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Theselecturespresentsom etopicsofstringphenom enology and contain two

parts.

In the �rstpart,Ireview the possibility oflowering the string scale in the

TeV region,thatprovidesa theoreticalfram ework forsolving the m asshierar-

chy problem and unifying allinteractions. The apparent weakness ofgravity

can then beaccounted by theexistenceoflargeinternaldim ensions,in thesub-

m illim eterregion,and transverse to a braneworld where ouruniverse m ustbe

con�ned. Ireview the m ain propertiesofthisscenario and itsim plicationsfor

observations at both particle colliders,and in non-accelerator gravity experi-

m ents.

In the second part,Idiscussa sim ple fram ework oftoroidalstring m odels

with m agnetized branes,thato�ersan interestingself-consistentsetup forstring

phenom enology. Iwillpresent an algorithm for �xing the geom etric param e-

tersofthe com pacti�cation,build calculable particle physicsm odelssuch asa

supersym m etricSU (5)G rand Uni�ed Theory with threegenerationsofquarks

and leptons,and im plem ent low energy supersym m etry breaking with gauge

m ediation thatcan be studied directly atthe string level.
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1 Introduction

During the last few decades,physics beyond the Standard M odel(SM ) was

guided from the problem ofm ass hierarchy. This can be form ulated as the

question ofwhy gravity appears to us so weak com pared to the other three

known fundam entalinteractions corresponding to the electrom agnetic, weak

and strong nuclearforces.Indeed,gravitationalinteractionsare suppressed by

a very high energy scale,the Planck m ass M P � 1019 G eV,associated to a

length lP � 10� 35 m , where they are expected to becom e im portant. In a

quantum theory,the hierarchy im plies a severe �ne tuning ofthe fundam en-

talparam etersin m ore than 30 decim alplaces in orderto keep the m assesof

elem entary particlesattheirobserved values. The reason isthatquantum ra-

diative corrections to allm asses generated by the Higgs vacuum expectation

value (VEV)areproportionalto the ultravioletcuto� which in the presenceof

gravity is�xed by the Planck m ass. Asa result,allm assesare \attracted" to

becom eabout1016 tim esheavierthan theirobserved values.

Besidescom positeness,there are three m ain ideasthathavebeen proposed

and studied extensively during the last years,corresponding to di�erent ap-

proaches ofdealing with the m ass hierarchy problem . (1) Low energy super-

sym m etry with allsuperparticlem assesin theTeV region.Indeed,in thelim it

ofexactsupersym m etry,quadratically divergentcorrectionsto the Higgsself-

energy areexactly cancelled,whilein thesoftly broken case,they arecuto� by

the supersym m etry breaking m ass splittings. (2) TeV scale strings,in which

quadratic divergencesare cuto� by the string scale and low energy supersym -

m etry isnotneeded. (3)Splitsupersym m etry,where scalarm assesare heavy

whileferm ions(gauginosand higgsinos)arelight.Thus,gaugecouplinguni�ca-

tion and dark m attercandidatearepreserved butthem asshierarchy should be

stabilized by a di�erentway and thelow energy world appearsto be�ne-tuned.

Alltheseideasareexperim entally testableathigh-energy particlecollidersand

in particularatLHC.Below,Idiscusstheirim plem entation in string theory.

The appropriate and m ostconvenientfram ework forlow energy supersym -

m etry and grand uni�cation istheperturbativeheteroticstring.Indeed,in this

theory,gravity and gaugeinteractionshavethe sam eorigin,asm asslessm odes

ofthe closed heteroticstring,and they areuni�ed atthestring scaleM s.Asa

result,the Planck m assM P ispredicted to be proportionalto M s:

M P = M s=g; (1)

whereg isthegaugecoupling.In thesim plestconstructionsallgaugecouplings

arethe sam eatthestring scale,given by the four-dim ensional(4d)string cou-

pling,and thusno grand uni�ed group isneeded foruni�cation.In ourconven-

tions�G U T = g2 ’ 0:04,leading to a discrepancy between thestring and grand

uni�cation scaleM G U T by alm osttwo ordersofm agnitude.Explainingthisgap

introducesin generalnew param etersora new scale,and the predictive power

is essentially lost. This is the m ain defect ofthis fram ework,which rem ains

though an open and interesting possibility [1].
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The other two ideas have both as naturalfram ework ofrealization type I

string theory with D-branes. Unlike in the heterotic string,gauge and gravi-

tationalinteractionshave now di�erentorigin. The latterare described again

by closed strings,while the form er em erge as excitations ofopen strings with

endpointscon�ned on D-branes[2]. Thisleadsto a braneworld description of

our universe,which should be localized on a hypersurface,i.e. a m em brane

extended in p spatialdim ensions,called p-brane (see Fig.1). Closed strings

propagate in allnine dim ensionsofstring theory:in those extended along the

p-brane,called parallel,aswellasin thetransverseones.O n thecontrary,open

strings are attached on the p-brane. O bviously,our p-brane world m ust have

open string

closed string

Extra dimension(s) perp. to the brane

M
in

k
o

w
sk

i 
3

+
1

 d
im

en
si

o
n

s

d   extra dimensions

||

p=3+d -dimensional brane
// 

3-dimensional brane

Figure 1: In the type I string fram ework,our Universe contains,besides the three

known spatialdim ensions(denoted by a singleblueline),som eextra dim ensions(dk =

p� 3)parallelto ourworld p-brane(green plane)whereendpointsofopen stringsare

con� ned, as well as som e transverse dim ensions (yellow space) where only gravity

described by closed stringscan propagate.

at least the three known dim ensions ofspace. But it m ay contain m ore: the

extra dk = p � 3 paralleldim ensions m ust have a �nite size,in order to be

unobservableatpresentenergies,and can be aslargeasTeV � 1 � 10� 18 m [3].

O n the otherhand,transversedim ensionsinteractwith usonly gravitationally

and experim entalboundsarem uch weaker:theirsizeshould belessthan about

0.1 m m [4]. In the following,I review the m ain properties and experim ental

signaturesoflow string scalem odels[5,6].

Theselectureshavetwo parts.In the�rstpart,contained in sections2 to 6,

Idescribe the im plem entation,the propertiesand the m ain phyicalproperties

of low scale string theories. In the second part, contained in the following

sections,starting from section 7,Idiscussa sim ple fram ework oftoroidaltype

Istring com pacti�cations with in generalhigh string scale,in the presence of
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m agnetized branes,that can be used for m odulistabilization,m odelbuilding

and supersym m etry breaking.

2 Fram ework oflow scale strings

In type I theory,the di�erent origin ofgauge and gravitationalinteractions

im plies thatthe relation between the Planck and string scalesisnotlinearas

(1)oftheheteroticstring.Therequirem entthatstringtheory should beweakly

coupled,constrain thesizeofallparalleldim ensionsto beoforderofthestring

length,whiletransversedim ensionsrem ain unrestricted.Assum ing an isotropic

transverse space ofn = 9� p com pactdim ensionsofcom m on radiusR ? ,one

�nds:

M
2

P =
1

g4
M

2+ n
s R

n
? ; gs ’ g

2
: (2)

where gs is the string coupling. It follows that the type I string scale can

be chosen hierarchically sm aller than the Planck m ass [5,7]atthe expense of

introducingextralargetransversedim ensionsfeltonly by gravity,whilekeeping

the string coupling sm all[5]. The weakness of4d gravity com pared to gauge

interactions(ratioM W =M P )isthen attributed tothelargenessofthetransverse

spaceR ? com pared to the string length ls = M � 1
s .

An im portant property ofthese m odels is that gravity becom es e�ectively

(4+ n)-dim ensionalwith astrength com parabletothoseofgaugeinteractionsat

thestringscale.The�rstrelation ofEq.(2)can beunderstood asaconsequence

ofthe (4+ n)-dim ensionalG ausslaw forgravity,with

M
(4+ n)
� = M

2+ n
s =g

4 (3)

the e�ective scale ofgravity in 4 + n dim ensions. Taking M s ’ 1 TeV,one

�nds a size for the extra dim ensions R ? varying from 108 km ,.1 m m ,down

to a Ferm ifor n = 1;2,or 6 large dim ensions,respectively. This shows that

while n = 1 is excluded,n � 2 is allowed by presentexperim entalbounds on

gravitationalforces [4,8]. Thus,in these m odels,gravity appears to us very

weak atm acroscopicscalesbecauseitsintensity isspread in the\hidden" extra

dim ensions.Atdistancesshorterthan R ? ,itshould deviatefrom Newton’slaw,

which m ay be possibleto explorein laboratory experim ents(seeFig.2).

Them ain experim entalim plicationsofTeV scalestringsin particleacceler-

atorsareofthreetypes,in correspondencewith thethreedi�erentsectorsthat

are generally present: (i)new com pacti�ed paralleldim ensions,(ii)new extra

large transverse dim ensions and low scale quantum gravity,and (iii) genuine

string and quantum gravity e�ects. O n the otherhand,there existinteresting

im plications in non accelerator table-top experim ents due to the exchange of

gravitonsorotherpossiblestatesliving in the bulk.
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Figure2:Torsion pendulum thattested Newton’slaw at55 �m .

3 Experim entalim plications in accelerators

3.1 W orld-brane extra dim ensions

In this case RM s
>� 1,and the associated com pacti�cation scale R � 1

k
would

be the �rstscale ofnew physicsthatshould be found increasing the beam en-

ergy [3,9,10].Thereareseveralreasonsfortheexistenceofsuch dim ensions.It

isa logicalpossibility,sinceoutofthesix extradim ensionsofstring theory only

two are needed for lowering the string scale,and thus the e�ective p-brane of

ourworld hasin generaldk � p� 3� 4.M oreover,they can beused to address

severalphysicalproblem sin braneworld m odels,such asobtaining di�erentSM

gauge couplings,explaining ferm ion m asshierarchiesdue to di�erentlocaliza-

tion pointsofquarksand leptonsin the extra dim ensions,providing calculable

m echanism sofsupersym m etry breaking,etc.

The m ain consequence is the existence ofK aluza-K lein (K K ) excitations

forallSM particlesthatpropagate along the extra paralleldim ensions. Their

m assesaregiven by:

M
2

m = M
2

0 +
m 2

R 2

k

; m = 0;� 1;� 2;::: (4)

wherewe used dk = 1,and M 0 isthe higherdim ensionalm ass.Thezero-m ode

m = 0 is identi�ed with the 4d state,while the higher m odes have the sam e

quantum num berswith thelowestone,exceptfortheirm assgiven in (4).There

aretwotypesofexperim entalsignaturesofsuch dim ensions[9,11,12]:(i)virtual

exchangeofK K excitations,leading to deviationsin cross-sectionscom pared to

6



theSM prediction,thatcan beused to extractboundson thecom pacti�cation

scale;(ii)directproduction ofK K m odes.

