, while preserving supersymmetry.
We then add extra effects that break supersymmetry in
a controlled way and lift the minimum of the potential
to a positive value, yielding dS space. To illustrate the
construction we work in the specific context of IIB string
theory compactified on a Calabi-Yau (CY) manifold in
the presence of flux. As described in [4] such construc-
tions allow one to fix the complex structure moduli, but
not the Kähler moduli of the compactification. In par-

ticular, to leading order in α′ and gs, the Lagrangian
possesses a no-scale structure which does not fix the over-
all volume (we shall assume that this is the only Kähler
modulus in the rest of this note; it is of course possible
to construct explicit models which have this property).
In order to achieve the first step of fixing all moduli,
we therefore need to consider corrections which violate
the no-scale structure. Here we focus on quantum non-
perturbative corrections to the superpotential which are
calculable and show that these can lead to supersymme-
try preserving AdS vacua in which the volume modulus
is fixed in a controlled manner.

Having frozen all moduli we then introduce supersym-
metry breaking by adding a few D3 branes in the com-
pactification; this is a compactified version of the situa-
tion discussed in [6]. The addition of D3 branes does not
introduce additional moduli: their worldvolume scalars
are frozen by a potential generated by the background
fluxes [6]. Inclusion of anti-D3 branes in the absence
of other corrections yields a run-away to infinite volume
of the compact space (since the energy density in the
D3 branes generates a tadpole for the volume modulus).
However, we show that in the presence of the quantum
corrections we have described, in a sufficiently warped
background the D3 tension can be a small enough cor-
rection to lift the formerly AdS vacuum to positive cos-
mological constant, without destabilizing the minimum.

The extent of supersymmetry breaking and also the re-
sulting cosmological constant of the dS minimum can be
varied in our construction, within a range, in two ways.
One may vary the number of D3 branes which are in-
troduced in the above manner, and one can also vary
the warping in the compactification (by tuning the num-
ber of flux quanta through various cycles). It is impor-
tant to note that this corresponds to a freedom to tune
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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 tachyon-
free, 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.
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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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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. Care-

ful 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 restric-

tive 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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Abstract

Despite much recent progress in model building withD-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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GUTs and Exceptional Branes in

F-theory - I

Chris Beasley∗, Jonathan J. Heckman† and Cumrun Vafa‡

Jefferson Physical Laboratory, Harvard University, Cambridge, MA 02138, USA

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 topolog-
ical 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.

February, 2008
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•  HeteroHc:+CalabiRYau+x+Flat+4D+

•  +E6+‘string+inspired+models’++

•  Simplest+dimensional+reducHon++

•  Gaugino+condensaHon++

•  4d+strings+(orbifold,+bosonic,fermionic,+Gepner,+KS)+from+CFT’s.++

•  First+quasi+realisiHc+models+(CY,orbifold,fermionic)++

•  Evidence+and+applicaHon+of+mirror+symmetry+!!!+

•  Anomalous+U(1)’s,+(field+dependent)+FI+

•  Gauge+coupling+unificaHon+from+LEP+

•  Threshold+correcHons+to+gauge+couplings+

•  T,S+duality+and+aLempts+to+moduli+stabilisaHon+

•  The+CMP+

•  Structure+of+Sop+terms+

+



1995R2005+
+

•  Duality+revoluHon,+11D+(HoravaRWiLen,+G2)+
•  DRbranes+
•  Instantons+W+
•  Large+extra+dimensions+++warping+
•  Type+I,II+model+building,+

!  BoLom+up+(local+models)+
!  intersecHng+branes++

•  HeteroHc+revamp+(orbifolds,+CY’s,+G2+holonomy+?)+
•  Fluxes+++moduli+stabilisaHon+IIB,+KKLT,+LVS+(Landscape)+
•  SUSY+breaking++
•  Concrete+inflaHon+models+++alternaHves+to+inflaHon+

+

+



2005R2015+
+
•  Concrete+models+of+inflaHon+
•  Explicit+EFTs+and+instanton+calculaHons+
•  FRtheory+phenomenology+
•  Nonthermal+dark+maLer+
•  Axiverse+++cosmic+axion+background+
•  QuasiRRealisHc+models+large+data+(heteroHc)+
•  Discrete+symmetries+
•  Global+IIB+models+++moduli+stabilisaHon+
•  Global+FRtheory+models+
•  SUSY+breaking+and+de+SiLer+uplip+revamped+
+

