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1 The weakly 
oupled E8 
 E8 Heteroti
 String1.1 Bottom up: the 
ase for supergravityThe primary phenomenologi
al motivation for supersymmetry (SUSY) is the observed large hier-ar
hy between the Z mass, 
hara
teristi
 of the s
ale of ele
troweak symmetry breaking, and theredu
ed Plan
k s
ale mP :mZ � 90GeV � mP = s 8�GN � 2� 1018GeV:This hierar
hy 
an be te
hni
ally understood in the 
ontext of SUSY. The 
onjun
tion of SUSY andgeneral relativity (GR) implies supergravity (SUGRA). The absen
e of observed SUSY partners(sparti
les) requires broken SUSY in the va
uum, and the observed parti
le spe
trum 
onstrainsthe me
hanism of SUSY-breaking in the observable se
tor: spontaneous SUSY-breaking is notviable, leaving soft SUSY-breaking as the only option that preserves the te
hni
al SUSY solutionto the hierar
hy problem. This means introdu
ing SUSY-breaking operators of dimension three orless{su
h as gauge invariant masses{into the Lagrangian for the SUSY extension of the StandardModel (SM). The unattra
tiveness of these ad ho
 soft terms suggests they arise from spontaneousSUSY breaking in a \hidden se
tor" of the underlying theory. Based on the above fa
ts, a numberof standard s
enarios have emerged. These in
lude: i) Gravity mediated SUSY-breaking, usuallyunderstood as \minimal SUGRA" (mSUGRA) [1℄. This s
enario is typi
ally 
hara
terized byms
alars = m0 � mgravitino = m 32 > mgauginos = m 12 at the weak s
ale. ii) Anomaly mediatedSUSY-breaking [2, 3℄, in whi
h m0 = m 12 = 0 
lassi
ally; these models are 
hara
terized by m 32 >>m0; m 12 ; and typi
allym0 > m 12 . An ex
eption is the Randall-Sundrum (RS) \separable potential",
onstru
ted [3℄ to mimi
 SUSY-breaking on a brane spatially separated from our own in a �fthdimension; in this s
enario m20 < 0 and m0 arises �rst at two loops. In general, the s
alar massesat one loop depend on the details of Plan
k-s
ale physi
s [4℄. iii) Gauge mediated SUSY uses ahidden se
tor that has renormalizable gauge intera
tions with the SM parti
les, and is typi
ally
hara
terized by small m 12 .1.2 Top down: the 
ase for superstring theoryHere the driving motivation is that superstring theory is at present the only known 
andidate forre
on
iling GR with quantum me
hani
s. These theories are 
onsistent in ten dimensions; in re
entyears it was dis
overed that all the 
onsistent [5℄ superstring theories are related to one another1



by dualities, namely S-duality: � ! 1=�; and T-duality: R ! 1=R; where � is the �ne stru
ture
onstant of the gauge group(s) at the string s
ale, and R is a radius of 
ompa
ti�
ation fromdimension D to dimension D�1. These theories, as well as D = 11 SUGRA, are now understood asparti
ular limits of M-theory. Re
ently, there has been 
onsiderable a
tivity in type I and II theories,or more generally in theories with branes. Similarly, the Ho�rava-Witten (HW) s
enario [6℄ and itsinspirations have re
eived 
onsiderable attention. Compa
ti�
ation of one of the 11 dimensions ofM-theory gives the HW s
enario with two 10-D branes, ea
h having an E8 gauge group. As thelength of the 11th dimension is shrunk to zero, the two branes 
oin
ide, and the WCHS s
enario [7℄is re
overed. This is the s
enario addressed here.1.3 Calabi-Yau (like) 
ompa
ti�
ationThe zero-slope (in�nite string tension) limit of heteroti
 string theory is ten dimensional super-gravity 
oupled to a supersymmetri
 Yang-Mills theory with an E8 
 E8 gauge group. To make
onta
t with the real world, six of these ten dimensions must be 
ompa
t and here are assumedto be of order mP � 10�32
m. If the topology of the extra dimensions were a six-torus, whi
hhas a 
at geometry, the 8-
omponent spinorial parameter of N = 1 supergravity in ten dimensionswould appear as the four two-
omponent parameters of N = 4 supergravity in four dimensions. ACalabi-Yau (CY) manifold leaves only one of these spinors invariant under parallel transport; thegroup of transformations under parallel transport (holonomy group) is the SU(3) subgroup of themaximal SU(4) �= SO(6) holonomy group of a six dimensional 
ompa
t spa
e. This breaks N = 4supersymmetry to N = 1 in four dimensions. The only phenomenologi
ally viable supersymmetri
theory at low energies is N = 1, be
ause it is the only one that admits 
omplex representationsof the gauge group that are needed to des
ribe quarks and leptons. For this solution, the 
las-si
al equations of motion impose the identi�
ation of the aÆne 
onne
tion of general 
oordinatetransformations on the 
ompa
t spa
e (des
ribed by three 
omplex dimensions) with the gauge
onne
tion of an SU(3) subgroup of one of the E8's: E8 3 E6
 SU(3), resulting in E6 
E8 as thegauge group in four dimensions [8℄. Sin
e the early 1980's, E6 has been 
onsidered the largest groupthat is a phenomenologi
ally viable 
andidate for a Grand Uni�ed Theory (GUT) of the SM. Hen
eE6 is identi�ed as the gauge group of the \observable se
tor", and the additional E8 is attributedto a \hidden se
tor", that intera
ts with the former only with gravitational strength 
ouplings.Orbifolds, whi
h are 
at spa
es ex
ept for points of in�nite 
urvature, are more easily studied thanCY manifolds, and orbifold 
ompa
ti�
ations that 
losely mimi
 CY 
ompa
ti�
ation, and thatyield realisti
 spe
tra with just three generations of quarks and leptons, have been found [9, 10℄.2



