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FF--theory / elliptic fibered CY4theory / elliptic fibered CY4
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何が難しいのか？何が難しいのか？

Type IIB Type IIB をを SL(2,Z) SL(2,Z) でで 77--brane brane まわりにひねる。まわりにひねる。

それだけ？それだけ？
77--brane brane 直上で場は定義されているのか？直上で場は定義されているのか？

互いに互いに nonnon--local [                        local [                        でないでない] 7] 7--brane brane が交が交
差するところ差するところ(codimension(codimension--2)2)では？では？Codim.Codim.--3 3 では？では？

特異点まわりの幾何はどうなっている？特異点まわりの幾何はどうなっている？
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( , )p q 7-brane 上では ( )pB qC+ は定義できている。
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FF--theory w/ unbroken SU(5) symmetrytheory w/ unbroken SU(5) symmetry
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Bershadsky et.al. ‘96
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Yukawa: recombination of M2-branes on 2-cycles
6 4E A→

6 4D A→
up-type Yukawa generated.
down-type Yukawa generated

Tatar Watari ‘06
Donagi-Wijnholt 0802
Beasley et.al.       0802
Hayashi et.al.      0805.

Charged Matter chiral multiplets: hol sections of a line bundle on a curve
Hayashi et.al. 0805.

Andreas Curio ’99
Hayashi et.al. 0805

Donagi Wijnholt 0808
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yet to be done (topic of this talk)yet to be done (topic of this talk)

YukawaYukawa from codim.from codim.--3 singularity, but F3 singularity, but F--theory theory 
does not have any microscopic formulations.does not have any microscopic formulations.
How to deal with SU(5) neutral fields (like RH How to deal with SU(5) neutral fields (like RH 
neutrinos)neutrinos)

a side remarka side remark
Harvard groupHarvard group’’s claim s claim ““triple intersection at Etriple intersection at E--type type 
singularitysingularity””: actually not generic.: actually not generic.

(林くんのポスター)

(taken from Beasley Heckman Vafa 0802)
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plan of this talkplan of this talk

Theoretical progressTheoretical progress
Field Theory Local ModelsField Theory Local Models
HeteroticHeterotic----F duality revisitedF duality revisited

Some results in phenomenology Some results in phenomenology 
proton decayproton decay
rightright--handed neutrinos: handed neutrinos: YukawaYukawa couplings and couplings and 
MajoranaMajorana massesmasses
cubic cubic couiplingcouipling of NMSSMof NMSSM



FieldField--theory Local Modelstheory Local Models



intersecting D7intersecting D7——D7D7 in field theoryin field theory
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U(N+M) Super Yang-Mills

intersecting configuration 
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(the same (the same configconfig. in F. in F--theory language)theory language)

U(N+M) Super Yang-Mills

( 0, ,7)MA M =
Φ

"

1 2 0 1 2( , ) diag(0 , ( , ) ).N Mu u z u uΦ =

( ) ( )SU N SU M×
D7—D7 open string in bifundamental representation:( , )N M

localized mode under the bg. .Φ
2
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δ
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3X B→ (elliptic fibration)
( 0) ' .N S M SΔ= = + +"

S, S’: cpx codim.-1 in 
3.B

local geometry of X around  ' :S S⋅
2 2

0 1 2( ( , )) .N My x z z z u u= + − +"

1N MA + − singularity 
( )SU N M+ sym.
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(locally cpx scalar)



deformation of            : use          gauge theory deformation of            : use          gauge theory 
with Higgs with Higgs vaccumvaccum valuevalue

field: section of                  on S, not onfield: section of                  on S, not on

action on 7+1 dim. action on 7+1 dim. 

meaning of this actionmeaning of this action
capture capture some D.O.Fsome D.O.F of Fof F--theorytheory
effective action. unknown part of Feffective action. unknown part of F--theory shoved theory shoved 
into higher order terms. (hidden under the carpet)into higher order terms. (hidden under the carpet)

6,7,8E 6,7,8E
.ϕ

ϕ 2 *
SK T S=∧

3| .S BN
Katz Vafa ’97, Donagi Wijnholt 0802, Beasley Heckman Vafa 0802.