+
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KKLT LVS

Soft term D3 D3

M1/2 ± �
3

2aV2/3

�
m3/2 ±

⇣
3s3/2⇠
4V

⌘
m3/2

m2
0

⇣
s3/2⇠
4V

⌘
m2

3/2

⇣
5s3/2⇠
8V

⌘
m2

3/2

Aijk �(1� s@s log Yijk)M1/2 �(1� s@s log Yijk)M1/2

Table 1. Summary of different soft terms for the visible sector on D3 branes for both KKLT and
LVS scenarios. Notice the similarity of the expressions despite the difference in origin for soft terms.
In both cases there is a hierarchy of masses with the ratio ✏ = M

1/2/m0

⌧ 1. For typical numbers
we have ✏ ⇠ 1/50 for KKLT and ✏ ⇠ 10

�2 � 10

�3 for LVS, illustrating a version of mini-split
supersymmetry.

dark matter candidates. In the KKLT scenario, the scalars are around 50 times heavier than
gauginos and the dark matter candidates depend on how much anomaly mediation dominates.
On the one hand, it could have a compresed spectrum with dark matter is higgino like or a
mixture higgsino-bino. Or on the other hand it could be anomaly dominated and then, also
wino like dark matter is possible.

Our description of soft breaking terms treats in a unified way both the KKLT and LVS cases,
with similar expressions determining the structure of soft terms. The different physical properties
of both scenarios manifest only after writing the explicit values of the flux superpotential W

0

and
the volume V. We summarise the structure of soft terms for matter on D3-branes for both KKLT
and LVS in Table 1, under the assumption that the Kähler potential takes the logarthmic form
(2.9).7

In summary, including also the study of the visible sector living on D7-branes presented in
Appendix ?? and summarised in Table ??, there are four distinct scenarios, depending whether the
visible sector lives on D3 or D7-branes and on the moduli stabilisation mechanism (KKLT or LVS).
These may be subject to strong constraints in the not too far a future by LHC and its potential
extensions and different dark matter searches.

There are several questions left open. A better understanding of the nilpotent superfield
realisation from the full string theory would be interesting. For instance, treating the D3-brane
superfield � and the anti-D3-brane superfield X in the same way (i.e. they shift in the same way
the Kähler coordinate describing the CY volume) reproduces the uplift term only when the anti-
D3-brane is placed in particular points of the warped CY, i.e. at the tip of a throat. It would have
been maybe more intuitive that this would happen for a generic point. A better understanding of
this would be desirable.

The structure of soft terms for the KKLT case is very similar to the one originally found
using other techniques by [13]. However not only our techniques are different but we get non-
vanishing scalar masses only after including ↵0 corrections which were not included in [13]. It

7Notice that the soft terms are non-vanishing only when non-perturbative effects, ↵0 corrections and
the presence of the nilpotent superfield are considered. This is consistent with the existence of a vanishing
supertrace formula recently found in [36] since in that reference those effects were not included.

– 24 –

KKLT LVS

Soft term D7 D7

M1/2 ± �
1

aV2/3

�
m3/2 ±

⇣
3

4a⌧s

⌘
m3/2

m2
0 (1� 3!)m2

3/2

⇣
9(1��)
16a2⌧2s

⌘
m2

3/2

Aijk
3
2(2�� 1� s@s log Yijk)M1/2 �3(1� �)M1/2

Table 3. Summary of different soft terms for the visible sector on D7-branes for both KKLT and
LVS scenarios. Here ! =

�0

↵0�0
. Also the modular weight � is kept explicitly with values � = 1/2

for D7-branes simplifying the expressions. For D3-branes the leading order structure is given by
! = 1/3,� = 1.