In this 
ase the surviving gauge group is E6 
 Go 
E8; Go 2 SU(3). The low energy e�e
tive �eldtheory is determined by the massless spe
trum, i.e., the spe
trum of states with masses very small
ompared with the string tension and 
ompa
ti�
ation s
ale. Massless bosons have zero trialityunder an SU(3) whi
h is the diagonal of the SU(3) holonomy group and the (broken) SU(3) sub-group of one E8. The ten-ve
tors AM ; M = 0; 1; : : : 9; appear in four dimensions as four-ve
torsA�; � = M = 0; 1; : : : 3, and as s
alars Am; m = M � 3 = 1; � � � 6: Under the de
ompositionE8 3 E6 
 SU(3), the E8 adjoint 
ontains the adjoints of E6 and SU(3), and the representation(27;3) + (27;3). Thus the massless spe
trum in
ludes gauge �elds in the adjoint representation ofE6
Go
E8 with zero triality under both SU(3)'s, and s
alar �elds in 27+ 27 of E6, with triality�1 under both SU(3)'s, together with their fermioni
 superpartners. The number of 27 and 27
hiral supermultiplets that are massless depends on the topology of the 
ompa
t manifold. Theimportant point for phenomenology is the de
omposition under E6 ! SO(10)! SU(5):(27)E6 = (16+ 10+ 1)SO(10) = (f�5+ 10+ 1g+ f5+ �5g+ 1)SU(5) : (1.1)A 5+ 10+ 1 
ontains one generation of quarks and leptons of the SM, a right-handed neutrino andtheir s
alar superpartners; a 5+ 5 
ontains the two Higgs doublets needed in the supersymmet-ri
 extension of the SM and their fermion superpartners, as well as 
olor-triplet supermultiplets.While all the states of the SM and its minimal supersymmetri
 extension are present, there are nos
alar parti
les in the adjoint representation of the gauge group. In 
onventional models for granduni�
ation, these (or other large representations) are needed to break the GUT group to the SM. Instring theory, this symmetry breaking 
an be a
hieved by the Hosotani or \Wilson line", me
hanismin whi
h gauge 
ux is trapped around \holes" or \tubes" in the 
ompa
t manifold, in a mannerreminis
ent of the Arahonov-Bohm e�e
t. The va
uum value of the trapped 
ux < R d`mAm >has the same e�e
t as an adjoint Higgs, without the diÆ
ulties of 
onstru
ting a potential for largeHiggs representations that a
tually reprodu
es the observed va
uum. When this e�e
t is in
luded,the gauge group in four dimensions isGobs 
 Ghid; Gobs = GSM 
 G0 
 Go; GSM 
 G0 2 E6; Go 2 SU(3);Ghid 2 E8; GSM = SU(3)
 
 SU(2)L 
 U(1)w: (1.2)There are many other four dimensional string va
ua in addition to those des
ribed above. Theattra
tiveness of the above pi
ture is that the requirement of N = 1 SUSY naturally results ina phenomenologi
ally viable gauge group and parti
le spe
trum, and the gauge symmetry 
an bebroken to a produ
t group embedding the SM without introdu
ing large Higgs representations.3