3,1

4[ ( ) (supersymmetric)] ( )MN
MN s s

S

S tr F F O g l
×

∝ + +∫
�R� Beasley et.al. 0802, Hayashi et.al. 0901.

(土屋くんのポスター)



effeff. theory below the KK scale . theory below the KK scale 

need to see the need to see the entireentire (e.g.     ) singularity locus S.(e.g.     ) singularity locus S.
lookslooks locallylocally an ALE an ALE fibrationfibration on on 

4A

3X B→ .U Sα ⊂

ALE fiber space of ADE type ADE gauge theory

partially deformed 
ADE singularity

partially Higgsed
ADE gauge theory

fiber spaces glued together 
between two adjacent patches      Uα

gauge theories glued together
between two adjacent patches   Uα



field theory local modelsfield theory local models

6E
6D

6A

4 .singlA 10 .repr

5 .repr
5 5,D A

6

gauge theories 
along codim.-2 curves

E

6 (12)D SO=

gauge theory
(for up-type Yukawa)

gauge theory
(for down-type Yukawa)

6 (7)A SU= gauge theory
around codim.-3 points

How to translate local geometry into 
How to glue local models together? 
to calculate Yukawa, use

?ϕ
(林くん、土屋くんのポスター)

( ) .W tr F GϕΔ = ∧ ⇐ Ω∧
S X
∫ ∫



HeteroticHeterotic--F duality revisitedF duality revisited



2
2Het /( )T Z B→ → 2/( 3 )F K X B→ →

K3

2B

8 bdl GUT(5) (5) .E SU SU→ ×

(10)c

(5)c

GUT(5)SU

e.g.
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2/ / 3Het T F K−
Het:  Narain compactification
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Fiber this duality adiabatically, to obtain 
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modulimoduli map Imap I
((HetHet sugrasugra / F stable / F stable degendegen. limit). limit)

modulimoduli D.O.F counting,  90D.O.F counting,  90’’ss
follow symmetry breaking / singularity deformation on follow symmetry breaking / singularity deformation on 
both sidesboth sides

[[cpxcpx strstr of Z + of Z + bdlebdle modulimoduli ((HetHet)] to [)] to [cpxcpx strstr of X (F)]of X (F)]

modulimoduli map [incl. mixing and normalization]map [incl. mixing and normalization]
1[2] vanishing Wilson 1[2] vanishing Wilson line(sline(s) to codim.) to codim.--2[3] singularity 2[3] singularity 

Morrison Vafa ’96, Bershadsky et.al. ’96, ‘97 

Line bundles on matter curves: determined by these data
Codim.-3 singularities: detected by       in any cpx str in F-theory Δ

Hayashi et.al. 0805, 0901



modulimoduli map IImap II
((HetHet sugrasugra / F stable / F stable degendegen. limit). limit)

HetHet side              w/ rank V =            side              w/ rank V =            bndlebndle
N Wilson lines                 on      = N points on            N Wilson lines                 on      = N points on            
=zero points of elliptic =zero points of elliptic fcnfcn

N N pntspnts in each fiber defines        in Z.in each fiber defines        in Z.

F side K3 (elliptic F side K3 (elliptic fibrationfibration on    )on    )
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Friedman Morgan Witten ‘97

Katz Mayr Vafa ’97
Curio Donagi ’98
Hayashi et.al. 0805



FF--theory in field theorytheory in field theory

SUSY condition of the background SUSY condition of the background 
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FF--theory in field theorytheory in field theory

SUSY condition of the background SUSY condition of the background 
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a new understanding of a new understanding of HetHet--F dualityF duality

modulimoduli mapmap

spectral surface         in Fspectral surface         in F--theory description theory description 
one for each one ofone for each one of

was the missing link in the was the missing link in the HetHet –– IIB duality.IIB duality.