Hence, the scalar masses at the dS minimum are given by

m2

=

9(1� �)

(4as⌧s � 1)

2

m2

3/2 . (B.21)

Concering the gaugino masses, the gauge kinetic function is f = Ts and hence they are dominated
by the FTs :

M = ± 3

4as⌧s � 1

m
3/2 , (B.22)

where the relative sign ± refers to the choice of W
0

? 0. Notice that the relation between the
scalars and the gauginos is given by

m2

= (1� �)M2 . (B.23)

Finally the trilinears can be written as

Aijk = �3(1� �)M . (B.24)

For the case of D7-branes, � = 1/2 and hence

m2

=

1

2

M2 and Aijk = �3

2

M . (B.25)

Cosmological and phenomenological observations

The mass of the lightest modulus is

m2

V = 5as⌧s
s3/2⇠

V m2

0

(B.26)

one can see that the bound in order to avoid the cosmological moduli problem is

m
0

& 10

3

TeV . (B.27)

In this scenario, the gauginos are of the same order as the scalars. Hence all the sparticles are at
MSUSY & 10

3 TeV. The higgsinos will be of the order µ ⇠ 10 TeV (if one is able to saturate the
last bound) due to the one loop mass contribution induced by the bino and the wino. Therefore,
this scerario would need of R-parity violation to avoud dark matter overproduction, and non of the
sparticles would be detectable at LHC or at direct or indirect detection experiments.

– 31 –
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Figure 1: Left panel: A comparison of WMAP constraints in the ns-r plane with several string

models for Ne ' 60, taken from an ICHEP 2008 summary talk [54]. Right panel: The same comparison

superimposed on the Planck constraints taken from [1], with ‘D3/D3 inflation’ (yellow oval); ‘D3/D7

inflation’ (orange oval); ‘closed-string inflation’ (light green oval); ‘Fibre inflation’ (dark green oval)

and ‘Axion monodromy inflation’ (cyan oval).

Although present models cannot claim to explore all of string parameter space, it is

striking how unanimously they predict small r, and how well their predictions agree with

observations. Is there a reason for this agreement? Possibly, as we now see.

2.4 Future prospects for measuring r

Forecasting the expected size of primordial tensor perturbations is particularly useful now

given that observations are likely to become significantly more sensitive to r in the near

future. What might these observations expect to find? Time for theorists to nail their

colours to the mast.

As eq. (2.16) shows, a theory’s position in the ns - r plane is dictated by the two slow-

roll parameters, ✏ and ⌘. One combination of these two parameters is determined from the

value of ns � 1 ' 0.04 inferred from observations. Opinions about the likelihood of r being

observable then come down to opinions about how big ✏ might be. Two points of view towards

what should be expected are widely touted. These are:

• Flat prior: One point of view argues that in the absence of other information the two

small quantities ✏ and ⌘ should be expected to be similar in size, so if inflation is true

then tensor modes should soon be observed [5, 58].

• Flat log prior: A second point of view starts from the observation that the size of

primordial tensor perturbations is purely set by the size of the dominant energy density

– 16 –

String Scenario ns r

D3/D3 Inflation 0.966  ns  0.972 r  10�5

InflectionPoint Inflation 0.92  ns  0.93 r  10�6

DBI Inflation 0.93  ns  0.93 r  10�7

WilsonLine Inflation 0.96  ns  0.97 r  10�10

D3/D7 Inflation 0.95  ns  0.97 10�12  r  10�5

Racetrack Inflation 0.95  ns  0.96 r  10�8

N� flation 0.93  ns  0.95 r  10�3

AxionMonodromy 0.97  ns  0.98 0.04  r  0.07

KahlerModuli Inflation 0.96  ns  0.967 r  10�10

Fibre Inflation 0.965  ns  0.97 0.0057  r  0.007

Poly � instanton Inflation 0.95  ns  0.97 r  10�5

,

Of the models depicted, ‘D3/D3 inflation’ [15] represents the predictions of the first bona-

fide string implementation of brane-antibrane inflation [16, 17], including modulus stabilisa-

tion. The orange oval marked ‘D3/D7 inflation’ [30] and the light green oval marked ‘closed

string inflation’ represent the predictions of a broad class of models [32, 48, 51, 52, 55, 56]

which di↵er somewhat in their predictions for ⌘, but all find ✏ too small to show r non-zero on

the plot. Notice that similar predictions are obtained in models where inflation is obtained

from wrapped D-branes [57], inflection points [19], Wilson lines [26] or non-canonical kinetic

terms [21]. All of these models describe the observed fluctuations very well, and much better

than simple single-field �2 models.