1.4 Gaugino Condensation and the Runaway DilatonThe E8
E8 string theory provides a hidden se
tor needed for spontaneous SUSY-breaking. Spe
if-i
ally, if some subgroup G
 of Ghid is asymptoti
ally free, with a �-fun
tion 
oeÆ
ient b
 > bSU(3),de�ned by the renormalization group equation (RGE)��g
(�)�� = �b
g3
 (�) +O(g5
 ); (1.3)
on�nement and fermion 
ondensation will o

ur at a s
ale �
 � �QCD, and hidden se
tor gaugino
ondensation < ��� >G
 6= 0; may indu
e [11℄ supersymmetry breaking. To dis
uss supersymmetrybreaking in more detail, we need the low energy spe
trum resulting from the ten-dimensional gravitysupermultiplet that 
onsists of the 10-D metri
 gMN , an antisymmetri
 tensor bMN , the dilaton �,the gravitino  M and the dilatino �. For the 
lass of CY and orbifold 
ompa
ti�
ations des
ribedabove, the massless bosons in four dimensions are the 4-D metri
 g�� , the antisymmetri
 tensor b�� ,the dilaton �, and 
ertain 
omponents of the tensors gmn and bmn that form the real and imaginaryparts, respe
tively, of 
omplex s
alars known as K�ahler moduli. The number of moduli is relatedto the number of parti
le generations (# of 27's � # of 27's). In three generation orbifold modelsthere are at least three moduli tI whose vev's < RetI > determine the radii of the three tori ofthe 
ompa
t spa
e. They form 
hiral multiplets with fermions �tI obtained from 
omponents of m. The 4-D dilatino � forms a 
hiral multiplet with with a 
omplex s
alar �eld s whose vev< s >= g�2 � i�=8�2 determines the gauge 
oupling 
onstant and the � parameter of the 4-DYang-Mills theory. The \universal" axion Ims is obtained by a duality transformation from theantisymmetri
 tensor b�� : ��Ims$ �������b��: Be
ause the dilaton 
ouples to the (observable andhidden) Yang-Mills se
tor, gaugino 
ondensation indu
es a superpotential for the dilaton super�eld1S: W (S) / e�S=b
 : (1.4)The va
uum value < W (S) >/ De�S=b
E = e�g�2=b
 = �
 is governed by the 
ondensation s
ale �
as determined by the RGE (1.3). If it is nonzero, the gravitino a
quires a mass m 32 /< W >, andlo
al supersymmetry is broken.The superpotential (1.4) results in a potential for the dilaton of the form V (s) / e�2Res=b
 ; whi
hhas its minimum at vanishing va
uum energy and vanishing gauge 
oupling: < Res >!1; g2 ! 0.This is the notorious runaway dilaton problem. The e�e
tive potential for s is in fa
t determined1Throughout I use 
apital Greek or Roman letters to denote a 
hiral super�eld, and the 
orresponding lower 
aseletter to denote its s
alar 
omponent. 4



from anomaly mat
hing: ÆLeff (s; u)  ! ÆLhid(gauge); where u; hui = 
����G
 ; is the lightests
alar bound state of the strongly intera
ting, 
on�ned gauge se
tor. Just as in QCD, the e�e
tivelow energy theory of bound states must re
e
t both the symmetries and the anomalies, i.e. thequantum indu
ed breaking of 
lassi
al symmetries, of the underlying Yang-Mills theory. It turns outthat the e�e
tive quantum �eld theory (QFT) is anomalous under T-duality. Sin
e this is an exa
tsymmetry of heteroti
 string perturbation theory, it means that the e�e
tive QFT is in
omplete.This is 
ured by in
luding model dependent string-loop threshold 
orre
tions [12℄ as well as a\Green-S
hwarz" (GS) 
ounter-term [13℄, analogous to the GS me
hanism in 10-D SUGRA. Thisintrodu
es dilaton-moduli mixing, and the gauge 
oupling 
onstant is now identi�ed asg2 = 2 h`i ; `�1 = 2Res� bXI ln(2RetI); (1.5)where b � bE8 = 30=8�2 is the 
oeÆ
ient of the GS term, and and ` is the s
alar 
omponent ofa linear super�eld L that in
ludes the two-form b�� and is dual to the 
hiral super�eld S in thesupersymmetri
 version of the two-form/axion duality mentioned above. The GS term introdu
esa se
ond runaway dire
tion, this time at strong 
oupling: V ! �1 for g2 ! 1. The small
oupling behavior is una�e
ted, but the potential be
omes negative for � = `=2� > :57. Thisis the strong 
oupling regime, and nonperturbative string e�e
ts 
annot be negle
ted; they areexpe
ted [14℄ to modify the K�ahler potential for the dilaton, and therefore the potential V (`; u). Ithas been shown [15℄ that these 
ontributions 
an indeed stabilize the dilaton. Retaining just oneor two terms of the suggested parameterizations [14, 16℄ of the nonperturbative string 
orre
tions:an`�n=2e�
n=p` or an`�ne�
n=`; the potential 
an be made positive-de�nite everywhere and theparameters an; 
n 
an be 
hosen to �t two data points: the 
oupling 
onstant g2 � 1=2 and the
osmologi
al 
onstant � ' 0. This is �ne tuning, but it 
an be done with plausible (order 1)values for the parameters 
n; an. If there are several 
ondensates with di�erent �-fun
tions, thepotential is dominated by the 
ondensate with the largest �-fun
tion 
oeÆ
ient b+, and the resultis essentially the same as in the single 
ondensate 
ase, ex
ept that a small mass is generated forthe axion a = Ims. In these models the presen
e of �-fun
tion 
oeÆ
ients generate mass hierar
hiesthat have interesting impli
ations for 
osmology and the spe
trum of sparti
les{the supersymmetri
partners of the SM parti
les.
5