Het/elliptic CY3 F w/ D=8 field theory F / elliptic CY4

vector bdle Higgs bdle ALE fibration
deformed ADE

(Hitchin/Katz—Vafa map)

(K3/del Pezzo fibration)

Het F
( ) ( ) ( ) ( )( , ) ( , ) .V V V VC Cρ ρ ρ ρ=N N

( )VCρ

. ( .,1) (1, .) ( , )i i iadj adj adj U R→ + ⊕
(unlike discriminant locus)

(林くん、土屋くんのポスター）

Hayashi et.al. 0901



Proton DecayProton Decay



proton decayproton decay

FriedmanFriedman--WittenWitten ’’02 for M/G2:02 for M/G2:
decay rate decay rate ““divergesdiverges”” when matter localizeswhen matter localizes

enhancedenhanced

In FIn F--theory, all charged matter are along the theory, all charged matter are along the 
curves, curves, not localized at pointsnot localized at points. . codim.codim.--22.   .   

only log enhancement.

2 2 †† † †
2 210 1010 10 ln 10 105 5.GUT str GUT

KK KK KK

g M gL
M M M

⎛ ⎞⎟⎜ ⎟Δ × +⎜ ⎟⎜ ⎟⎜⎝ ⎠
∼

2 2
† † † †*

2 210 1010 10 10 105 5.GUT GUT

KK KK KK

g M gL
M M M

⎛ ⎞⎟⎜ ⎟Δ × +⎜ ⎟⎜ ⎟⎜⎝ ⎠
∼

0
/( ) / ( ).L Rp e pπ π ν+ +Γ → Γ →

Tatar TW 0806



FF--theory w/ unbroken SU(5) symmetrytheory w/ unbroken SU(5) symmetry
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4 .singlA 10 .repr

5 .repr

2 3 2
5 4
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y x a xy a zx
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Bershadsky et.al. ‘96
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Andreas Curio ’99
Hayashi et.al. 0805
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Charged Matter: hol sections of a line bundle on a curve

Hayashi et.al. 0805.
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5 'S S+

despite all these singularities



RightRight--handed Neutrinoshanded Neutrinos
and NMSSMand NMSSM



What do we expect for What do we expect for RHneutrinosRHneutrinos??

SU(5) SU(5) singletssinglets..
have neutrino have neutrino YukawaYukawa couplingscouplings
(hopefully) have (hopefully) have MajoranaMajorana masses; at least one masses; at least one 
of them is belowof them is below

We do not know how many. (2 or more, but not We do not know how many. (2 or more, but not 
necessarily 3) necessarily 3) 

2 2 15( ) / 10 GeV.v mλ ⊕Δ ∼



In In HetHet on a CY3, on a CY3, gaugegauge--field field modulimoduli
have couplings suitable for neutrino have couplings suitable for neutrino YukawasYukawas. . 

In In HetHet——F duality, gauge field F duality, gauge field modulimoduli are are 
mapped to mapped to cpxcpx strstr modulimoduli of Fof F--theory.theory.
FF--theory theory cpxcpx strstr modulimoduli have neutrino have neutrino YukawaYukawa
couplingscouplings [use the field theory local models][use the field theory local models]

FF--theory flux theory flux compactificationcompactification: : MajoranaMajorana massesmasses
for the for the cpxcpx strstr modulimoduli::

8 8E E×

Witten ‘86

5 5.W λΔ = Φ

Tatar et.al. 0905.

3 2
*1/( ) .n

R cs GUT GUTM M R M M α ε∼ ∼ ∼

(90’s)



AnothoerAnothoer type of type of modulimoduli
usually there are not many, often none.usually there are not many, often none.

Those Those modulimoduli also have also have 
But, But, no massesno masses from flux from flux compactificationcompactification, or , or 
no no trilineartrilinear termsterms fromfrom

Candidate for the NMSSM singlet, with a Candidate for the NMSSM singlet, with a 
suppressed cubic coupling?  suppressed cubic coupling?  

