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1. String phenomenology1. String phenomenology
String theory String theory Phenomenological aspects of Phenomenological aspects of 

particle physicsparticle physics
String theory String theory 4D Standard Model 4D Standard Model （（including parametersincluding parameters））

String modelsString models (N=1 or 0 SUSY)(N=1 or 0 SUSY)
Hetero. on CY manifolds, Hetero. on CY manifolds, orbifoldsorbifolds

fermionicfermionic const., const., GepnerGepner……
Intersecting DIntersecting D--branebrane modelsmodels

Their Their masslessmassless modesmodes
Graviton, Gauge bosons, Graviton, Gauge bosons, 
Matter fermions, HiggsMatter fermions, Higgs
DilatonDilaton, , ModuliModuli fieldsfields



Their actionTheir action
Gauge couplings, Gauge couplings, YukawaYukawa couplings,couplings,…………
KahlerKahler potential (kinetic terms)potential (kinetic terms)

dimensional reduction, CFT calculationsdimensional reduction, CFT calculations
(symmetries, stringy loops)(symmetries, stringy loops)

They depend on VEVThey depend on VEVｓｓ of of dilatondilaton and and modulimoduli..
experimental values of g, experimental values of g, 

and and fermionfermion massesmasses…………

Dilaton/moduliDilaton/moduli potential is potential is perturbativelyperturbatively flat.flat.

How are these How are these modulimoduli stabilized ?stabilized ?



Dilaton/moduliDilaton/moduli stabilizationstabilization
It is assumed that some nonIt is assumed that some non--perturbativeperturbative effects effects 
generates potential.generates potential.
V(S,T)   V(S,T)   stabilization of S and Tstabilization of S and T

SUSY may break.SUSY may break.
SS--spectra  spectra  future experimentsfuture experiments

String CosmologyString Cosmology
These These modulimoduli fields have important implications fields have important implications 
on cosmology,  inflation,on cosmology,  inflation,…………………………………………

Observation, e.g. WMAPObservation, e.g. WMAP



2. 4D effective field theory2. 4D effective field theory
22--1. 1. HeteroticHeterotic models (on models (on orbifoldorbifold))
10D 10D heteroticheterotic theory theory compactifycompactify 6D 6D 
gauge bosons gauge bosons 10D (bulk) modes10D (bulk) modes
(untwisted) matter fields (untwisted) matter fields 10D (bulk) modes10D (bulk) modes
twisted matter fields twisted matter fields 4D, 6D modes 4D, 6D modes 

on fixed points, on fixed points, torustorus
““HeteroticHeterotic branebrane worldworld””

recent works: T.K., recent works: T.K., RabyRaby, Zhang, , Zhang, ’’0404
NillesNilles, et. al. , et. al. ‘‘0404



22--2. Intersecting D2. Intersecting D--branebrane modelsmodels
(D6 (D6 branesbranes on on orbifoldorbifold))

gauge bosons:  (p+1) D modes on Dgauge bosons:  (p+1) D modes on D--branebrane
(bi(bi--fundamental) fundamental) 
matter fields:  modes localized at matter fields:  modes localized at 

intersecting pointsintersecting points
u(1)   su(2)u(1)   su(2)

su(3)su(3) HH
Q Q 

uu



22--3. gauge couplings3. gauge couplings

ExperimentsExperiments
gauge couplingsgauge couplings
meet at high meet at high 
energyenergy

Unification 
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Gauge couplings in hetero modelsGauge couplings in hetero models

10D E10D E8 8 SU(3) SU(2) U(1)SU(3) SU(2) U(1)……
gauge couplings are unifiedgauge couplings are unified (for k=1).(for k=1).

Gauge couplings in intersecting D Gauge couplings in intersecting D branesbranes

Generic model Generic model no prediction on unificationno prediction on unification
In general, gauge kinetic functions (its In general, gauge kinetic functions (its modulimoduli--

dependence)  are different between SU(3), dependence)  are different between SU(3), 
SU(2) and U(1), SU(2) and U(1), ………………
Gauge couplings and Gauge couplings and gauginogaugino massesmasses

aDa Vgg /2
6

2 =



33．． YukawaYukawa couplings in string modelscouplings in string models
The orThe oriigin of gin of fermionfermion masses and mixing angles is masses and mixing angles is 

one of important issues in particle physics.one of important issues in particle physics.
FermionFermion masses masses YukawaYukawa couplingscouplings between  between  

fermions and Higgs fields fermions and Higgs fields 
e.g. in the Standard Modele.g. in the Standard Model

O(1) of O(1) of YukawaYukawa couplings are in a sense natural.couplings are in a sense natural.
From this viewpoint, how to derive suppressed From this viewpoint, how to derive suppressed 
YukawaYukawa couplings is a keycouplings is a key--point in understanding point in understanding 
fermionfermion masses.masses.