2 Modular invariant gaugino 
ondensationIn this se
tion I will summarize results [17, 18℄ from the study of modular (T-duality) invariante�e
tive Lagrangians for gaugino 
ondensation. These are 
hara
terized in parti
ular by� Dilaton dominated supersymmetry breaking. The auxiliary �elds of the T-moduli (or K�ahlermoduli) have vanishing va
uum values (vev's): DF TE = 0; thus avoiding a potentially dan-gerous sour
e of 
avor 
hanging neutral 
urrents (FCNC).� The 
onstraint of vanishing (or nearly so) va
uum energy leads to a variety of mass hierar
hiesthat involve the �-fun
tion 
oeÆ
ient of the 
ondensing gauge group.One starts above the (redu
ed) Plan
k s
ale mP with the heteroti
 string theory in 10 di-mensions. Just below the string s
ale �s = gsmP , where gs is the gauge 
oupling at the strings
ale, physi
s is des
ribed by N = 1 modular invariant supergravity in four dimensions, where heremodular invarian
e refers to T-duality under whi
h the K�ahler moduli T transform asT ! aT � ibTi
T + d ; ad� b
 = 1; a; b; d; 
 2 Z: (2.6)Modular invarian
e { and in many 
ompa
ti�
ations [19℄ a U(1) gauge group fa
tor 
alled U(1)X{ is broken by anomalies at the quantum level of the e�e
tive �eld theory, and the symme-try is restored by an appropriate 
ombination of threshold e�e
ts [12℄ and four dimensional GSterm(s) [13, 20℄. The pre
ise form of these loop e�e
ts in the Yang-Mills se
tor of the e�e
tivesupergravity theory have been determined by mat
hing the string and �eld theory amplitudes atthe quantum level [21℄.If an anomalous U(1) is present, the 
orresponding GS term leads to a Fayet-Illiopoulos (FI)D-term in the e�e
tive Lagrangian [20℄ and some U(1)-
harged s
alars �A a
quire vev's at a s
ale�D one or two orders of magnitude below the Plan
k s
ale su
h that the overall D-terms vanish:* 1`(s; �s)XA qaAYI (tI + �tI)nAI j�Aj2+ = 12ÆXÆXa; (2.7)where ÆX` is the 
oeÆ
ient of the FI term, nA is the modular weight of �A, qaA is its 
hargeunder the gauge group fa
tor U(1)a, and t; s are the s
alar 
omponents of the K�ahler moduli anddilaton 
hiral super�elds T; S. The fun
tion `(s; �s) = `(s+ �s) is the dilaton �eld in the dual, linearsupermultiplet formulation; in the 
lassi
al limit ` = (s+ �s)�1. The 
ombination of �elds that getsa va
uum value is modular invariant. Thus modular invarian
e, as well as lo
al supersymmetry,6