O n generalgrounds,there can be two di�erentkindsofm odelswith quali-

tatively di�erentsignaturesdepending on the localization propertiesofm atter

ferm ion �elds.Ifthe latterare localized in 3d brane intersections,they do not

haveexcitationsand K K m om entum isnotconserved becauseofthebreakingof

translation invariancein theextradim ension(s).K K m odesofgaugebosonsare

then singly produced givingrisetogenerally strongboundson thecom pacti�ca-

tion scaleand new resonancesthatcan beobserved in experim ents.O therwise,

they can be produced only in pairs due to the K K m om entum conservation,

m aking the boundsweakerbutthe resonancesdi�cultto observe.

W hen theinternalm om entum isconserved,theinteraction vertex involving

K K m odeshasthesam e4d tree-levelgaugecoupling.O n theotherhand,their

couplingsto localized m atter have an exponentialform factorsuppressing the

interactionsofheavy m odes. This form factorcan be viewed as the fact that

the branesintersection hasa �nite thickness.Forinstance,the coupling ofthe

K K excitationsofgauge�eldsA �(x;y)=
P

m
A �
m expi

m y

R k

to thechargedensity

j�(x)ofm asslesslocalized ferm ionsisdescribed by the e�ective action [13]:

Z

d
4
x
X

m

e
� ln 16

m 2l2
s

2R 2
k j�(x)A

�
m (x): (5)

AfterFouriertransform in position space,itbecom es:

Z

d
4
xdy

1

(2� ln16)2
e
�

y
2
M

2
s

2 ln 16 j�(x)A
�(x;y); (6)

from which weseethatlocalized ferm ionsform aG aussian distribution ofcharge

with a width � =
p
ln16ls � 1:66ls.

To sim plify the analysis,let us consider �rst the case dk = 1 where som e

ofthe gauge �eldsarise from an e�ective 4-brane,while ferm ionsare localized

stateson brane intersections. Since the corresponding gauge couplingsare re-

duced by thesizeofthelargedim ension R kM s com pared to theothers,onecan

accountforthe ratio ofthe weak to strong interactionsstrengthsifthe SU (2)

brane extends along the extra dim ension,while SU (3)does not. As a result,

there are 3 distinct casesto study [12],denoted by (t;l;l),(t;l;t)and (t;t;l),

where the three positions in the brackets correspond to the three SM gauge

group factors SU (3)� SU (2)� U (1) and those with l(longitudinal) feelthe

extra dim ension,while thosewith t(transverse)do not.

In the(t;l;l)case,there areK K excitationsofSU (2)� U (1)gaugebosons:

W
(m )

� ,(m ) and Z (m ). Perform ing a �2 �tofthe electroweak observables,one

�ndsthatiftheHiggsisa bulk state(l),R
� 1

k
>� 3:5 TeV [14].Thisim pliesthat

LHC can produceatm ostthe �rstK K m ode.Di�erentchoicesforlocalization

ofm atterand Higgs�eldslead to bounds,lying in the range1� 5 TeV [14].

In addition to virtuale�ects,K K excitations can be produced on-shellat

LHC as new resonances [11](see Fig.3). There are two di�erent channels,
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Figure 3: Production ofthe � rst K K m odes ofthe photon and ofthe Z boson at

LHC,decaying to electron-positron pairs. The num berofexpected events is plotted

asa function ofthe energy ofthe pairin G eV.From highestto lowest: excitation of

 + Z, and Z.

neutralDrell{Yan processespp ! l+ l� X and the charged channell� �,corre-

sponding to the production ofthe K K m odes(1);Z (1) and W
(1)

� ,respectively.

The discovery lim itsare about6 TeV,while the exclusion bounds15 TeV.An

interesting observation in the case of(1) + Z (1) isthatinterferencescan lead

to a \dip" just before the resonance. There are som e waysto distinguish the

corresponding signalsfrom otherpossibleorigin ofnew physics,such asm odels

with new gauge bosons. In fact,in the (t;l;l) and (t;l;t) cases,one expects

two resonanceslocated practically atthesam em assvalue.Thisproperty isnot

shared by m ostofother new gauge boson m odels. M oreover,the heights and

widthsoftheresonancesaredirectly related to thoseofSM gaugebosonsin the

corresponding channels.

In the (t;l;t) case, only the SU (2) factor feels the extra dim ension and

the lim its setby the K K statesofW � rem ain the sam e. O n the other hand,

in the (t;t;l) case where only U (1)Y feels the extra dim ension,the lim its are

weakerand the exclusion bound is around 8 TeV.In addition to these sim ple

possibilities,brane constructions lead often to cases where part ofU (1)Y is t

and partisl.IfSU (2)islthe lim itscom eagain from W � ,while ifitistthen

itwillbe di�cultto distinguish this case from a generic extra U (1)0. A good

statistics would be needed to see the deviation in the tailofthe resonance as

being dueto e�ectsadditionalto thoseofa genericU (1)0resonance.Finally,in

thecaseoftwo orm oreparalleldim ensions,thesum in theexchangeoftheK K

m odesdivergesin the lim itR kM s > > 1 and needsto be regularized using the

form factor(5). Cross-sectionsbecom e biggeryielding strongerbounds,while

8



Table1:Lim itson R ? in m m .

E xperim ent n = 2 n = 4 n = 6

Colliderbounds

LEP 2 5� 10
�1

2� 10
�8

7� 10
�11

Tevatron 5� 10
�1

10
�8

4� 10
�11

LHC 4� 10
�3

6� 10
�10

3� 10
�12

NLC 10
�2

10
�9

6� 10
�12

Presentnon-colliderbounds

SN 1987A 3� 10
�4

10
�8

6� 10
�10

C O M P T E L 5� 10
�5

- -

resonancesarecloserim plying thatm oreofthem could be reached by LHC.

O n the other hand,ifallSM particles propagate in the extra dim ension

(called universal)1, K K m odes can only be produced in pairs and the lower

bound on the com pacti�cation scalebecom esweaker,oforderof300-500 G eV.

M oreover,no resonancescan beobserved atLHC,so thatthisscenario appears

very sim ilar to low energy supersym m etry. In fact,K K parity can even play

theroleofR-parity,im plying thatthelightestK K m odeisstableand can bea

dark m attercandidatein analogy to the LSP [15].

3.2 Extra large transverse dim ensions

The m ain experim entalsignalis gravitationalradiation in the bulk from any

physicalprocesson theworld-brane.In fact,thevery existenceofbranesbreaks

translation invariancein thetransversedim ensionsand gravitonscan beem itted

from the brane into the bulk. During a collision ofcenterofm assenergy
p
s,

there are � (
p
sR ? )

n K K excitations ofgravitonswith tiny m asses,that can

be em itted. Each ofthese stateslooksfrom the 4d pointofview asa m assive,

quasi-stable,extrem ely weakly coupled (s=M 2
P suppressed)particlethatescapes

from the detector.The totale�ectisa m issing-energy cross-section roughly of

order:

(
p
sR ? )

n

M 2
P

�
1

s

� p
s

M s

� n+ 2

: (7)

Explicit com putation of these e�ects leads to the bounds given in Table 1.

However,largerradiiare allowed ifone relaxesthe assum ption ofisotropy,by

taking forinstancetwo largedim ensionswith di�erentradii.

Fig.4 showsthecross-section forgraviton em ission in thebulk,correspond-

ing to the process pp ! jet+ graviton at LHC,together with the SM back-

ground [16]. For a given value ofM s,the cross-section for graviton em ission

decreases with the num ber oflarge transverse dim ensions,in contrast to the

1A lthough interesting,thisscenario seem sdi� cultto berealized,since4d chirality requires

non-trivialaction oforbifold twistswith localized chiralstates atthe � xed points.
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n

n

M (4+n)

Figure4:M issing energy duetograviton em ission atLHC,asafunction ofthehigher-

dim ensionalgravity scale M �,produced together with a hadronic jet. The expected

cross-section is shown for n = 2 and n = 4 extra dim ensions,together with the SM

background.

caseofparalleldim ensions.The reason isthatgravity becom esweakerifthere

are m ore dim ensionsbecause there ism ore space forthe gravitational�eld to

escape. There isa particularenergy and angulardistribution ofthe produced

gravitonsthatarise from the distribution in m assofK K statesofspin-2.This

can be contrasted to othersourcesofm issing energy and m ightbe a sm oking

gun forthe extra dim ensionalnatureofsuch a signal.

In Table 1,there are also included astrophysicaland cosm ologicalbounds.

Astrophysicalbounds [17,18]arise from the requirem ent that the radiation

of gravitons should not carry on too m uch of the gravitationalbinding en-

ergy released during core collapse ofsupernovae. In fact,the m easurem ents

ofK am iokande and IM B for SN1987A suggest that the m ain channelis neu-

trino uxes. The bestcosm ologicalbound [19]isobtained from requiring that

decay ofbulk gravitonsto photonsdo notgeneratea spike in the energy spec-

trum ofthephoton background m easured by theCO M PTEL instrum ent.Bulk

gravitonsare expected to be produced justbefore nucleosynthesisdue to ther-

m alradiation from the brane. The lim itsassum e thatthe tem perature wasat

m ost1 M eV asnucleosynthesisbegins,and becom e strongeriftem perature is

increased.

3.3 String e�ects

Atlow energies,the interaction oflight(string)statesisdescribed by an e�ec-

tive�eld theory.Theirexchangegeneratesin particularfour-ferm ion operators

thatcan beused to extractindependentboundson thestring scale.In analogy

10



with the boundson longitudinalextra dim ensions,therearetwo casesdepend-

ing on the localization propertiesofm atterferm ions. Ifthey com e from open

stringswith both endson the sam e stack ofbranes,exchange ofm assive open

string m odes gives rise to dim ension eight e�ective operators,involving four

ferm ionsand two space-tim ederivatives[13,20].The corresponding boundson

thestringscalearethen around 500G eV.O n theotherhand,ifm atterferm ions

arelocalized on non-trivialbraneintersections,oneobtainsdim ension six four-

ferm ion operatorsand theboundsbecom estronger:M s
>� 2� 3 TeV [6,13].At

energieshigherthan the string scale,new spectacularphenom ena areexpected

to occur,related to string physicsand quantum gravity e�ects,such aspossible

m icro-black hole production [21{23]. Particle acceleratorswould then becom e

the besttoolsforstudying quantum gravity and string theory.