1,2 ( ; )H X C

5 5.W λΔ = Φ

(4).
X

W GΔ = Ω∧∫

Singlet Field in the NMSSM

.W SHHΔ =



back up slidesback up slides



2
2Het /( )T Z B→ → 2/( 3 )F K X B→ →

K3

2B

8 bdl GUT(5) (5) .E SU SU→ ×

10c

5c

GUT(5)SU

10

1 0 1 0 1/ 2
2 * 1010 ' ( ; ) ( ; ) ( ; ).Z cs H Z V H B R V H c K Lγπ= ≅ ≅ ⊗

1 2 0 1 2 0
2 * 55' ( ; ) ( ; ) ( ;?).Zs H Z V H B R V H cπ= ∧ ≅ ∧ ≅

Curio,  Diaconescu Ionesei ’98

e.g.

[Andreas Curio]

10c
5c

Use Heterotic F duality
Hayashi et.al. 0805



spectral surface spectral surface vsvs discriminantdiscriminant locuslocus

discriminant locus spectral surface

6 4D A←



Charged Matter Charged Matter YukawaYukawa CouplingsCouplings



field theory local modelsfield theory local models

YukawaYukawa couplings from singularitycouplings from singularity
FF--theory lacks microscopic formulationtheory lacks microscopic formulation
effective field theory approach: effective field theory approach: Donagi-WIjholt 0802, 

Beasley-Heckman-Vafa 0802
something like DBI dealing with intersecting D7-branes



field theory local modelsfield theory local models

YukawaYukawa couplings from singularitycouplings from singularity
FF--theory lacks microscopic formulationtheory lacks microscopic formulation
effective field theory approach: effective field theory approach: Donagi-WIjholt 0802, 

Beasley-Heckman-Vafa 0802

local model around 4 5( , ) (0,0)a a = Hayashi et.al. 0901.



field theory local modelsfield theory local models

YukawaYukawa couplings from singularitycouplings from singularity
FF--theory lacks microscopic formulationtheory lacks microscopic formulation
effective field theory approach: effective field theory approach: Donagi-Wijholt 0802, 

Beasley-Heckman-Vafa 0802

local model around 4 5( , ) (0,0)a a = Hayashi et.al. 0901.



field theory local modelsfield theory local models

YukawaYukawa couplings from singularitycouplings from singularity
FF--theory lacks microscopic formulationtheory lacks microscopic formulation
effective field theory approach: effective field theory approach: Donagi-WIjholt 0802, 

Beasley-Heckman-Vafa 0802

local model around 4 5( , ) (0,0)a a = Hayashi et.al. 0901.



field theory local modelsfield theory local models

YukawaYukawa couplings from singularitycouplings from singularity
FF--theory lacks microscopic formulationtheory lacks microscopic formulation
effective field theory approach: effective field theory approach: Donagi-WIjholt 0802, 

Beasley-Heckman-Vafa 0802

local model around 4 5( , ) (0,0)a a = Hayashi et.al. 0901.

Standard form of deformation of E6 singularity to A4 (SU(5))

U(2) doublet background ( for SU(5)-10 repr.) 

For SU(5)-5 repr. 

solve the 0-mode wavefcn
under this background, 
Yukawa is from overlap 

integration



u, d, u, d, ee--YukawaYukawa matrixmatrix

YukawaYukawa matrix (up/down type) generated at a matrix (up/down type) generated at a 
singularity: approx. ranksingularity: approx. rank--1.1.

good for the 3good for the 3rdrd generagiongeneragion YukawasYukawas..

All the contributions from singularities add up.All the contributions from singularities add up.
problem, if all the problem, if all the YukawaYukawa eigenvalueseigenvalues are O(1).are O(1).

HeckmanHeckman——VafaVafa 0811 assumes only one 0811 assumes only one singularitsingularit pt.pt.
subleadingsubleading eg.valueseg.values suppressed in powers ofsuppressed in powers of

refined analysis: refined analysis: 

2 1/ 2( / ) ( ) 0.2,KK str GUTM M α∼ ∼

The GUT coupling sets the largest hierarchy possible. 

Beasley et.al. 0806.
Hayashi et.al. 0901.

2( ) / .KK GUTdM α π∼

Heckman-Vafa 0811.

Tatar et.al. 0905.
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