is unbroken at this s
ale, and the moduli �elds s; t remain undetermined [22℄. The �A va
uum isgeneri
ally 
hara
terized by a high degree of further degenera
y [23℄ that may lead to problems for
osmology.At a lower s
ale �
, a gauge group G
 in the hidden se
tor be
omes strongly 
oupled, andgauginos as well G
-
harged matter 
ondense. The potential generated for the moduli is T-dualityinvariant and the K�ahler moduli T are stabilized at self-dual points with DF TE = 0, while DF SE 6= 0,so that, in the absen
e of an anomalous U(1), supersymmetry breaking is dilaton mediated [17℄. Inthe presen
e of an anomalous U(1), vev's of D-terms are generi
ally generated as well and tend todominate supersymmetry breaking; these may be problemati
 for phenomenology. On the plus side,at least some of the degenera
y of the �A va
uum is lifted by �A 
ouplings to the 
ondensates [18℄.To brie
y summarize the phenomenology of these models, the 
ondition of vanishing va
uum en-ergy introdu
es the �-fun
tion 
oeÆ
ient of the 
ondensing gauge group G
 into the supersymmetrybreaking parameters in su
h a way as to generate a variety of mass hierar
hies. De�ningb
 = 116�2 (3C
 � C
M ) ; (2.8)where C
(C
M ) is the adjoint (matter) quadrati
 Casimir for G
, in the absen
e of an anomalousU(1) one has at the 
ondensation s
ale [17℄ (one 
an also have m0 � mT � m 32 if gauge-
hargedmatter 
ouples to the GS term)m0 = m 32 ; ma12 = 4b2
9 ga(�
)m 32 ;mT � bb
m 32 ; mS � b�2
 m 32 ; ma = 0: (2.9)where m0; 12 ; 32 refer to observable se
tor s
alars and gauginos, and the gravitino, respe
tively; mT;S;aare the K�ahler moduli, dilaton and universal axion masses. The expression for mT assumes b� b
,where b is the �-fun
tion 
oeÆ
ient appearing in the modular invarian
e restoring GS term [13℄.For example in the absen
e of Wilson lines, b = bE8 � :57, and viable s
enarios for ele
troweaksymmetry breaking [24℄ and for neutralinos as dark matter [25℄ require b
 � :05 � :06. Thesenumbers give desirably large moduli and dilaton masses, while the s
alar/gaugino mass ratio isperhaps un
omfortably large, but no worse than in many other models.When Wilson lines are present the 
ondition b � b
 may not hold; for example b
 = b ina Z3 
ompa
ti�
ation [10℄ with an SO(10) hidden se
tor gauge group; this would give vanishingT-moduli masses in the above 
lass of models. However when an anomalous U(1) is present, the T-moduli 
ouplings to the 
ondensates are modi�ed, giving additional 
ontributions to their masses,7



and a hierar
hy with respe
t to the gravitino mass 
an still be maintained [18℄. In this s
enariothe gaugino, dilaton and axion masses are determined only by the dilaton potential, as before.A stable va
uum with a positive metri
 for the dilaton is most easily a
hieved in a \minimal"
lass of models in whi
h the number of Standard Model (SM) gauge singlets that get vev's at thes
ale �D is equal to the number m of broken U(1)'s (in whi
h 
ase there are no massless \D-moduli" [23℄ asso
iated with the degenera
y of the U(1)-
harged �A va
uum), or N repli
as ofthese with identi
al U(1) 
harges [yielding (N � 1)m D-moduli℄. In this 
ase the gaugino, dilatonand axion2 masses are un
hanged from (2.9). The most signi�
ant 
hange from the above s
enariois a D-term 
ontribution to s
alar squared masses m20 that is proportional to their U(1) 
harges.At weak 
oupling, and negle
ting nonperturbative e�e
ts, this term dominates the one in (2.9) by afa
tor b�2
 � 1, and is not positive semi-de�nite. Thus unless SM parti
les are un
harged under thebroken U(1)'s (or have 
harges that, in a well-de�ned sense [18℄, are orthogonal to those of the �Awith large vev's), these models are seriously 
hallenged by the SM data: a very high s
alar/gauginomass ratio for positive m20, and the danger of 
olor and ele
tromagneti
 
harge breaking if m20 < 0.3 QFT quantum 
orre
tionsThe above results were obtained at tree level in the e�e
tive supergravity theory for gaugino 
onden-sation, whi
h in
ludes QFT and string quantum 
orre
tions to the strongly 
oupled gauge se
torwhose elementary degrees of freedom have been integrated out, as well as the four dimensionalGreen-S
hwarz (GS) terms needed at the quantum level to 
an
el �eld theory anomalies. In addi-tion, the logarithmi
ally divergent and �nite (\anomaly mediated" [2, 3, 27℄) one-loop 
orre
tionsto soft supersymmetry-breaking parameters have been extensively studied [28, 4℄. These analysesdid not in
lude quadrati
ally divergent loop 
orre
tions whi
h are proportional to terms in the treeLagrangian, and are suppressed by the loop expansion parameter� = 1=16�2: (3.10)However, sin
e some of these terms have 
oeÆ
ients proportional to the number of �elds in thee�e
tive supergravity theory, it has been argued that they may not be negligible. In parti
ular, their
ontributions to the 
osmologi
al 
onstant [29℄ and to 
avor 
hanging neutral 
urrents [30℄ havebeen emphasized. Both are important for the phenomenology of the above 
ondensation models;thus we need to revisit [31℄ their e�e
ts.2The possibility that an axion mass may be generated by higher dimension operators [16℄ is under study [26℄.8