4 Supersym m etry in the bulk and short range

forces

4.1 Sub-m illim eter forces

Besidesthespectacularpredictionsin accelerators,therearealso m odi�cations

ofgravitation in the sub-m illim eter range,which can be tested in \table-top"

experim entsthatm easuregravity atshortdistances.Therearethreecategories

ofsuch predictions:

(i) Deviations from the Newton’s law 1=r2 behavior to 1=r2+ n,which can be

observable for n = 2 large transverse dim ensions ofsub-m illim eter size. This

caseisparticularly attractiveon theoreticalgroundsbecauseofthelogarithm ic

sensitivity ofSM couplingson the size oftransverse space [24],thatallowsto

determ inethe hierarchy [25].

(ii)New scalarforcesin the sub-m illim eterrange,related to the m echanism of

supersym m etry breaking,and m ediated by lightscalar�elds’ with m asses[5,

26]:

m ’ ’
m 2

susy

M P

’ 10� 4 � 10� 6 eV ; (8)

for a supersym m etry breaking scale m susy ’ 1 � 10 TeV.They correspond

to Com pton wavelengths of 1 m m to 10 �m . m susy can be either 1=R k if

supersym m etry is broken by com pacti�cation [26],or the string scale ifit is

broken \m axim ally" on ourworld-brane[5].A universalattractivescalarforce

is m ediated by the radion m odulus ’ � M P lnR,with R the radius ofthe

longitudinalortransversedim ension(s).In theform ercase,theresult(8)follows

from the behaviorofthe vacuum energy density � � 1=R 4

k
forlarge R k (up to

logarithm ic corrections). In the latter,supersym m etry is broken prim arily on

the brane,and thusits transm ission to the bulk isgravitationally suppressed,

leading to (8). For n = 2,there m ay be an enhancem entfactorofthe radion

m assby lnR ? M s ’ 30 decreasingitswavelength by an orderofm agnitude[25].

The coupling ofthe radius m odulus to m atter relative to gravity can be
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easily com puted and isgiven by:

p
�’ =

1

M

@M

@’
; �’ =

8
<

:

@ ln � Q C D

@ ln R
’ 1

3
forR k

2n

n+ 2
= 1� 1:5 forR ?

(9)

where M denotes a generic physicalm ass. In the longitudinalcase,the cou-

pling arisesdom inantly through the radiusdependence ofthe Q CD gaugecou-

pling [26],while in the case oftransverse dim ension,it can be deduced from

the rescaling ofthe m etric which changesthe string to the Einstein fram e and

depends slightly on the bulk dim ensionality (� = 1� 1:5 for n = 2� 6) [25].

Such aforcecan betested in m icrogravityexperim entsand should becontrasted

with the change ofNewton’slaw due the presence ofextra dim ensionsthatis

observable only forn = 2 [4,8]. The resulting boundsfrom an analysisofthe

radion e�ectsare[27]:

M �
>� 6TeV : (10)

In principle there can be other light m oduli which couple with even larger

strengths. For exam ple the dilaton, whose VEV determ ines the string cou-

pling,ifit does not acquire large m ass from som e dynam icalsupersym m etric

m echanism ,can lead to a forceofstrength 2000 tim esbiggerthan gravity [28].

(iii)Non universalrepulsiveforcesm uch strongerthan gravity,m ediated by pos-

sibleabelian gauge�eldsin thebulk [17,29].Such �eldsacquiretiny m assesof

theorderofM 2
s=M P ,asin (8),dueto branelocalized anom alies[29].Although

their gauge coupling is in�nitesim ally sm all,gA � M s=M P ’ 10� 16,it is still

biggerthat the gravitationalcoupling E =M P fortypicalenergiesE � 1 G eV,

and the strength ofthe new force would be 106 � 108 stronger than gravity.

Thisisan interesting region which willbesoon explored in m icro-gravityexper-

im ents (see Fig.5). Note that in this case supernova constraintsim pose that

thereshould be atleastfourlargeextra dim ensionsin the bulk [17].

In Fig.5 we depict the actualinform ation from previous,presentand up-

com ing experim ents[8,25].The solid linesindicate the presentlim itsfrom the

experim entsindicated.Theexcluded regionslieabovethesesolid lines.M easur-

inggravitationalstrength forcesatshortdistancesischallenging.Thehorizontal

linescorrespond to theoreticalpredictions,in particularforthe graviton in the

casen = 2 and fortheradion in thetransversecase.Theselim itsarecom pared

to those obtained from particle acceleratorexperim entsin Table 1. Finally,in

Figs.6 and 7,we display recentim proved boundsfornew forcesatvery short

distancesby focusing on the lefthand sideofFig.5,nearthe origin [8].

4.2 B rane non-linear supersym m etry

W hen the closed string sectorissupersym m etric,supersym m etry on a generic

branecon�gurationisnon-linearlyrealizedeven ifthespectrum isnotsupersym -

m etricand brane�eldshaveno superpartners.Thereason isthatthegravitino

m ustcoupleto a conserved currentlocally,im plying theexistenceofa goldstino

on thebraneworld-volum e[30].Thegoldstinoisexactly m asslessin thein�nite
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Figure 5:Presentlim its on new short-range forces (yellow regions),asa function of

theirrange� and theirstrength relativeto gravity �.Thelim itsarecom pared to new

forcesm ediated by the graviton in the case oftwo large extra dim ensions,and by the

radion.

(transverse)volum e lim it and is expected to acquire a sm allm ass suppressed

by the volum e,oforder(8).In the standard realization,itscoupling to m atter

isgiven via the energy m om entum tensor[31],while in generalthere are m ore

term s invariantunder non-linearsupersym m etry thathave been classi�ed,up

to dim ension eight[32,33].

An explicit com putation was perform ed for a generic intersection of two

branestacks,leadingtothreeirreduciblecouplings,besidesthestandardone[33]:

two ofdim ension six involving the goldstino,a m atterferm ion and a scalaror

gauge �eld,and one four-ferm ion operatorofdim ension eight. Their strength

is set by the goldstino decay constant �,up to m odel-independent num erical

coe�cients which are independent ofthe brane angles. O bviously,at low en-

ergiesthe dom inantoperatorsare those ofdim ension six. In the m inim alcase

of(non-supersym m etric)SM ,only one ofthese two operatorsm ay exist,that

couplesthe goldstino � with the HiggsH and a lepton doubletL:

Lint
� = 2�(D �H )(LD �

�)+ h:c:; (11)

wherethe goldstino decay constantisgiven by the totalbranetension

1

2 �2
= N 1 T1 + N 2 T2 ; Ti =

M 4
s

4�2g2i
; (12)
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Figure 6: Boundson non-Newtonian forces in the range 6-20 �m (see S.J.Sm ullin

etal.[8]).

with N i the num berofbranesin each stack.Itisim portantto notice thatthe

e�ective interaction (11) conserves the totallepton num ber L,as long as we

assign to the goldstino a totallepton num berL(�)= � 1 [34]. To sim plify the

analysis,we willconsiderthe sim plestcase where (11)existsonly forthe �rst

generation and L isthe electron doublet[34].

The e�ective interaction (11) gives rise m ainly to the decays W � ! e� �

and Z;H ! ��.ItturnsoutthattheinvisibleZ width givesthestrongestlim it

on � which can be translated to a bound on the string scale M s
>� 500 G eV,

com parableto othercolliderbounds.Thisallowsforthe striking possibility of

a Higgsboson decaying dom inantly,oratleastwith a sizable branching ratio,

via such an invisible m ode,fora wide rangeofthe param eterspace (M s;m H ),

asseen in Fig.8.

5 Electroweak sym m etry breaking

Non-supersym m etricTeV stringso�eralsoafram eworktorealizegaugesym m e-

trybreakingradiatively.Indeed,from thee�ective�eld theorypointofview,one

expects quadratically divergentone-loop contributionsto the m assesofscalar

�elds. The divergences are cut o� by M s and ifthe corrections are negative,

they can induceelectroweak sym m etry breaking and explain them ild hierarchy

between theweak and a string scaleata few TeV,in term sofa loop factor[35].

M oreprecisely,in them inim alcaseofoneHiggsdoubletH ,thescalarpotential

is:

V = �(H y
H )2 + �

2(H y
H ); (13)
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Figure7:Boundson non-Newtonian forcesin therangeof10-200 nm (seeR.S.D ecca

etal.in Ref.[8]).Curves4 and 5 correspond to Stanford and Colorado experim ents,

respectively,ofFig.6 (see also J C.Long and J.C.Price ofRef.[8]).

where� arisesattree-level.M oreover,in any m odelwheretheHiggs�eld com es

from an open string with both ends�xed on the sam e brane stack,itisgiven

by an appropriatetruncation ofa supersym m etrictheory.W ithin the m inim al

spectrum ofthe SM ,� = (g22 + g02)=8,with g2 and g0 the SU (2) and U (1)Y
gaugecouplings.O n the otherhand,�2 isgenerated atone loop:

�
2 = � "2 g2 M 2

s ; (14)

where " isa loop factorthatcan be estim ated from a toy m odelcom putation

and variesin the region � � 10� 1 � 10� 3.

Indeed,considerforillustration a sim ple case where the whole one-loop ef-

fectivepotentialofa scalar�eld can becom puted.W eassum eforinstanceone

extra dim ension com pacti�ed on a circle ofradiusR > 1 (in string units). An

interestingsituation isprovided byaclassofm odelswhereanon-vanishingVEV

fora scalar(Higgs)�eld � resultsin shifting them assofeach K K excitation by

a constanta(�):

M
2

m =

�
m + a(�)

R

� 2

; (15)

with m theK K integerm om entum num ber.Such m assshiftsariseforinstancein

thepresenceofa W ilson line,a = q
H

dy

2�
gA,whereA istheinternalcom ponent

ofa gauge�eld with gaugecoupling g,and qisthechargeofa given stateunder

the corresponding generator. A straightforward com putation shows that the
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Figure 8: Higgs branching rations,as functions either ofthe Higgs m ass m H for a

� xed value ofthe string scale Ms ’ 2M = 600 G eV,orofM ’ M s=2 for m H = 115

G eV.

�-dependentpartofthe one-loop e�ective potentialisgiven by [36]:

Veff = � Tr(� )F
R

32�3=2

X

n

e
2�ina

Z 1

0

dll
3=2

fs(l)e
� �

2
n
2
R

2
l (16)

whereF = 0;1 forbosonsand ferm ions,respectively.W ehaveincluded a regu-

lating function fs(l)which containsforexam plethee�ectsofstring oscillators.

To understand its role we willconsider the two lim its R > > 1 and R < < 1.