Quark masses andQuark masses and mixing anglesmixing angles
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RRG effects are not drastic in usual cases except G effects are not drastic in usual cases except 
PRPR--fixed points or fixed points or superconformalsuperconformal fixed points. fixed points. 



33--1. 1. YukawaYukawa couplings in string modelscouplings in string models

If fermions and Higgs fields are originated from If fermions and Higgs fields are originated from 
N=4 or 2 subN=4 or 2 sub--sectorsector, we obtain , we obtain 

Y = g  (universal magnitude & diagonal).Y = g  (universal magnitude & diagonal).

In general,In general, YukawaYukawa couplings couplings of string models of string models can can 
be be calculated by CFT, calculated by CFT, 

e.g. e.g. heteroticheterotic models on CY manifolds, models on CY manifolds, orbifoldsorbifolds, , 
GepnerGepner models, models, fermionicfermionic const.const.

and Intersecting Dand Intersecting D--branebrane models. models. 



CFT calculationsCFT calculations

Universal Universal YukawaYukawa couplingscouplings (Y=O(1))(Y=O(1))
in some models,in some models,
and/or and/or diagonal couplings diagonal couplings 

(allowed by selection rules)(allowed by selection rules)

One can not derive One can not derive realistic mass matricesrealistic mass matrices
by these structures of by these structures of YukawaYukawa couplings.couplings.



NonNon--universal (suppressed) and/or universal (suppressed) and/or 
modulimoduli--dependent dependent YukawaYukawa couplingscouplings

e.g., intersecting De.g., intersecting D--branebrane modelsmodels
hetero. models on hetero. models on orbifoldsorbifolds
Y = exp (Y = exp (--A)   A: areaA)   A: area

u(1)   su(2)u(1)   su(2)
su(3)su(3) HH

Q Q AA

uu



33--2. 2. YukawaYukawa in hetero. in hetero. orbifoldsorbifolds

OrbifoldOrbifold Dixon, et. al., Dixon, et. al., ‘‘8585

FFixed points on 2D Zixed points on 2D Z33 orbifoldorbifold
(0,0),  (2/3,1/3), (1/3,2/3)  in su(3) root basis(0,0),  (2/3,1/3), (1/3,2/3)  in su(3) root basis

Twisted strings are associated with these fixed points.Twisted strings are associated with these fixed points.
The flavor structure and the selection rule are not so The flavor structure and the selection rule are not so 

modelmodel--dependent compared with intersecting dependent compared with intersecting branebrane
models, and these are determined geometricalmodels, and these are determined geometrical
aspect when we fix aspect when we fix orbifoldorbifold..



2D Z2D Z66 orbifoldorbifold
Fixed pointsFixed points
TT1 1 : (0,0): (0,0)
TT22 : (0,0),  (1/3,2/3), (2/3,1/3) : (0,0),  (1/3,2/3), (2/3,1/3) 
TT33 : (0,0),  (0,1/2), (1/2,0), (1/2,1/2): (0,0),  (0,1/2), (1/2,0), (1/2,1/2)

in Gin G22 simple root basissimple root basis
These except (0,0) are not fixed under ZThese except (0,0) are not fixed under Z66 twist, twist, 
but transformed each other.but transformed each other.
Thus, one has to take linear combinations Thus, one has to take linear combinations 
of twisted states corresponding to fixed points, of twisted states corresponding to fixed points, 
which are not the origin.which are not the origin.



Twist Twist eigenstateseigenstates
T.K., T.K., OhtsuboOhtsubo, , ’’9191

6D 6D orbifoldorbifold
6D Z6D Z3  3  orbifoldorbifold = a product of 3 (2D Z= a product of 3 (2D Z33) ) 
6D Z6D Z66--I I orbifoldorbifold = = 

a product of 2 (2D Za product of 2 (2D Z66) and (2D Z) and (2D Z33))
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Space group selection ruleSpace group selection rule
Dixon, et. al., Dixon, et. al., ‘‘8787

Fixed point is denoted by its space group element.Fixed point is denoted by its space group element.

2D Z2D Z3   3   ffkk k=0,1,2k=0,1,2
i + j + k = 0 mod 3i + j + k = 0 mod 3 diagonal    diagonal    

We can not get nonWe can not get non--vanishing mixing angles.vanishing mixing angles.
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2D Z2D Z66 orbifoldorbifold
Allowed Allowed YukawaYukawa couplings              couplings              T.K., T.K., OhtsuboOhtsubo, , ‘‘9191

TT1 1 TT22 TT33 TT22 TT22 TT22

The latter is the same as ZThe latter is the same as Z3, 3, that is that is 
we obtain only diagonal couplings.we obtain only diagonal couplings.
For the former, only the condition is that For the former, only the condition is that 
a product of a product of eigenvalueseigenvalues is identity, is identity, 
that is,  offthat is,  off--diagonal elements are allowed.diagonal elements are allowed.