When lo
al supersymmetry is broken, there is a quadrati
ally divergent one-loop 
ontributionto the va
uum energy [32℄ hV1�loopi 3 �232�2 DSTrM2E ; (3.11)where M is the �eld-dependent mass matrix, and the gravitino 
ontribution is gauge dependent.For example in minimal supergravity [1℄ with N� 
hiral and NG Yang-Mills super�elds, one obtains,using the gravitino gauge �xing pro
edure of Ref [33℄.hÆV1�loopi 3 �216�2 �N�m20 �NGm212 + 2m232� : (3.12)In the MSSM we have N� = 49 and NG = 12. The mu
h larger �eld 
ontent of a typi
al Z3 orbifold
ompa
ti�
ation [34, 19℄ of the E8
E8 heteroti
 string has N� >� 300 and NG <� 65, suggesting [29℄that this 
ontribution to the va
uum energy is always positive.However, in order to maintain manifest supersymmetry, a supersymmetri
 regularization ofultraviolet divergen
es must be used. Pauli-Villars (PV) regularization [35℄ meets this 
riterion.The regulation of quadrati
 divergen
es requires a priori two subtra
tions; in the 
ontext of PVregularization, the number S of subtra
tions is the number of PV �elds for ea
h light �eld. On
ethe divergen
es are regulated (i.e. eliminated), we are left with the repla
ement�2STrM2 ! STr�2M2 ln(�2)�S ; �S = SXq=1 �q�q ln�q; (3.13)where � represents the s
ale of new physi
s, and the parameter �S re
e
ts the un
ertainty in thethreshold for the onset of this new physi
s. The squared PV mass of the 
hiral supermultiplet �qis �q�2 (so �q > 0), and �q = �1 is the 
orresponding PV signature. The sign of the e�e
tive
ut-o� is determined by the sign of �S , whi
h is positive de�nite only3 if S � 3. Can
ellation ofall the ultraviolet divergen
es of a general supergravity theory requires [37℄ at least 5 PV 
hiralmultiplets for every light 
hiral multiplet and even more PV supermultiplets to regulate gaugeloops. Therefore one 
annot assume that the e�e
tive 
ut-o�s are all positive.More importantly, the Lagrangian 
onstru
ted using a simple 
ut-o� does not respe
t super-symmetry. With a supersymmetri
 PV regularization, PV masses arise from quadrati
 
ouplingsin the superpotential WPV 3 �IJ(Zk)ZIPV ZJPV ; Zk��� = zk: (3.14)3See appendix C of [36℄. and the dis
ussion in [31℄. 9



Then the squared 
ut-o� in (3.12) is repla
ed by suitably weighted linear 
ombinations of PVsquared masses �2 ! (M2)IJ = eKKI �K(z)K �LM (z)�� �K �L(�z)�MJ(z) (3.15)that are generally �eld-dependent. Moreover, the 
ouplings (3.14) indu
e additional terms pro-portional to M2 that 
annot be obtained by a straight 
ut-o� pro
edure. The resulting e�e
tiveLagrangian takes the form [35℄L1eff = Ltree(g;K) + L1�loop = Ltree(gR;KR) +O(� ln�2eff ) +O(�2); (3.16)where KR = K +�K (3.17)is the renormalized superpotential. The a
tion obtained in this way is only perturbatively super-symmetri
: ÆS1eff = Z d4xÆL1eff = O(�2): (3.18)Writing �K = �2 hN�2� � 4NG�2G +O(1)�2gravi+O(� ln�2eff ) +O(�2); (3.19)where ��;G;grav are the e�e
tive 
ut-o�s for 
hiral, gauge and gravity loops, and �eff is a generi
e�e
tive 
uto�, if N�; NG � ��1, we must retain the full e�e
tive Lagrangian as derived fromKR. This amounts to resuming the leading terms in �N�2eff , with the result, as di
tated bysupersymmetry, just a 
orre
tion to the K�ahler potential. I will dis
uss the 
onsequen
es of this
orre
tion in the remainder of this se
tion.3.1 The va
uum energyConsider �rst the possibility that we 
an 
hoose the Zk-dependen
e of the PV K�ahler potentialand superpotential su
h that the e�e
tive 
uto�s are 
onstant. For example, one needs PV super-�elds ZIPV with the same K�ahler metri
 as the light super�elds Zi: KZI �M = Ki �m: If we introdu
esuper�elds YI with K�ahler metri
: KI �MY = e�KK�1i �m = e�KKi �m; the superpotential 
ouplingWPV = �ZIYI (3.20)yields a 
onstant squared mass M2 = �2 if � is 
onstant, and the quantum 
orre
ted potential justreads Veff = D + e�K �F iKi �mF �m � 3m232�tree +O(� ln�2eff ): (3.21)10