In the �rstcase only the l! 0 region contributesto the integral. Thism eans

thatthee�ectivepotentialreceivessizablecontributionsonly from theinfrared

(�eld theory)degreesoffreedom . In this lim it we would have fs(l)! 1. For

exam ple,in the string m odelconsidered in [35]:

fs(l)=

�
1

4l

�2

�3
(il+

1

2
)

�4

! 1 for l! 0; (17)

and the�eld theory resultis�nite and can be explicitly com puted.Asa result

16



ofthe Taylor expansion around a = 0,we are able to extract the one-loop

contribution tothecoe�cientoftheterm ofthepotentialquadraticin theHiggs

�eld.Itisgiven by a loop factortim esthecom pacti�cation scale[36].O nethus

obtains�2 � g2=R 2 up to a proportionality constantwhich iscalculablein the

e�ective �eld theory. O n the other hand,ifwe consider R ! 0,which by T-

duality correspondsto taking theextra dim ension astransverseand very large,

the one-loop e�ective potentialreceivescontributionsfrom the whole towerof

string oscillators as appearing in fs(l),leading to squared m asses given by a

loop factortim esM 2
s,according to eq.(14).

M oreprecisely,from the expression (16),one�nds:

"
2(R)=

1

2�2

Z 1

0

dl

(2l)
5=2

�42

4�12

�

il+
1

2

�

R
3
X

n

n
2
e
� 2�n

2
R

2
l
; (18)

which isplotted in Fig.9.Fortheasym ptoticvalueR ! 0 (correspondingupon

0.25 1.00 1.75 2.50 3.25 4.00 4.75
R

0.00
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ε

Figure9:The coe� cient" ofthe one loop Higgsm ass(14).

T-duality to a large transversedim ension ofradius1=R),"(0)’ 0:14,and the

e�ectivecut-o� forthem assterm isM s,ascan beseen from Eq.(14).Atlarge

R,�2(R) falls o� as 1=R 2,which is the e�ective cut-o� in the lim it R ! 1 ,

aswe argued above,in agreem entwith �eld theory resultsin the presenceofa

com pacti�ed extra dim ension [26,37].In fact,in the lim itR ! 1 ,an analytic

approxim ation to "(R)gives:

"(R)’
"1

M sR
; "

2

1 =
3�(5)

4�4
’ 0:008: (19)

Thepotential(13)hastheusualm inim um ,given by theVEV oftheneutral

com ponentoftheHiggsdoubletv =
p
� �2=�.Using therelation ofv with the
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Z gauge boson m ass,M 2
Z = (g22 + g02)v2=4,and the expression ofthe quartic

coupling �,one obtainsfor the Higgs m assa prediction which is the M inim al

Supersym m etric Standard M odel(M SSM ) value for tan� ! 1 and m A !

1 : m H = M Z . The tree levelHiggs m ass is known to receive im portant

radiative correctionsfrom the top-quark sectorand risesto valuesaround 120

G eV.Furtherm ore,from (14),onecan com puteM s in term softheHiggsm ass

m 2
H = � 2�2:

M s =
m H
p
2g"

; (20)

yielding naturally valuesin the TeV range.

6 Standard M odelon D -branes

The gauge group closest to the Standard M odelone can easily obtain with

D-branesis U (3)� U (2)� U (1). The �rst factorarisesfrom three coincident

\color" D-branes. An open string with one end on them is a triplet under

SU (3) and carriesthe sam e U (1) charge for allthree com ponents. Thus,the

U (1)factorofU (3)hasto be identi�ed with gauged baryon num ber.Sim ilarly,

U (2)arisesfrom twocoincident\weak"D-branesand thecorrespondingabelian

factor is identi�ed with gauged weak-doublet num ber. Finally,an extra U (1)

D-brane is necessary in order to accom m odate the Standard M odelwithout

breaking the baryon num ber [38]. In principle this U (1)brane can be chosen

to beindependentofthe othertwo collectionswith itsown gaugecoupling.To

im provethepredictability ofthem odel,wechooseto putiton top ofeitherthe

colorortheweak D-branes[39].In eithercase,them odelhastwo independent

gaugecouplingsg3 and g2 corresponding,respectively,tothegaugegroupsU (3)

and U (2).The U (1)gaugecoupling g1 isequalto eitherg3 org2.

LetusdenotebyQ 3,Q 2 and Q 1 thethreeU (1)chargesofU (3)� U (2)� U (1),

in a selfexplanatory notation.UnderSU (3)� SU (2)� U (1)3 � U (1)2 � U (1)1,

the m em bers ofa fam ily ofquarks and leptons have the following quantum

num bers:

Q (3;2;1;w;0)1=6

uc (�3;1;� 1;0;x)� 2=3

dc (�3;1;� 1;0;y)1=3 (21)

L (1;2;0;1;z)� 1=2

lc (1;1;0;0;1)1

ThevaluesoftheU (1)chargesx;y;z;w willbe�xed below so thatthey lead to

the righthypercharges,shown forcom pletenessassubscripts.

It turns out that there are two possible ways ofem bedding the Standard

M odelparticle spectrum on these stacks ofbranes [38],which are shown pic-

torially in Fig.10. The quark doubletQ correspondsnecessarily to a m assless

excitation ofan open string with its two ends on the two di�erent collections
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Figure10:A m inim alStandard M odelem bedding on D -branes.

ofbranes (color and weak). As seen from the �gure,a fourth brane stack is

needed for a com plete em bedding,which is chosen to be a U (1)b extended in

the bulk. Thisiswelcom e since one can accom m odate righthanded neutrinos

asopen string stateson the bulk with su�ciently sm allYukawa couplingssup-

pressed by the large volum e ofthe bulk [40]. The two m odelsare obtained by

an exchange ofthe up and down antiquarks,uc and dc,which correspond to

open stringswith oneend on thecolorbranesand theothereitheron theU (1)

brane,oron the U (1)b in the bulk. The lepton doubletL arisesfrom an open

string stretched between the weak branes and U (1)b,while the antilepton lc

correspondsto a string with one end on the U (1) brane and the other in the

bulk. For com pleteness,we also show the two possible Higgs states H u and

H d thatareboth necessary in orderto give tree-levelm assesto allquarksand

leptonsofthe heaviestgeneration.

6.1 H ypercharge em bedding and the w eak angle

Theweak hyperchargeY isa linearcom bination ofthe three U (1)’s:

Y = Q 1 +
1

2
Q 2 + c3Q 3 ; c3 = � 1=3 or2=3; (22)

where Q N denotes the U (1) generator ofU (N ) norm alized so that the fun-

dam entalrepresentation ofSU (N ) has unit charge. The corresponding U (1)

chargesappearing in eq.(21)arex = � 1 or0,y = 0 or1,z = � 1,and w = 1 or

� 1,forc3 = � 1=3 or2=3,respectively. The hypercharge coupling gY isgiven

19



by 2:

1

g2
Y

=
2

g2
1

+
4c22

g2
2

+
6c23

g2
3

: (23)

Itfollowsthatthe weak anglesin2 �W ,isgiven by:

sin2 �W �
g2Y

g2
2
+ g2

Y

=
1

2+ 2g2
2
=g2

1
+ 6c2

3
g2
2
=g2

3

; (24)

where gN isthe gaugecoupling ofSU (N )and g1 = g2 org1 = g3 atthe string

scale. In order to com pare the theoreticalpredictions with the experim ental

valueofsin2 �W atM s,weplotin Fig.11 thecorrespondingcurvesasfunctions

ofM s. The solid line is the experim entalcurve. The dashed line is the plot

0 2 4 6 8 10
MsinTeV

0.24

0.25

0.26

0.27

Figure11:Theexperim entalvalueofsin2 �W (thick curve),and thetheoretical

predictions(24).

ofthe function (24) for g1 = g2 with c3 = � 1=3 while the dotted-dashed line

correspondsto g1 = g3 with c3 = 2=3.Theothertwo possibilitiesarenotshown

because they lead to a value ofM s which istoo high to protectthe hierarchy.

Thus,the second case,where the U (1) brane is on top ofthe colorbranes,is

com patiblewith low energy data forM s � 6� 8 TeV and gs ’ 0:9.

From Eq.(24)and Fig.11,we�nd theratio oftheSU (2)and SU (3)gauge

couplingsatthe string scale to be �2=�3 � 0:4.Thisratio can be arranged by

an appropriatechoiceoftherelevantm oduli.Forinstance,onem ay choosethe

colorand U (1)branesto beD3 braneswhiletheweak branesto beD7 branes.

Then,the ratio ofcouplingsabovecan be explained by choosing the volum eof

thefourcom pactdim ensionsoftheseven branesto beV4 = 2:5 in string units.

This being larger than one is consistent with the picture above. M oreover it

2The gauge couplings g2;3 are determ ined at the tree-level by the string coupling and

other m oduli,like radiioflongitudinaldim ensions. In higher orders,they also receive string

threshold corrections.
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predictsan interesting spectrum ofK K statesfortheStandard m odel,di�erent

from the naive choicesthathave appeared hitherto: the only Standard M odel

particlesthathaveK K descendantsaretheW bosonsaswellasthehypercharge

gaugeboson.However,sincethehyperchargeisalinearcom bination ofthethree

U (1)’s,the m assive U (1) K K gauge bosons do not couple to the hypercharge

butto the weak doubletnum ber.

6.2 T hefateofU(1)’s,proton stability and neutrino m asses

Itis easy to see that the rem aining three U (1)com binationsorthogonalto Y

are anom alous. In particular there are m ixed anom alies with the SU (2) and

SU (3) gauge groups ofthe Standard M odel. These anom alies are cancelled

by three axions com ing from the closed string RR (Ram ond) sector,via the

standard G reen-Schwarz m echanism [41]. The m ixed anom alieswith the non-

anom alous hypercharge are also cancelled by dim ension �ve Chern-Sim m ons

type ofinteractions [38]. An im portant property ofthe above G reen-Schwarz

anom aly cancellation m echanism isthatthe anom alousU (1)gauge bosonsac-

quire m asses leaving behind the corresponding globalsym m etries. This is in

contrastto whatwould had happened in the case ofan ordinary Higgsm ech-

anism . These globalsym m etries rem ain exact to allorders in type I string

perturbation theory around theorientifold vacuum .Thisfollowsfrom thetopo-

logicalnature ofChan-Paton charges in allstring am plitudes. O n the other

hand,one expects non-perturbative violation ofglobalsym m etries and conse-

quently exponentially sm allin thestring coupling,aslong asthevacuum stays

atthe orientifold point. Thus,allU (1)chargesare conserved and since Q 3 is

the baryon num ber,proton stability isguaranteed.