6D Z6D Z66--I I orbifoldorbifold
RelevantRelevant statesstates
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YukawaYukawa couplings on couplings on orbifoldorbifold
CFT calculations CFT calculations Dixon, et al Dixon, et al ’’87, 87, HamidiHamidi, , VafaVafa, , ’’8787,,

BurwickBurwick, et al , et al ’’91, 91, CasasCasas, et al , et al ’’9393…………
T.K. T.K. LebedevLebedev, , ‘‘0303
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ZZN N orbifoldsorbifolds
ZZ33, Z, Z44, Z, Z66--I, ZI, Z66--II, ZII, Z77, Z, Z88--I, ZI, Z88--II, ZII, Z1212--I, ZI, Z1212--IIII

We will study ZWe will study Z66--I I orbifoldorbifold..
Diagonal couplingsDiagonal couplings: Z: Z33, Z, Z77

A small number of relevant statesA small number of relevant states: : 
ZZ44,  Z,  Z66--II, ZII, Z88--II, ZII, Z1212--IIII

One One modulimoduli parameterparameter: Z: Z88--I, ZI, Z1212--II



AssignmentsAssignments
KoKo, T.K., Park, , T.K., Park, ‘‘0404

5 types of assignments leading to mixing angles 5 types of assignments leading to mixing angles 
Since there is a TSince there is a T11 single state, we have to assign single state, we have to assign 
fermions with other sectors.fermions with other sectors.
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Systematical study Systematical study 
We try to fit the mass ratios mWe try to fit the mass ratios mcc//mmtt, m, mss//mmbb and and 
mixing angle mixing angle VVcbcb..

(Cf. (Cf. CasasCasas, Gomez, Munoz, , Gomez, Munoz, ’’92,92,
where they studied the mass ratios)where they studied the mass ratios)

We have studied systematically all of possibilities We have studied systematically all of possibilities 
minimizing chi squared varying Rminimizing chi squared varying R11 and Rand R22..
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ValuesValues

We have found examples leading to We have found examples leading to realistic realistic 
values.values.

04.003.0004.0:
04.003.0004.0:5
04.004.0004.0:4
04.002.0004.0:3
04.003.0004.0:2
04.003.0004.0:1

//

Experiment
Assignment
Assignment
Assignment
Assignment
Assignment

Vmmmm cbbstc

−
−
−
−
−



Forms of Forms of YukawaYukawa matricesmatrices
We have found examples leading to We have found examples leading to realistic realistic 
values.values.
AssignmentAssignment--1:  hierarchical & democratic 1:  hierarchical & democratic 
AssignmentAssignment--2:  hierarchical & democratic2:  hierarchical & democratic
AssignmentAssignment--3:  hierarchical form3:  hierarchical form
AssignmentAssignment--4:  hierarchical form4:  hierarchical form

We show some examples.We show some examples.



Assignment 1Assignment 1

There are several examples leading to similar There are several examples leading to similar 
results.results.
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Assignment 2Assignment 2

There are several examples leading to similar There are several examples leading to similar 
results.results.
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Assignment 5Assignment 5
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ResultsResults

We have found examples leading to a realistic We have found examples leading to a realistic 
mixing angle as well as mass ratios between the mixing angle as well as mass ratios between the 
22ndnd and 3and 3rdrd families.families.

Our results is the first examples to show the Our results is the first examples to show the 
possibilities for leading to realistic mixing angles possibilities for leading to realistic mixing angles 
by use of stringy by use of stringy renomalizablerenomalizable couplings with couplings with 
one pair of the up and down Higgs fields.one pair of the up and down Higgs fields.



33--3. 3. YukawaYukawa in intersecting D6 modelsin intersecting D6 models

Flavor structureFlavor structure
Family number = intersection numberFamily number = intersection number

su(2)                                                     su(2)                                                     U(1)U(1)

Q1     Q1     Q2Q2 Q3Q3 su(3)su(3) u1       u2          u3      u1       u2          u3      su(3)su(3)
11stst plane                                                 2plane                                                 2ndnd planeplane



YukawaYukawa in this toy model for 3 familiesin this toy model for 3 families

--> > YYijij = = aaii bbjj (rank(rank--one matrix)one matrix)

Another model for 3 families Another model for 3 families 
SU(3)SU(3) SU(2)SU(2)

Q1                                 Q1                                 

Q2                                 Q2                                 YukawaYukawa = diagonal= diagonal

Q3                                                           Q3                                                           (almost)(almost)

H  U3        U2        U1      H  U3        U2        U1      U(1)U(1)