Apart from ‘N-flation’ [33] which su↵ers from the control issues mentioned above, only

two of the string models, ‘Axion monodromy inflation’ [37] and ‘Fibre inflation’ [50], predict

r large enough to be visible on the plot. These two were specifically designed for the purpose

of obtaining large r, since it had been remarked that small r appeared to be generic to string-

inflationary models. They both score reasonably well for the ⌘-problem, but both have also

been criticized. Ref. [38] argues that the lack of supersymmetry in the models of ref. [37]

can make it more di�cult to control the corrections to leading predictions, with potentially

significant back-reaction e↵ects. The ‘Fibre inflation’ model builds on the hierarchy of masses

that loops and higher-derivative corrections introduce into the low-energy potential, but in

the absence of their explicit calculation must use an educated guess for their detailed shape.
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In good shape after Planck 
2013-2015,  
(but most would have been 
RULED OUT if bicep2 were OK !) 
No compelling model so far. 

e.g. String Inflation 
models 
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Relevant Scales in LVS 
String Scale 

Kaluza Klein Scale 

Gravitino mass 

Volume modulus mass 

Vacuum decay rates 
description of these vacua despite being non-supersymmetric. The dS minima are clearly

metastable and the decay rate goes like � ⇠ e�V3
. The probability to decay to an AdS

minimum is preferred over a dS as a ratio P
dS

/P
adS

⇠ e�V whereas its decay towards the

10D decompactification vacuum (V ! 1) is further suppressed P
dec

/P
dS

⇠ e�V2
. Clearly

the larger the volume the more stable the vacuum.

• Bounds on the volume. However the volume cannot be arbitrarily large since for values

V ⇠ 1030 the string scale becomes smaller than the TeV scale, also beyond V ⇠ 1015 the

gravitino mass (and usually soft terms) will be smaller than the TeV scale. Finally for

volumes V � 109 the volume modulus becomes lighter than 10 TeV which would lead to

the cosmological moduli problem (CMP). Smaller volumes 103 < V � 108 are consistent

and survive overclosing (with the larger volumes being the more stable from the previous

item) but still imply a special cosmological role for the volume modulus (or any lighter one

in particular cases). This modulus is the latest to decay and its decay would be the source

of reheating of the observable universe leading to interesting post-inflationary cosmology

(see for instance [18]).

• Inflation. The three terms in the second parentheses for V
F

hint at a concrete realisation

of inflation. Assuming the volume is already at its minimum value, the potential for ⌧ is

precisely of the form A�Be�x for large values of ⌧ which is one of the preferred inflationary

potentials for a canonically normalised inflaton field x. In order to achieve this concretely

at least three T
i

fields are required which is very generic in string compactifications. Loop

corrections may destabilise the flatness of the potential during inflation. A more elaborated

and stable under quantum corrections model of inflation has been proposed in which the

inflaton is a fibre modulus. For this scenario the spectral index and tensor to scalar ratio

r ⇠ 10�3 falls just in the preferred Planck regime (see [16] for a recent overview). However,

if the recent results from BICEP are confirmed r ⇠ O(0.1) then these scenarios are ruled

out by experiment. An example on how string scenarios can be predictive and contrasted

with experiment. The string scenarios consistent with BICEP: N-flation, axion monodromy

and Wilson line inflation [17] can be embedded in the LVS. More work in this direction is

needed.

• Axions. There are plenty of axions in string compactifications, many can survive at low

energies but some do not. In LVS it is clear that the axion partners of the dilaton and

Kähler moduli stabilised by non-perturbative e↵ects acquire a mass of order the gravitino

mass. Other axions are eaten by anomalous U(1)s by the Stuckelberg mechanism. But

some survive at very low energies, in particular the axion partner of the volume modulus

is essentially massless after moduli stabilisation and may have some implications for late

time cosmology. In particular contributong to dark radiation. Also axions coming from

8
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Current Directions 

•  Global F-Theory Models 
•  Global brane models with moduli stabilisation 
•  Large scale inflation and Weak Gravity 

Conjecture 
•  Landscape vs Swampland 
•  Consistency of de Sitter uplift 
•  Post –inflation string cosmology (moduli 

domination, oscillons, moduli stars,...) 
•  Machine learning and the landscape  
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