Another linear com bination of the U (1)’s is the lepton num ber. Lepton

num berconservation isim portantfortheextra dim ensionalneutrino m asssup-

pression m echanism described above,thatcan be destabilized by the presence

ofa largeM ajorana neutrino m assterm .Such a term can be generated by the

lepton-num berviolating dim ension �vee�ectiveoperatorLLH H thatleads,in

the case ofTeV string scale m odels,to a M ajorana m assofthe orderofa few

G eV.Even ifwe m anage to elim inate this operatorin som e particularm odel,

higherorderoperatorswould also give unacceptably largecontributions,aswe

focuson m odelsin which theratio between theHiggsvacuum expectation value

and thestring scaleisjustoforderO (1=10).Thebestway to protecttiny neu-

trino m assesfrom such contributionsisto im poselepton num berconservation.

A bulk neutrino propagating in 4+ n dim ensions can be decom posed in a

seriesof4d K K excitationsdenoted collectively by fm g:

Skin = R
n
?

Z

d
4
x
X

fm g

�

��R m =@�R m + ��cR m =@�
c
R m +

m

R ?

�R m �
c
R m + c:c:

�

; (25)

where �R and �cR are the two W eylcom ponents ofthe Dirac spinor and for

sim plicity we considered a com m on com pacti�cation radiusR ? . O n the other

hand,there isa localized interaction of�R with the Higgs�eld and the lepton
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doublet,which leads to m assterm s between the left-handed neutrino and the

K K states�R m ,upon the HiggsVEV v:

Sint = gs

Z

d
4
xH (x)L(x)�R (x;y = 0) !

gsv

R
n=2

?

X

m

�L �R m ; (26)

in stringsunits.Since the m assm ixing gsv=R
n=2

?
ism uch sm allerthan the K K

m ass1=R ? ,itcan beneglected foralltheexcitationsexceptforthezero-m ode

�R 0,which getsa Diracm asswith the left-handed neutrino

m � ’
gsv

R
n=2

?

’ v
M s

M p

’ 10� 3 � 10� 2 eV ; (27)

forM s ’ 1� 10 TeV,where the relation (2)wasused. In principle,with one

bulk neutrino,one could try to explain both solar and atm ospheric neutrino

oscillationsusing also its �rstK K excitation. However,the later behaveslike

a sterile neutrino which is now excluded experim entally. Therefore,one has

to introduce three bulk species (at least two)�iR in order to explain neutrino

oscillations in a ‘traditionalway’,using their zero-m odes �iR 0 [42]. The m ain

di�erence with the usualseesaw m echanism is the Dirac nature of neutrino

m asses,which rem ainsan open possibility to be tested experim entally.

7 Internalm agnetic �elds

W e now considertype Istring theory,orequivalently type IIB with orientifold

9-planes and D9-branes [2]. Upon com pacti�cation in four dim ensions on a

Calabi-Yau m anifold,one getsN = 2 supersym m etry in the bulk and N = 1

on the branes. W e then turn on internalm agnetic �elds[43,44],which,in the

T-dualpicture,am ountsto intersecting branes[45,46]. For generic angles,or

equivalently forarbitrary m agnetic�elds,supersym m etry isspontaneously bro-

ken and described by e�ectiveD-term sin thefour-dim ensional(4d)theory [43].

In the weak �eld lim it,jH j�0< 1 with �0 the string Reggeslope,the resulting

m assshiftsaregiven by:

�M
2 = (2k+ 1)jqH j+ 2qH � ; k = 0;1;2;:::; (28)

whereH isthem agnetic�eld ofan abelian gaugesym m etry,correspondingto a

Cartan generatorofthe higherdim ensionalgaugegroup,on a non-contractible

2-cycle ofthe internalm anifold. � isthe corresponding projection ofthe spin

operator,k istheLandau leveland q= qL + qR isthechargeofthestate,given

by thesum oftheleftand rightchargesoftheendpointsoftheassociated open

string.W e recallthatthe exactstring m assform ula hasthe sam eform as(28)

with qH replaced by:

qH �! �L + �R ; �L ;R = arctan(qL ;R H �
0): (29)

O bviously,the�eld theory expression (28)isreproduced in theweak �eld lim it.
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TheG ausslaw forthem agneticux im pliesthatthe�eld H isquantized in

term softhe area ofthe corresponding 2-cycleA:

H =
m

nA
; (30)

where the integers m ;n correspond to the respective m agnetic and electric

charges;m is the quantized ux and n is the wrapping num ber ofthe higher

dim ensionalbrane around the corresponding internal2-cycle. In the T-dual

representation,associated to the inversion ofthe com pacti�cation radiusalong

oneofthetwo directionsofthe2-cycle,m and n becom ethewrapping num bers

around these two directions.

For sim plicity,we consider �rst the case where the internalm anifold is a

productofthreefactorized tori
Q 3

i= 1
T 2

(i)
.Then,them assform ula(28)becom es:

�M
2 =

X

i

(2ki+ 1)jqH ij+ 2qH i�i; (31)

where�iistheprojection oftheinternalhelicity alongthei-th plane.Foraten-

dim ensional(10d)spinor,itseigenvaluesare�i = � 1=2,whilefora 10d vector

�i = � 1 in one ofthe planesi= i0 and zero in the othertwo (i6= i0). Thus,

charged higherdim ensionalscalarsbecom e m assive,ferm ionslead to chiral4d

zerom odesifallH i 6= 0,whilethelightestscalarscom ingfrom 10d vectorshave

m asses

M
2

0 =

8
<

:

jqH 1j+ jqH 2j� jqH 3j

jqH 1j� jqH 2j+ jqH 3j

� jqH 1j+ jqH 2j+ jqH 3j

: (32)

Notethatallofthem can bem adepositivede�nite,avoidingtheNielsen-O lesen

instability,ifallH i 6= 0. M oreover,one can easily show that ifa scalarm ass

vanishes,som esupersym m etry rem ainsunbroken [44,45].

8 M inim alStandard M odelem bedding

W eturn on now severalabelian m agnetic�eldsH a
I ofdi�erentCartangenerators

U (1)a,so thatthe gauge group isa productofunitary factors
Q

a
U (N a)with

U (N a)= SU (N a)� U (1)a.In an appropriateT-dualrepresentation,itam ounts

to considerseveralstacksofD6-branesintersecting in thethreeinternaltoriat

angles.An open string with oneend on thea-th stack hascharge� 1 underthe

U (1)a,depending on itsorientation,and isneutralwith respectto allothers.

In thissection,weperform a generalstudy ofSM em bedding in threebrane

stackswith gauge group U (3)� U (2)� U (1)[47],and presentan explicit ex-

am ple having realistic particle content and satisfying gauge coupling uni�ca-

tion [48].W econsiderin generalnon oriented stringsbecauseofthepresenceof

theorientifold planethatgivesrisem irrorbraneswith oppositem agneticuxes

m ! � m in eq.(30).An open stringstretched between abranestack U (N )and

itsm irrortransform sin the sym m etric orantisym m etric representation,while

the m ultiplicity ofchiralferm ionsisgiven by theirintersection num ber.
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Thequarkandlepton doublets(Q andL)correspondtoopenstringsstretched

between theweakand thecolororU (1)branes,respectively.O n theotherhand,

the uc and dc antiquarks can com e from strings that are either stretched be-

tween the color and U (1) branes,or that have both ends on the color branes

(stretched between the brane stack and its orientifold im age) and transform

in the antisym m etric representation ofU (3) (which is an anti-triplet). There

are therefore three possible m odels,depending on whether itisthe uc (m odel

A),or the dc (m odelB),or none ofthem (m odelC),the state com ing from

theantisym m etricrepresentation ofcolorbranes.Itfollowsthattheantilepton

lc com esin a sim ilarway from open stringswith both endseitheron the weak

branestackand transform ingin theantisym m etricrepresentation ofU (2)which

isan SU (2)singlet(in m odelA),oron the abelian brane and transform ing in

the\sym m etric" representation ofU (1)(in m odelsB and C).Thethreem odels

arepresented pictorially in Fig.8
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U(1)
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L

u
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d
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U(3) U(2)
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Figure12:Pictorialrepresentation ofm odelsA,B and C

Thus,the m em bers ofa fam ily ofquarks and leptons have the following

quantum num bers:

M odelA M odelB M odelC

Q (3;2;1;1;0)1=6 (3;2;1;"Q ;0)1=6 (3;2;1;"Q ;0)1=6

u
c (�3;1;2;0;0)� 2=3 (�3;1;� 1;0;1)� 2=3 (�3;1;� 1;0;1)� 2=3

d
c (�3;1;� 1;0;"d)1=3 (�3;1;2;0;0)1=3 (�3;1;� 1;0;� 1)1=3 (33)

L (1;2;0;� 1;"L)� 1=2 (1;2;0;"L;1)� 1=2 (1;2;0;"L;1)� 1=2

l
c (1;1;0;2;0)1 (1;1;0;0;� 2)1 (1;1;0;0;� 2)1

�
c (1;1;0;0;2"�)0 (1;1;0;2"�;0)0 (1;1;0;2"�;0)0

wherethelastthreedigitsafterthesem i-colum n in thebracketsarethecharges

underthethreeabelian factorsU (1)3� U (1)2� U (1),thatwewillcallQ 3,Q 2 and

Q 1 in thefollowing,whilethesubscriptsdenotethecorrespondinghypercharges.

Thevarioussign am biguities"i = � 1 aredueto thefactthatthecorresponding

abelian factordoesnotparticipatein thehyperchargecom bination (seebelow).

In the lastlines,we also give the quantum num bersofa possible right-handed
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neutrino in each ofthe three m odels. These are in fact allpossible ways of

em bedding the SM spectrum in threesetsofbranes.

The hyperchargecom bination is:

M odelA : Y = �
1

3
Q 3 +

1

2
Q 2 (34)

M odelB;C : Y =
1

6
Q 3 �

1

2
Q 1

leading to the following expressionsforthe weak angle:

M odelA : sin2 �W =
1

2+ 2�2=3�3
=
3

8

�
�
�
�
�
2
= �

3

(35)

M odelB;C : sin2 �W =
1

1+ �2=2�1 + �2=6�3

=
6

7+ 3�2=�1

�
�
�
�
�
2
= �

3

In thesecond partoftheaboveequalities,weused theuni�cation relation �2 =

�3,that can be im posed iffor instance U (3) and U (2) branes are coincident,

leading to a U (5)uni�ed group. Alternatively,thiscondition can be generally

im posed underm ild assum ptions[48]. Itfollowsthatm odelA adm itsnatural

gauge coupling uni�cation ofstrong and weak interactions,and predicts the

correctvalue for sin2 �W = 3=8 at the uni�cation scale M G U T . O n the other

hand,m odelB correspondsto the ipped SU (5)wherethe roleofuc and dc is

interchanged togetherwith lc and �c between the10 and �5 representations[49].