YukawaYukawa matricesmatrices in intersecting Din intersecting D--branebrane
modelsmodels

Those are modelThose are model--dependent, but most of models, dependent, but most of models, 
which has been obtained so far, lead towhich has been obtained so far, lead to

This is a rankThis is a rank--one matrix. one matrix. 
One can derive only top mass, but not other light One can derive only top mass, but not other light 
quark masses or mixing angles.quark masses or mixing angles.
ーー＞＞ Kitazawa, T.KKitazawa, T.K.,., MaruMaru, Okada, , Okada, ‘‘04

jiij baY =

04



New flavor structureNew flavor structure
Flavor number = intersecting numberFlavor number = intersecting number
-->  non>  non--realistic realistic YukawaYukawa matrices,matrices,

vanishing mixing anglesvanishing mixing angles

We need some extensions or  We need some extensions or  
a new type of flavor structurea new type of flavor structure.                         .                         



Composite modelComposite model
Kitazawa, Kitazawa, ‘‘0404

D61

D62

D66

D64 D63D65

-1 +1

-1

+1

U(2)L 

U(1) (USp(2))5 U(3)c U(1)
U(1)(USp(2))2 

(USp(2))5 

+1 -2

+2

+2

-1



(Bi(Bi--fundamentalfundamental) matter) matter

Intersecting numberIntersecting number
SU(3)      SU(2)     SU(3)      SU(2)     --2        anti2        anti--generationgeneration
SU(3)      Usp(2)SU(3)      Usp(2)a     a     1       C 1       C aa
SU(2)      Usp(2)SU(2)      Usp(2)a     a     1       D 1       D aa

CC aa DD aa -->  Q>  Q aa



ConfigurationConfiguration

33rdrd planeplane

CC 1  1  c c 44
d d 44

CC 22 h                           ch                           c 22

DD 2          D1                                d2 2          D1                                d2 



YukawaYukawa matricesmatrices

Kitazawa,T.KKitazawa,T.K.,.,Maru,OkadaMaru,Okada ‘‘0404

realistic
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4. SUSY breaking 4. SUSY breaking 

44--1. SUSY breaking in 1. SUSY breaking in heteroticheterotic modelsmodels
EE’’8  8  hidden sector hidden sector 

gauginogaugino condensation in hidden sectorcondensation in hidden sector
SUSY breaking SUSY breaking 

gravity mediation gravity mediation visible sectorvisible sector
44--2. extra gauge sector in intersecting 2. extra gauge sector in intersecting branebrane

There are often matter fields with There are often matter fields with 
bibi--fundamental rep. between fundamental rep. between 
the SM group and extra group.the SM group and extra group.



SUSY breaking in intersecting SUSY breaking in intersecting branebrane modelsmodels

SM SM SUSY breakingSUSY breaking

bibi--fundamental matterfundamental matter

Effects from biEffects from bi--fundamental matter ?fundamental matter ?



Summary  Summary  
Many intersecting DMany intersecting D--branebrane models have been models have been 
constructed.constructed.

It is the time to study their phenomenological It is the time to study their phenomenological 
aspects, e.g. , gauge couplings, aspects, e.g. , gauge couplings, YukawaYukawa
couplings, couplings, …………, SUSY breaking, , SUSY breaking, ………….. .. 

Recent topic on Recent topic on modulimoduli stabilization and stabilization and 
SUSY breaking is concerned about models with SUSY breaking is concerned about models with 
flux.flux.



Summary on Summary on YukawaYukawa
We have systematically studied the possibilities for We have systematically studied the possibilities for 

leading to realistic mixing angles in leading to realistic mixing angles in orbifoldorbifold models.models.
We have found several examples, and our results are We have found several examples, and our results are 
the first examples in string models.the first examples in string models.
It isIt is important to extend our analysis into the full 3 important to extend our analysis into the full 3 

family matrices and also the lepton sector.family matrices and also the lepton sector.

How to stabilize How to stabilize modulimoduli VEVsVEVs at proper values is an at proper values is an 
important issue.important issue.



YukawaYukawa in intersecting in intersecting branebrane modelsmodels
Another possibility for leading to realistic mixing angles Another possibility for leading to realistic mixing angles 

is intersecting Dis intersecting D--branebrane models.models.

So far, there is no explicit model with nonSo far, there is no explicit model with non--vanishing vanishing 
mixing angles.mixing angles.

New type of flavor structure has been obtained in New type of flavor structure has been obtained in 
KitazawaKitazawa--sansan’’ss model.model.

That can lead to nonThat can lead to non--vanishing mixing vanishing mixing anlgesanlges..
Kitazawa, T.K., Kitazawa, T.K., MaruMaru, Okada, , Okada, ‘‘0404
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