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Standard ModelStandard Model
SM contains 3 families ofSM contains 3 families of

UpUp--type quarkstype quarks
DownDown--type quarkstype quarks
NeutrinosNeutrinos
Charged leptonsCharged leptons

Order principleOrder principle

Large mass hierarchy among generations observed.Large mass hierarchy among generations observed.
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Observations Observations –– Quark SectorQuark Sector
((εε~~0.2)0.2)

11εε22εε33

εε2211εε

εε33εε11Quarks:Quarks:
mmuu:m:mcc:m:mtt==εε66::εε33:1:1
mmdd:m:mss:m:mbb==εε44::εε22:1:1

θθCC
22==mmdd/m/mss

withwith mmbb:m:mtt==εε22:1,:1,
θθ1212~~εε, , θθ1313~~εε33,  ,  θθ2323~~εε22, , δδ ≈≈ 6363ºº

VCKM ~ 

110000cc131300--ss1313eeiiδδcc2323--ss232300
00cc1212--ss1212001100ss2323cc232300VVCKMCKM==
00ss1212cc1212ss1313ee--iiδδ00cc1313000011

(Gatto et al.,1968)
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Observations Observations –– Lepton SectorLepton Sector
((εε~~0.2)0.2)

Charged leptons:Charged leptons:
mmee:m:mμμ:m:mττ==εε44::εε22:1:1
mmττ:m:mbb=1:1=1:1

Neutrinos:Neutrinos:
mm11:m:m22:m:m33==εε22::εε:1 (NH):1 (NH)
mm11:m:m22:m:m33=1:1:=1:1:εε (IH)(IH)
mm11:m:m22:m:m33=1:1:1  (DG)=1:1:1  (DG)

PMNS Matrix:PMNS Matrix:
UUPMNSPMNS==UUll

++UUνν,, θθ2323≈≈ππ/4, /4, θθ1212≈≈ππ/4/4--εε, , θθ1313≤≤ εε

Unknown: Unknown: θθ1313, absolute mass, ordering and phases, absolute mass, ordering and phases
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Beyond the Standard ModelBeyond the Standard Model

SM augmented by massive neutrinos contain a lot SM augmented by massive neutrinos contain a lot 
of free parameters.of free parameters.
Why is the quark and neutrino sector so radical Why is the quark and neutrino sector so radical 
different?different?
Why are the neutrino masses so small?Why are the neutrino masses so small?
……

Quest to change this:Quest to change this:
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Usual MethodsUsual Methods

Symmetries (Symmetries (GUTsGUTs, flavor,, flavor,……), anarchy ), anarchy 
arguments etc. used to predict PMNS mixingsarguments etc. used to predict PMNS mixings
Example: literature research on Example: literature research on θθ1313

Generic or
biased peak?

(Albright,Chen,2006)
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New Systematic ApproachNew Systematic Approach

Model independentModel independent bottombottom--up approachup approach
SystematicSystematic reconstruction of Yukawa couplingsreconstruction of Yukawa couplings
Extremely Extremely simple and efficientsimple and efficient
ExtensiveExtensive extraction of realizations and texturesextraction of realizations and textures

Unbiased exploration of parameter spaceUnbiased exploration of parameter space
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Extended QLCExtended QLC
((εε~~θθCC≈≈0.2)0.2)

QuarkQuark--Lepton Complementarity (QLC):Lepton Complementarity (QLC):
θθ1212++θθCC≈≈ ππ/4,/4, θθ2323++θθcb cb ≈≈ ππ/4/4

E.g. from E.g. from UUPMNSPMNS~V~VCKMCKM
++UUbimaxbimax

((UUbimaxbimax: : θθ1212==θθ2323==ππ/4)/4)

εε parameterizes everything?!parameterizes everything?!

Extended QLC:Extended QLC:
All mass ratios are powers of All mass ratios are powers of εε
All mixing angles from{All mixing angles from{ππ/4,/4,εε,,εε22,..,0},..,0}

GUT

LeptonsQuarks

ε

(Petcov,Smirnov,1993; Smirnov,2004; Raidal,2004; Minakata,Smirnov,2004)
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Example Example -- UUCKMCKM
++ UUbimaxbimax

MMl  l  = = UUll MMll
diagdiag UUll’’

++

Mixing angles:Mixing angles:
((θθll

1212,,θθll
1313,,θθll

2323)=()=(εε,0,,0,εε22),), ((θθνν1212,,θθνν1313,,θθνν2323)=()=(ππ/4,/4,εε,,ππ/4)/4)

PMNS mixing angles:PMNS mixing angles:
UUll

++UUνν ((θθ1212,,θθ1313,,θθ2323)=( 36.5)=( 36.5ºº,3.6,3.6ºº,43.8,43.8ºº))

3x3

UUPMNSPMNS==UUll
++UUνν

MMνν
MajMaj = U= Uνν MMνν

diagdiag UUνν
TT

MMνν
DiracDirac = U= Uνν MMνν

diagdiag UUνν’’
++

3x3
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Example Example -- UUCKMCKM
++ UUbimaxbimax

MMll = = UUll MMll
diagdiag

MMνν
MajMaj = U= Uνν MMνν

diagdiag UUνν
TT

MMνν
DiracDirac = U= Uνν MMνν

diagdiag

(FP,Seidl,Winter,2006)