Besidesthe hyperchargecom bination,there aretwo additionalU (1)’s.Itis

easy to check thatoneofthetwo can beidenti�ed with B � L.Forinstance,in

m odelA choosing the signs"d = "L = � "� = � "H = "H 0,itisgiven by:

B � L = �
1

6
Q 3 +

1

2
Q 2 �

"d

2
Q 1 : (36)

Finally,the above spectrum can be easily im plem ented with a Higgs sector,

since the Higgs�eld H hasthe sam e quantum num bersasthe lepton doublet

oritscom plex conjugate.

9 M odulistabilization

Internalm agnetic uxesprovide a new calculable m ethod ofm odulistabiliza-

tion in four-dim ensional(4d) type Istring com pacti�cations [50{52]. In fact,

m odulistabilization in the presence of3-form closed string uxesled to signif-

icance progressoverthe lastyears[53,54]butpresentssom e drawbacks:(i)it

has no exact string description and thus relies m ainly on the low energy su-

pergravity approxim pation;(ii)in the genericcase,itcan �x only the com plex

structure and the dilaton [55],while for the K �ahler classnon-perturbative ef-

fectshaveto beused [54].O n theotherhand,constantinternalm agnetic�elds
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can stabilize m ainly K �ahlerm oduli[50,56]and are thus com plem entary to 3-

form closed string uxes. M oreover,they can also be used in sim ple toroidal

com pacti�cations,stabilizing allgeom etricm oduliin a supersym m etricvacuum

usingonlym agnetized D 9-branesthathavean exactperturbativestringdescrip-

tion [43,57]. They have also a naturalim plem entation in intersecting D-brane

m odels.

Here,we m ake use ofthe conventionsgiven in Appendix A ofRef.[51],for

theparam etrization ofthetorusT 6,aswellasforthegeneralde�nitionsofthe

K �ahlerand com plex structure m oduli. In particular,the coordinatesofthree

factorized tori: (T 2)3 2 T 6 are given by xi;yi i = 1;2;3 with periodicities:

xi = xi+ 1,yi � yi+ 1,and a volum enorm alization:

Z

dx1 ^ dy1 ^ dx2 ^ dy2 ^ dx3 ^ dy3 = 1: (37)

The36 m oduliofT 6 correspond to 21 independentdeform ationsoftheinternal

m etricand 15 deform ationsofthetwo-index antisym m etrictensorC2 from the

RR closed string sector. They form nine com plex param eters ofK �ahler class

and nine ofcom plex structure. Indeed,the geom etric m odulidecom pose in a

com plex structurevariation which isparam etrized by them atrix �ij entering in

the de�nition ofthe com plex coordinates

zi = xi+ �ijy
j
; (38)

and in theK �ahlervariation ofthem ixed partofthem etricdescribed by thereal

(1;1)-form J = i�gi�jdz
i^ d�zj.Thelateriscom plexi�ed with thecorresponding

RR two-form deform ation.

ThestacksofD 9-branesarecharacterized by threeindependentsetsofdata:

(a) Their m ultiplicities N a,that describe the rank ofthe the unitary gauge

group U (N a)on each D 9 stack.

(b)Thewinding m atricesW �̂;a
� describing thecoveringoftheworld-volum eof

each stack-a ofD 9-braneson the com pacti�ed am bientspace. They are

de�ned asW �̂
� = @��̂=@X � for�;�̂ = 1;:::;6,where ��̂ and X � are the

six internalcoordinateson theworld-volum eand space-tim e,respectively.

Forsim plicity,in the exam plesweconsiderhere,the winding m atrix W �̂
�

ischosen to bediagonal,im plying thattheworld-volum eand targetspace

T 6 coordinatesare identi�ed,up to a winding m ultiplicity factor na� for

each branestack-a:

n
a
� � W

�̂;a
� : (39)

(c)The�rstChern num bersm a

�̂ �̂
oftheU (1)background on thebranesworld-

volum e. In other words,for each stack U (N a) = U (1)a � SU (N a),the

U (1)a hasa constant�eld strength on the covering ofthe internalspace,

which is a 6� 6 antisym m etric m atrix. These are subject to the Dirac

quantization condition which im pliesthatallinternalm agneticuxesF a

�̂ �̂
,

on theworld-volum eofeach stack ofD 9-branes,areintegrally quantized.
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Explicitly,theworld-volum euxesF a

�̂ �̂
and thecorrespondingtargetspace

induced uxespa�� arequantized as(see(30))

F
a

�̂ �̂
= m

a

�̂ �̂
2 Z (40)

p
a
�� = (W � 1)�̂;a� (W � 1)

�̂ ;a

�
m

a

�̂ �̂
2 Q :

The com plexi�ed uxesin the basis(38)can be written as

F
a
(2;0) = (� � ��)� 1

T �
�
T
p
a
xx� � �

T
p
a
xy � p

a
yx� + p

a
yy

�
(� � ��)� 1 (41)

F
a
(1;1) = (� � ��)� 1

T �
� �T paxx�� + �

T
p
a
xy + p

a
yx�� � p

a
yy

�
(� � ��)� 1 (42)

where the m atrices (pa
xixj

), (pa
xiyj

) and (pa
yiyj

) are the quantized �eld

strengthsin targetspace,given in eq.(40).The�eld strengthsF a
(2;0)

and

F a
(1;1)

are 3� 3 m atricesthatcorrespond to the upperhalfofthe m atrix

F a:

F a � � (2�)2i�0

 
F a
(2;0)

F a
(1;1)

� F ay

(1;1)
F a�

(2;0)

!

; (43)

which isthe total�eld strength in the cohom ology basisei�j = idzi^ d�zj.

9.1 Supersym m etry conditions

Thesupersym m etry conditionsthen read [50,51]:

1. F
a
(2;0) = 0 8a = 1;:::;K ; (44)

for K brane stacks,stating that the purely holom orphic ux vanishes.

Forgiven ux quantaand winding num bers,thism atrix equation restricts

the com plex structure �. Using eq.(41),it im poses a restriction on the

param etersofthe com plex structurem atrix elem ents�:

F
a
(2;0) = 0 ! �

T
p
a
xx� � �

T
p
a
xy � p

a
yx� + p

a
yy = 0; (45)

giving riseto atm ostsix com plex equationsforeach branestack a.

2. Fa ^ Fa ^ Fa = Fa ^ J ^ J ; (46)

that gives rise to one realequation restricting the K �ahler m oduli. This

can beunderstood asaD-atnesscondition.In the4d e�ectiveaction,the

m agneticuxesgiverisetotopologicalcouplingsforthedi�erentaxionsof

thecom pacti�ed �eld theory.Thesearisefrom thedim ensionalreduction

ofthe W ess Zum ino action. In addition to the topologicalcoupling,the

N = 1 supersym m etric action yields a Fayet-Iliopoulos(FI) term ofthe

form :
�a

g2a
=

1

(4�2�0)3

Z

T 6

�
Fa ^ Fa ^ Fa � Fa ^ J ^ J

�
: (47)
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The D-atnesscondition in the absence ofcharged scalarsrequiresthen

thathD ai= �a = 0,which isequivalentto eq.(46).In the casewhere T 6

isa productofthreeorthogonal2-tori,thiscondition becom es

H 1 + H 2 + H 3 = H 1H 2H 3 , �1 + �2 + �3 = 0; (48)

in term s ofthe m agnetic �elds H i along the internalplanes de�ned in

section 7,orequivalently in term softheanglesofD6-braneswith respect

to the orientifold axis.

3. detW a (J ^ J ^ J � Fa ^ Fa ^ J)> 0; (49)

which can also beunderstood from a 4d viewpointasthepositivity ofthe

U (1)a gaugecoupling g
2
a.Indeed,itsexpression in term softheuxesand

m odulireads

1

g2a
=

1

(4�2�0)3

Z

T 6

�
J ^ J ^ J � Fa ^ Fa ^ J

�
: (50)

In toroidalm odelswith NS-NS vanishing B -�eld backround,the netgener-

ation num ber ofchiralferm ions is in generaleven [58]. Thus,it is necessary

to turn on a constant B -�eld in order to obtain a Standard M odellike spec-

trum with three generations. Due to the world-sheet parity projection, the

NS-NS two-index �eld B �� is projected out from the physicalspectrum and

constrained to takethediscretevalues0 or1=2 (in string units)along a 2-cycle

(��)ofT6 [59]. Itse�ectissim ply accounted forby shifting the targetspace

ux m atricespa by pa + B in allform ulae.

The m ain ingredientsforthe m odulistabilization are[50,51]:

� A set ofnine m agnetized D 9-branesis needed to stabilize all36 m oduli

ofthe torus T 6 by the supersym m etry conditions [44,60]. This follows

from thesecond condition (46)above,in orderto �x allnineK �ahlerclass

m oduli. At the sam e tim e, allnine corresponding U (1) brane factors

becom e m assive by absorbing the RR partnersofthe K �ahlerm oduli[44,

50].Thisisdueto a kineticm ixing between theU (1)gauge�eldsA a and

theRR axions,arising from the10d Chern-Sim onscoupling involving the

RR two-form C2 along itsinternalcom ponents:dC2 ^ ?(A
a ^ hF ai).

� Atleastsix ofthem agnetized branestacksm usthaveobliqueuxesgiven

by m utually non-com m uting m atrices,in orderto �x allo�-diagonalcom -

ponents ofthe m etric. The uxes however can be chosen so that the

m etricis�xed in a diagonalform ,aswewillseebelow.Atthesam etim e,

the com plex structure RR m oduligetstabilized by a potentialgenerated

through m ixingwith them etricm odulifrom theNS-NS (Neuveu-Schwarz)

closed string sector[52].

� Thenon-linearpartofDirac-Born-Infeld (DBI)action which isneeded to

�x the overallvolum e. This is only valid in 4d com pacti�cations (and
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Table2:Six U (1)braneswith obliquem agneticuxes

Stack ] Fluxes Fixed m oduli 5� branelocalization

]1 (F 1
x1y2

;F 1
x2y1

)= (1;1) �31 = �32 = 0 [x3;y3]

N 1 = 1 �11 = �22

ReJ1�2 = 0

]2 (F 2
x1y3

;F 2
x3y1

)= (1;1) �21 = �23 = 0 [x2;y2]

N 2 = 1 �11 = �33

ReJ1�3 = 0

]3 (F 3
x1x2

;F 3
y1y2

)= (1;1) �13 = 0;�11�22 = � 1 [x3;y3]

N 3 = 1 Im J1�2 = 0

]4 (F 4
x2x3

;F 4
y2y3

)= (1;1) �12 = 0 [x1;y1]

N 4 = 1 Im J2�3 = 0

]5 (F 5
x1x3

;F 5
y1y3

)= (1;1) Im J1�3 = 0 [x2;y2]

N 5 = 1

]6 (F 6
x2y3

;F 6
x3y2

)= (1;1) ReJ2�3 = 0 [x1;y1]

N 6 = 1

notin higherdim ensions). Indeed,in six dim ensions,the condition (46)

becom esF a ^ J = 0 which ishom ogeneousin J and thuscannot�x the

internalvolum e.