If supersymmetry breaking is F-term indu
ed: hDi = 0, the tree level 
ondition �F iKi �mF �m = 3m232�for vanishing va
uum energy is unmodi�ed by these quantum 
orre
tions.However not all PV masses 
an be 
hosen to be 
onstant be
ause of the anomaly asso
iatedwith K�ahler transformations K(Z; �Z)! K(Z; �Z)+F (Z)+ �F ( �Z) that leave the 
lassi
al Lagrangianinvariant. In the presen
e, for example, of an anomalous U(1)X , with generator TX , there is aquadrati
ally divergent term proportional to TrTX�2 that 
annot be 
an
eled by U(1)X -invariantPV mass terms, sin
e the 
ontribution to TrTX from ea
h pair in the invariant superpotential
an
els. As a 
onsequen
e, there must be some PV masses / eaVX , where VX is the U(1)X ve
torsuper�eld. Similarly, in the presen
e of a K�ahler anomaly there is a termL1�loop 3 
�Ki �mD�ziD��z �m�2; (3.22)that 
annot be 
an
eled unless some PV super�elds have massesM2PV / e�K . In addition, PV reg-ulation of the gauge + dilaton se
tor requires some PV masses proportional to the �eld-dependentstring-s
ale gauge 
oupling 
onstant: M2PV / g2s(s; �s) = 2(s+ �s)�1:What might be the e�e
ts of this �eld-dependen
e on the 
ondensation models des
ribed above?The modular invarian
e of these models assures that the moduli T are stabilized at self-dual pointswith vanishing auxiliary �elds: DF TE = 0. Supersymmetry breaking is dilaton-dominated and the
ondition for vanishing va
uum energy at tree level in the e�e
tive theory relates DF SE to thegravitino mass whi
h in turn 
onstrains the dilaton K�aher metri
:2p3b
 � :05 � �K� 12S �S �� �K� 12S �S �����
lassi
al = 2g�2s � 4; (3.23)with the approximate value of gs inferred from low energy data. It is 
lear that (3.23) 
annot besatis�ed without a modi�
ation of the K�ahler potential for the dilaton; the approa
h [15℄ used hereis to invoke nonperturbative string [14℄ and/or QFT [16℄ 
orre
tions to the dilaton K�ahler potential.Avoiding dangerously large D-term 
ontributions to s
alar masses in the presen
e of an anomalousU(1) may further require [18℄�hKSi � 32b�1
 � 30� � hKSij
lassi
al = g2s=2 � 1=4; (3.24)suggesting that weak 
oupling may not be viable [6, 38, 39℄. On the other hand, if � � Ce�K , withC�n large and positive, it might be possible to reinterpret part of the needed modi�
ation of thedilaton K�ahler potential in terms of perturbative quantum 
orre
tions [31℄.11



3.2 Flavor Changing Neutral CurrentsThe tree potential of an e�e
tive supergravity theory in
ludes a termVtree 3 eKKiK�|Ki�|jW j2; (3.25)and the quadrati
ally divergent one-loop 
orre
tions generate a termV1�loop 3 eKKiK�|Ri�|jW j2; Ri�| = Ki�kR�klKk�|: (3.26)where Ri�| is the K�ahler Ri

i tensor. The 
ontribution (3.26) simply re
e
ts the fa
t that theleading divergent 
ontribution in a nonlinear sigma model is a 
orre
tion to the K�ahler metri
proportional to the Ri

i tensor (when
e, e.g., the requisite Ri

i 
atness of two dimensional 
on-formal �eld theories). Sin
e the Ri

i tensor involves a sum of K�ahler Riemann tensor elementsover all 
hiral degrees of freedom, a large, order N�, 
oeÆ
ient may be generated [30℄. However,the supersymmetri
 