MMll
diagdiag = m= mττ diag(diag(εε44,,εε22,1),1)

MMνν = m= m33 diag(diag(εε22,,εε,1),1)
((θθll

1212,,θθll
1313,,θθll

2323) = () = (εε,0,,0,εε22))
((θθνν1212,,θθνν1313,,θθνν2323) = () = (ππ/4,/4,εε,,ππ/4)/4)
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ExendedExended QLC ResultsQLC Results

262.144 possibilities262.144 possibilities
2.468 in agreement with experimental data2.468 in agreement with experimental data
In 10 year limit: 20 texturesIn 10 year limit: 20 textures

(FP,Seidl,Winter,2006)
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ExendedExended QLC ResultsQLC Results

New textures:New textures:
Example: Example: ““DiamondDiamond”” texturestextures

“Diamond”:
θ13=π/4

(FP,Seidl,Winter,2006)
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ResultsResults

Diamond textures reveal also nonDiamond textures reveal also non--trivial trivial 
sum rules.sum rules.
New sum rules:New sum rules: QLC:

θ12+ε=π/4
θ13=O(ε)
θ23=π/4+O(ε2)

(FP,Seidl,Winter,2006)
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ResultsResults

Generic distributions:Generic distributions:
No peak at sinNo peak at sin2222θθ1313 ~ 0.04~ 0.04

(FP,Seidl,Winter,2006)
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Extension to Seesaw MechanismExtension to Seesaw Mechanism
Seesaw (Type I):Seesaw (Type I): MMDD=U=UDD MMDD

diagdiag UUDD’’
++ MMRR=U=UR R MMRR

diagdiag UURR
++

LLmassmass~  ~  νν,, ννcc

MMll==UUll MMll
diagdiag UUll’’

++ MMeffeff
MajMaj==--MMDD MMRR

--11 MMDD
TT

UUPMNSPMNS==UUll
++UUνν

ννccMMRRMMDD
TT

ννMMDD00

MD

νc

ν

Viable realization

Drop it

ok

not ok

3x3
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Extension to Seesaw MechanismExtension to Seesaw Mechanism

(FP,Seidl,Winter,2007)
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Seesaw ResultsSeesaw Results

Over 20 trillion possibilities (CP conserving)Over 20 trillion possibilities (CP conserving)
1.981 textures found1.981 textures found

(FP,Seidl,Winter,2007)
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Seesaw ResultsSeesaw Results

(FP,Seidl,Winter,2007)

Normal hierarchy: Inverted hierarchy:
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SummarySummary

Generalization of QLC to Extended QLC:Generalization of QLC to Extended QLC:
εε~~θθCC parameterizes everything (masses, mixings)parameterizes everything (masses, mixings)
Efficient way to reconstruct Yukawa matricesEfficient way to reconstruct Yukawa matrices
Systematic generation of possibilities:Systematic generation of possibilities:
Complete extraction of textures (Complete extraction of textures (e.g.e.g. diamond texture)diamond texture)
Reveal general features (Reveal general features (e.g.e.g. new sum rule)new sum rule)
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ReferencesReferences
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high-energy physics in the 21st century, “The Science Ahead, the Way to 
Discovery.”
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FroggattFroggatt--Nielson MechanismNielson Mechanism

v breaks flavor symmetry successivelyv breaks flavor symmetry successively
After integrating out heavy fermions:After integrating out heavy fermions:

LLmm
effeff=<H>=<H>εεnnΨΨLLΨΨRR,, εε=v/M=v/Mff

SM Higgs VEV

SM singlet scalars,
with universal
VEVs v

Heavy fermion with
Mass Mf

x             x            x             x             x

ΨL ΨR
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Example Example –– ZZnn Flavor SymmetriesFlavor Symmetries

GGFF=Z=Z44
(1)(1)××ZZ44

(2)(2)××……××ZZ44
(7)(7)

FlavonFlavon charges: fcharges: fii~1, f~1, fii`̀~2 ~2 
under Zunder Z44

(i)(i)

<<ffii>>≈≈ <<ffii`̀>>≈≈v=v=εε MMff

(2,2,2,2,2,3,3)(0,2,2,0,0,0,0)e3
c

(2,2,2,0,0,3,3)(2,2,2,0,0,1,0)e2
c

(0,0,0,0,0,1,1)(2,2,2,1,1,1,1)e1
c

(0,2,2,2,2,0,1)(0,0,2,1,0,0,1)l3

(2,2,0,2,2,1,0)(0,0,0,0,1,1,0)l2

(2,0,2,2,2,1,0)(0,2,0,0,1,0,1)l1

(0,2,0,0,2,1,0)(0,0,0,1,0,1,1)ν3
c

(2,0,0,2,0,0,1)(2,0,0,1,0,1,1)ν2
c

(2,0,0,2,0,0,1)(0,0,0,1,0,1,1)ν1
c

Model 2Model 1Field

(FP,Seidl,Winter,2007)
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Seesaw ProcedureSeesaw Procedure
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Seesaw PerformanceSeesaw Performance

(FP,Seidl,Winter,2007)