Below,we give an explicitexam ple ofnine m agnetized D-brane stackssta-

bilizing allT 6 m oduliin a way thatthe m etric is�xed in a diagonalform [51].

The winding m atrix W a is chosen to the identity,for sim plicity. The �rstsix

U (1)braneswith oblique uxesare presented in Table 2. They �x allm oduli

excepttheareasofthethreefactorized 2-torii.Theseare�xed by adding three

diagonalbrane stacksdisplayed in the upperpartofTable 3 (stacks]7,]8 and

]9).Thesegivethe following restrictionson the diagonalK �ahlerm oduli:

0

@
F 7
1 F 7

2 F 7
3

F 8
1 F 8

2 F 8
3

F 9
1 F 9

2 F 9
3

1

A

0

@
J2J3

J1J3

J1J2

1

A =

0

@
F 7
1F

7
2F

7
3

F 8
1F

8
2F

8
3

F 9
1F

9
2F

9
3

1

A ; (51)

where we the subscript i= 1;2;3 denotes the diagonalelem ent i�i. It follows

thatthe m oduliare�xed to the values:

�ij = i�ij;Ji�j = 0;(Jx1y1;Jx2y2;Jx3y3)= 4�2�0

r
3

22
(44;66;19): (52)
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Table 3:Branestackswith diagonalm agnetic uxes

Stack] M ultiplicity Fluxes

]7 N 7 = 1 (F 7
x1y1

;F 7
x2y2

;F 7
x3y3

)= (� 4;� 4;3)

]8 N 8 = 2 (F 8
x1y1

;F 8
x2y2

;F 8
x3y3

)= (� 3;1;1)

]9 N 9 = 3 (F 9
x1y1

;F 9
x2y2

;F 9
x3y3

)= (� 2;3;0)

]10 N 10 = 2 (F 10
x1y1

;F 10
x2y2

;F 10
x3y3

)= (5;1;2)

]11 N 11 = 2 (F 11
x1y1

;F 11
x2y2

;F 11
x3y3

)= (0;4;1)

Notethatforevery solution,an in�nitediscretfam ily ofvacua can befound

in generalby appropriate rescaling ofuxesand volum es. Forinstance,a uni-

form rescaling ofalluxesby thesam e(integer)factor� leadsto new solutions

where allareasJi are rescaled by the sam e factor,Ji ! �J i. These are large

volum e solutionsthatrem ain com patible with tadpole cancellation,aswe will

seebelow.

9.2 Tadpole cancellation conditions

In toroidalcom pacti�cationsoftypeIstring theory,them agnetized D 9-branes

induce5-branechargesaswell,whilethe3-braneand 7-branechargesautom ati-

cally vanish duetothepresenceofm irrorbraneswith oppositeux.Forgeneral

m agnetic uxes,RR tadpole conditions can be written in term s ofthe Chern

num bersand winding m atrix [51,52]as:

16 =

KX

a= 1

N a detW a �

KX

a= 1

Q
9;a

; (53)

0 =

KX

a= 1

N a detW a �
�����

p
a
�p

a
�� �

KX

a= 1

Q
5;a

��
; 8�;� = 1;:::;6: (54)

Thel.h.s.ofeq.(53)arisesfrom thecontribution oftheO 9-plane.O n theother

hand,in toroidalcom pacti�cations there are no O 5-planes and thus the l.h.s.

ofeq.(54)vanishes.

In the exam ple presented above,allinduced 5-brane tadpolesare diagonal

despite the presence ofoblique uxes. Their localization is shown in the last

colum n ofTable 2.Itturnsouthoweverthatthe conditionsofsupersym m etry

and tadpolecancellation cannotbesatis�ed sim ultaneously in toroidalcom pact-

i�cations,ascan also be seen in ourexam ple.O urstrategy istherefore to add
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extra branes in order to satisfy the RR tadpole conditions. These branes are

notsupersym m etric and generatea potentialforthe dilaton,which isthe only

rem aining closed string m odulusnot�xed by the supersym m etry conditionsof

the�rstninestacks,from theFID-term s(47).O neisthen hastwo possibilites

to obtain a consistentvacuum with stabilized m oduli:

1.K eep supersym m etry by turning on VEVsforcharged scalarson theextra

brane stacks. In their presence,the D-atnesssupersym m etry condition

(46)getsm odi�ed and in the low energy approxim ation,itreads:

D a = �

0

@
X

�

q
�
aj�j

2 + M
2

s�a

1

A = 0; (55)

where �a is given by eqs.(47) and (50). The sum is extended over all

scalars � charged under the a-th U (1)a with charge q�a. W hen one of

thesescalarsacquirea non-vanishing VEV hj�ji2 = v2
�
,thecondition (46)

ism odi�ed to:

qav
2

a

Z

T 6

�
J^J^J� Fa^Fa ^J

�
= M

2

s

Z

T 6

�
Fa ^ J ^ J � Fa ^ Fa ^ Fa

�
:

(56)

Note that this is valid for sm allvalues ofva (in string units),since the

inclusion ofcharged scalarsin the D-term is in principle valid only per-

turbatively.

Indeed,them odelpresentedabovecan beim plem ented bytwoextrastacks

]10and ]11with diagonaluxes,presented in thelowerpartofTable3,so

thatall9-and 5-braneRR tadpolesarecancelled [51].Thesestackscan be

m ade supersym m etric only in the presence ofnon-trivialVEV’sforopen

string statescharged underthe corresponding U (1)gaugebosons.Letus

then switch on VEV’sforthe�elds�10 and �11,v10 and v11 respectively,

transform ing in the antisym m etric representations ofthe corresponding

SU (2)gaugegroupsand charged underthe U (1)’softhe lasttwo stacks.

From the quanta given in Table 3 and the values for the K �ahler m oduli

(52),thepositivityconditions(49)forthesebranesaresatis�ed.M oreover,

sincetheK �ahlerform isalready �xed,thesupersym m etry conditions(56)

determ ine the valuesofv10 and v11 as:

v
2

10l
2

s ’
0:71

q
’ 0:35 ; v

2

11l
2

s ’
0:31

q
’ 0:15; (57)

where we used that the U (1) charge ofthe �elds in the antisym m etric

representation is q = 2. These VEV’s break the two U (1) factors and

the�nalgaugegroup ofthem odelbecom esSU (3)� SU (2)3.Finally,the

abovevaluesoftheVEV’sarereasonablysm allin stringunits,consistently

with our perturbative approach ofincluding the charged scalar �elds in

the D-term s.
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W e have thus presented a m odelwhere the open string m odulicorre-

sponding to charged scalarVEV’s are also �xed by the m agnetic uxes.

In principle,the sam e m ethod can be applied for stabilizing other open

string m oduli,as well. Note also that the discrete fam ily oflarge vol-

um e solutionsisstillvalid for�xed va. Allofthem have the sam e gauge

sym m etry butdi�erentcouplings(50)and m atterspectra.

2.Break supersym m etry by D-term s in a anti-de Sitter vacuum ,by going

\slightly" o�-criticality and thus generating a tree-levelbulk dilaton po-

tentialthatcan also �x the dilaton atweak string coupling [61]. Ifthis

breaking ofsupersym m etry ariseson brane stacksindependentfrom the

Standard M odel,itsm ediation involvesgaugeinteractionsand isofpartic-

ularD-type.In particular,gauginoscan acquireDiracm assesatoneloop

without breaking the R-sym m etry,due to the extended supersym m etric

nature ofthe gauge sector[62]. A m ore detaildiscussion is done in the

nextsection.

9.3 Spectrum

For com pleteness, here we present the spectrum of m agnetized branes in a

toroidalbackground. The gauge sectorofthe spectrum followsfrom the open

strings starting and ending on the sam e brane stack. The gauge sym m etry

group isgiven by a productofunitary groups
 aU (N a),upon identi�cation of

theassociated open stringsattached on a given stack with theonesattached on

itsorientifold m irror.In addition to thesevectorbosons,them asslessspectrum

containsadjointscalarsand ferm ionsform ing N = 4,d = 4 superm ultiplets.

In the m attersector,the m asslessspectrum isobtained from the following

open string states[44,46]:

1.O pen stringsstretched between the a-th and b-th stack giveriseto chiral

spinorsin the bifundam entalrepresentation (N a;�N b)ofU (N a)� U (N b).

Theirm ultiplicity Iab isgiven by [52]:

Iab =
detW adetW b

(2�)3

Z

T 6

�

qaF
a
(1;1)+ qbF

b
(1;1)

�3
; (58)

whereF a
(1;1)

(given in eqs.(42)and (43))isthe pullback oftheintegrally

quantized world-volum eux m a

�̂ �̂
on thetargettorusin thecom plex basis

(38),and qa isthe corresponding U (1)a charge;in ourcaseqa = + 1 (� 1)

forthe fundam ental(anti-fundam entalrepresentation).

For factorized toroidalcom pacti�cations T 6 = (T 2)3 with only diagonal

uxespxiyi (i= 1;2;3),the m ultiplicitiesofchiralferm ions,arising from

stringsstarting from stack a and ending atborviceversa,takethesim ple

form

(N a;N b):Iab =
Y

i

(m̂ a
in̂

b
i � n̂

a
im̂

b
i);
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(N a;N b):Iab� =
Y

i

(m̂ a
in̂

b
i + n̂

a
im̂

b
i): (59)

wherethe integers m̂ a
i;̂n

a
i arede�ned by:

m̂
a
i � m

a
xiyi ; n̂

a
1 � n

a
1n

a
2 ; n̂

a
2 � n

a
3n

a
4 ; n̂

a
3 � n

a
5n

a
6 ; (60)

in term softhe m agnetic uxesm a and winding num bersna ofeqs.(40)

and (39),respectively.

2.O pen stringsstretched between thea-th braneand itsm irrora? giveriseto

m asslessm odesassociated to Iaa? chiralferm ions.Thesetransform either

in theantisym m etricorsym m etricrepresentationofU (N a).Forfactorized

toroidalcom pacti�cations(T 2)3,the m ultiplicities ofchiralferm ionsare

given by;

Antisym m etric:
1

2

 
Y

i

2m̂ a
i

! 0

@
Y

j

n̂
a
j + 1

1

A ;

Sym m etric:
1

2

 
Y

i

2m̂ a
i

! 0

@
Y

j

n̂
a
j � 1

1

A : (61)

In generic con�gurations, where supersym m etry is broken by the m agnetic

uxes,the scalarpartnersofthe m asslesschiralspinorsin twisted open string

sectors (i.e. from non-trivialbrane intersections) are m assive (or tachyonic).