ompletion of the potential in any given order in perturbation theory yields(in the absen
e of D-term 
ontributions) the s
alar squared mass matrix(m2)ij = Æijm232 � D ~REijk �m ~F k ~�F �m; (3.27)where ~Rijk �m is an element of the Riemann tensor derived from the fully renormalized K�ahler metri
,and ~F i is the auxiliary �eld for the 
hiral super�eld �i, evaluated by its equation of motion usingthe quantum 
orre
ted Lagrangian. Sin
e the latter is perturbatively modular invariant, the K�ahlermoduli tI are still stabilized at self-dual points with D ~F TE = 0. Classi
ally we have RABS �S = 0where the indi
es A;B refer to gauge-
harged �elds in the observable se
tor. This need not be trueat the quantum level. For example, if, as suggested above, the quantum 
orre
tion to the K�ahlerpotential in
ludes a term �K = 132�2 STr�2eff 3 
N�32�2 e�K ; (3.28)we get D ~RABS �SE = ÆAB 
N�32�2�2e�K (KS �S + �KSK �S) ; (3.29)whi
h is 
avor diagonal, and therefore FCNC safe.4 R-parityThe self-dual va
ua DtIE = Tsd = 1 or ei�=6 (4.30)12



are invariant under (2.6) withbI = �
I = �1; aI = dI = 0 or ( aI = bI ; dI = 0dI = 
I ; aI = 0 ; F I = ni�2 or ni�3 : (4.31)The hidden se
tor 
ondensates that get vev's break this further to a subgroup GR withiImF = F =XI F I = 2ni�; (4.32)under whi
h �L ! e� i2 ImF�L = ��L. Observable se
tor gauge-
harged matter 
hiral supermulti-plets transform as �A ! eiÆA+PI nAI F I�A = R(F I ; nAI )�A: (4.33)For example a Z3 orbifold has untwisted se
tor �elds UAI , and twisted se
tor �elds TA and Y AIwith modular weights�nAJI �U = ÆJI ; nAI = �23 ; 23 ; 23� ; �nAJI �Y = �23 ; 23 ; 23�+ ÆJI ; (4.34)and moduli independent phasesÆU = 0; ÆT = �23Æ; ÆY J = �23Æ � 4ÆI ; Æ =X ÆI ; (4.35)with Æ = 2�n for the subgroup de�ned by (4.32). If some modular 
ovariant �elds �A a
quire largevev's that break some U(1) gauge fa
tors near the string s
ale, the transformation property (4.33)
an be modi�ed to in
lude a dis
rete U(1)a transformations su
h that the va
uum remains invariant.Similarly, below the ele
troweak s
ale where the Higgs �elds a
quire vev's the residual symmetryinvolves a dis
rete transformation under the U(1)w of the SM su
h that R(Hu) = R(Hd) = 1 (thepresen
e of a �-term requires R(Hu)R(Hd) = 1). Then we obtain an e�e
tive R-parity that forbidsbaryon and lepton number violation while allowing other MSSM 
ouplings provided the remainingMSSM 
hiral supermultiplets have R-
harges R(�A) = R(F I ; nAI ; qaA) that satisfy [40℄R(Q) = e2i�� ; R(Q
) = e�2i�� ; R(L) = e2i��; R(L
) = e�2i��; (4.36)with � 6= n3 ; 0 < �; � < 1: Sin
e these phases need not be �1, dimension-�ve operators that violatebaryon and lepton number will also be forbidden provided 3� + � 6= n, whi
h is an advantage overthe 
onventional de�nition of R-parity. 13



5 Issues and open questionsOther issues relevant to the viability of the WCHS are under a
tive investigation. They in
lude� Can the universal axion be identi�ed with the QCD/Pe

ei-Quinn axion [26℄?� Will the LHC be able to distinguish the WCHS from other s
enarios [41℄?� Is there a spe
i�
 va
uum of the WCHS su
h that{ The �-fun
tion of the hidden se
tor 
ondensing gauge group yields viable ele
troweaksymmetry breaking and dark matter s
enarios [e.g. b
 � :05 � :06 in the absen
e of ananomalous U(1)℄?{ D-term 
ontributions to squark, slepton and Higgs masses are absent or highly sup-pressed?{ The desired R-parity emerges [40℄?{ A see-saw me
hanism for neutrino masses is present [42℄?{ A �-parameter of about a TeV is natural [43℄?{ The 
orre
t Yukawa textures arise [44℄?In the present 
ontext suppression of Yukawa 
ouplings 
ould be due to string sele
tion rules thatallow some superpotential 
ouplings only in terms of very high dimension: W 3 QiQ
jHQnijA=1�A,with vev's D�AE � (:1� :01)mPlan
k arising at the U(1)X -breaking s
ale �D.There is a 
omplete 
lassi�
ation of the observable [34℄ and hidden [19℄ se
tors of Z3 orbifolds,but only one of these [10℄ has been studied in detail, and it fails the above tests. A more 
ompletesurvey of heteroti
 string va
ua 
ould help to determine if any s
enario of the 
lass 
onsidered heremight be able to des
ribe nature. A more general list of interesting questions about the relevan
eof string theory to the real world 
an be found in [45℄.A
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