M oreover,when a chiralindex Iab vanishes,the corresponding intersection of

stacksa and bisnon-chiral.Them ultiplicity ofthenon-chiralspectrum isthen

determ ined by extractingthevanishingfactorand calculatingthecorresponding

chiralindex in higherdim ensions.

9.4 A supersym m etric SU(5)G U T w ith stabilized m oduli

A m orerealisticm odelofm odulistabilization with threegenerationsofquarks

an leptons can be obtained by realizing in the above fram ework the m odelA

ofsection 8 with U (3)and U (2)coincident,giving riseto an SU (5)G UT [63].

To elaboratefurther,them odelisdescribed by twelvestacksofbranes,nam ely

U5;U1,O 1;:::;O 8,A,and B ,whoseroleisdescribed below:

� TheSU (5)gaugegroup arisesfrom theopen stringstatesofstack-U5 con-

taining �vem agnetized branes.Therem aining eleven stackscontain only

a singlem agnetized brane.Also,the stack-U5 containing the G UT gauge

sector, contributes to the G UT particle spectrum through open string

states which either start and end on itself(or on its orientifold im age)

oron the stack-U1,having only a singlebraneand thereforecontributing

an extra U (1). M ore precisely,open stringsstretched in the intersection

ofU (5)with its orientifold im age give rise to 3 chiralgenerationsin the
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antisym m etricrepresentation 10 ofSU (5),while the intersection ofU (5)

with the orientifold im age ofU (1) gives 3 chiralstates transform ing as
�5. Finally,the intersection ofU (5) with the U (1) is non chiral,giving

rise to Higgs pairs5 + �5. The m agnetic uxes along the variousbranes

are constrained by the factthatthe chiralferm ion spectrum ,m entioned

above,ofthe SU (5)G UT should arisefrom these two sectorsonly.

� The eightsingle brane stacksO1;:::;O 8,contain oblique uxesand gen-

eralize the setofthe six stacks]1 -]6 ofthe previoustoy m odel,in the

presence ofa B -�eld background needed to obtain odd num ber (three)

ofchiralferm ions. A crucialproperty ofthese ‘oblique’branes is that

the com bined induced 5-brane charge lies only along the three diagonal

directions[xi;yi].

� Theeight‘oblique’branestogetherwith U5 �x allgeom etricm oduliby the

supersym m etry conditions. The holom orphicity condition (44)stabilizes

thecom plex structurem odulito theidentity m atrix,asin (52),whilethe

D-atnesscondition (46)forthenine stacksU5;O 1;:::;O 8,im posing the

vanishing oftheFIterm s�a (47),�x thenineK �ahlerm oduliin a diagonal

form . The residualdiagonal5-brane tadpolesofthe branesin the stacks

U5,U1,O 1;:::;O 8 are then cancelled by introducing the lasttwo single

branestacksA and B ,satisfying also the required 9-branecharge.

� The D-atnessconditions for the brane stacksU1,A and B can also be

satis�ed,provided som e VEVs ofcharged scalars living on these branes

are turned on to cancelthe corresponding FI param eters,according to

eqs.(55) and (56). They alltake values sm aller than the string scale,

consistently with theirperturbative treatm ent,and break the three U (1)

sym m etries.O n theotherhand,therem ainingnineU (1)branefactorsbe-

com em assivebyabsorbingtheRR partnersoftheK �ahlerclassm oduli.As

a result,allextra U (1)’sarebroken and theonly leftovergaugesym m etry

isan SU (5)G UT.Furtherm ore,the intersectionsofthe U (5)stack with

any additionalbraneused form odulistabilization arenon-chiral,yielding

the three fam iliesofquarksand leptonsin the 10 + �5 representationsas

the only chiralspectrum ofthe m odel(gaugenon-singlet).

10 G augino m asses and D -term gauge m edia-

tion

Here,westudy thepossibility ofbreakingsupersym m etry by m agneticuxesin

a partofthe theory,instead ofturning on charged scalarVEVs,such asin the

branestacks]10 and ]11 ofthetoy m odelofsection 9.1,orin the stacksU1,A

and B ofthe SU (5)m odeldiscussed above. Since this breaking ofsupersym -

m etry is induced by D-term s,gaugino m asses are vanishing at the tree-level,

becausethey areprotected by a (chiral)R-sym m etry.Thissym m etry isbroken

in generalin thepresenceofgravity by thegravitino m ass,aswellasby higher
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order in �0 string corrections (on the branes). Both e�ects generate gaugino

m assesradiatively from a diagram involving atleastone boundary,where the

gauginosarelocalized,and having e�ective ‘genus’3/2 [64].

Fororiented strings,there are two possibilities: (1)one boundary and one

handle,correspondingtoonegravitationalloop in thee�ectivesupergravity;(2)

three boundaries,corresponding to two loopsin the e�ective gauge theory. In

the lim itofsm allsupersym m etry breaking com pared to the string scale,both

diagram s are reduced to topologicalam plitudes receiving contributions only

from m asslessstates:

(1)Theoneloopgravitationalcontribution ofthe�rstdiagram leadstogaugino

m assesm 1=2 scaling asthe third powerofthe gravitino m assm 3=2:

m 1=2 / g
2

s

m 3

3=2

M 2
s

: (62)

O n theotherhand,scalarson thebraneacquiregenerically one-loop m ass

correctionsm 0 from theannulusdiagram [65]:m 0
>� gsm

2

3=2
=M s,im plying

thatgaugino m assesaresuppressed relativeto scalarm asses:

m
2

1=2
<� gs

m 3
0

M s

: (63)

Fixingm 1=2 in theTeV range,onethen �ndsthatscalarsarem uch heavier

m 0
>� 108 G eV.Thus,thism echanism leadsto a hierarchy between scalar

and gaugino m assesofthe type required by splitsupersym m etry [66,67].

(2)Sim ilarly,thegaugecontribution ofthesecond diagram leadstoeven larger

hierarchy:

m 1=2 / g
2

s

m 4
0

M 3
s

; (64)

with the proportionality constant given by the open string topological

partition function F(0;3) [68]. This result can be understood from the

supersym m etricdim ension seven ciraloperatorin thee�ective�eld theory:R
d2�W 2TrW 2,when the m agnetized U (1) gauge super�eld W acquires

an expectation value along itsD-auxiliary com ponent:hW i= �hDiwith

hDi� m 2
0.Thus,the gauginosappearing in the lowestcom ponentofthe

(non-ebelian)gaugesuper�eld W acquirethe M ajorana m ass(64),which

isin theTeV region when thescalarm assesareoforder1013 � 1014 G eV.

An alternative way to generate gaugino m asses is by giving Dirac type

m asses.Indeed,in thetoroidalm odelswestudied above,wem entioned already

thatthe gauge sectoron the branescom esinto m ultiplets ofN = 4 extended

supersym m etry and thus gauginos can be paired into Dirac m assive ferm ions

withoutbreaking the R-sym m etry [69]. This leadsto the possibility ofa new

gauge m ediation m echanism [70]. A prototype m odelcan be studied with the

following setup,based on two setsofm agnetized brane stacks: the observable

setO and the hidden setH [62,69].
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� The Standard M odelgaugesectorcorrespondsto open stringsthatprop-

agate with both ends on the sam e stack ofbranes that belong to O : it

has therefore an extended N = 4 or N = 2 supersym m etry. Sim ilarly,

the ‘secluded’gauge sectorcorrespondsto stringswith both endson the

hidden stack ofbranesH .

� TheStandard M odelquarksand leptonscom efrom open stringsstretched

between di�erent stacks ofbranes in O that intersect at �xed points of

the internalsix-torusT 6 and havethereforeN = 1 supersym m etry.

� The Higgssectoron the otherhand correspondsto stringsstretched be-

tween di�erent stacks ofbranes in O that intersect at �xed points ofa

T 4 and are parallelalong a T 2: it has therefore N = 2 supersym m etry

and the two Higgsdoublets form a hyperm ultiplet. Finally,the m essen-

ger sector contains strings stretched between stacks ofbranes in O and

the hidden branesH ,thatform also N = 2 hyperm ultiplets. M oreover,

the two stacksofbranesalong the T 2 are separated by a distance 1=M ,

which introduces a supersym m etric m ass M to the hyperm ultiplet m es-

sengers. The latter are also charged under the m agnetized U (1)(s) that

break supersym m etry in the ‘secluded’sectorH via D-term s.

Them ain propertiesofthism echanism are:

1.The gauginosobtain Diracm assesatoneloop given by:

m
D
1=2 �

�

4�

D

M
; (65)

where� isthe corresponding gaugecoupling constant.

2.Scalar quarks and leptons acquire m asses by one-loop diagram s involv-

ing Dirac gauginos in the e�ective theory where m essengers have been

integrated out (three-loop diagram s in the underlying theory). Their

contributionsare �nite and one-loop suppressed with respectto gaugino

m asses[71,72].

3.Thetree-levelHiggspotentialgetsm odi�ed becauseofitsN = 2structure.

V = Vsoft+
1

8
(g2 + g

02)(jH 1j
2 � jH 2j

2)2 +
1

2
(g2 + g

02)jH 1H 2j
2
; (66)

where H 1;2 arethe two Higgsdoublets,g and g
0 arethe SU (2)and U (1)

couplings,and the last term is a genuine N = 2 contribution which is

absentin the M SSM .Itfollowsthatthe lightestHiggsbehavesasin the

(non supersym m etric)Standard M odelwith no tan� dependence on its

couplingstoferm ions.O n theotherhand,theheaviestHiggsplaysnorole

in electroweak sym m etry breaking and does not couple to the Z-boson.

In fact,the m odelbehaves as the M SSM at large tan� and the ‘little’

�ne-tuning problem issigni�cantly reduced [62].
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4.Thesupersym m etricavorproblem issolved asin usualgaugem ediation.

M oreover,thereisacom m on supersym m etry breakingscalein theobserv-

ablesector,them assesofallsupersym m etricparticlesbeing proportional

to powers ofgauge couplings. Finally,there are distinct collider signals

di�erentfrom thatofthe M SSM .

In conclusion,thefram ework oftoroidalstring com pacti�cationswith m ag-

netized branes described above,starting from section 7,o�ers an interesting

self-consistent setup for string phenom enology,in which one can build sim ple

calculablem odelsofparticlephysicswith stabilized m oduliand im plem entlow

energy supersym m etry breaking thatcan bestudied directly atthestring level.
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