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ObservationsObservations
((εε~~θθCC))

11Quarks:Quarks: 11 εε εε33

εε 11 εε22

Quarks:Quarks:
mmuu:m:mcc:m:mtt==εε66::εε33:1:1

44 22 11 V εε 11 εε

εε33 εε22 11
mmdd:m:mss:m:mbb==εε44::εε22:1:1

θθCC
22=m=mdd/m/mss

VCKM ~ 

(Gatto et al.,1968)CC dd ss

θθ1212≈≈εε, , θθ1313≈≈εε33,  ,  θθ2323≈≈εε22, , δδ ≈≈ 63º63º

Leptons:Leptons:
mmee:m:mμμ:m:mττ==εε44::εε22:1:1ee μμ ττ

ΔΔmm22
1212: : ΔΔmm22

2323~~εε22
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θθ2323≈≈ππ/4, /4, θθ1212≈≈ππ/4/4--εε, , θθ1313≤ ≤ εε



Usual MethodsUsual MethodsUsual MethodsUsual Methods

Symmetries (GUTs, flavor,…), anarchy arguments Symmetries (GUTs, flavor,…), anarchy arguments 
etc. used to predict/explain observationsetc. used to predict/explain observations
Example: literature research on Example: literature research on θθ1313

Generic or
biased peak?p

(Albright Chen 2006)
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(Albright,Chen,2006)



New Systematic ApproachNew Systematic ApproachNew Systematic ApproachNew Systematic Approach

Model independentModel independent bottombottom--up approachup approach
SystematicSystematic reconstruction of Yukawa couplingsreconstruction of Yukawa couplingsSystematicSystematic 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 QLCQQ
((εε~~θθCC≈0.2)≈0.2)

QuarkQuark--Lepton Complementarity (QLC):Lepton Complementarity (QLC):
θθ1212++θθCC≈≈ ππ/4,/4, θθ2323++θθcbcb≈≈ ππ/4/4 GUT1212 CC ,, 2323 cb cb 

E.g. from UE.g. from UPMNSPMNS~V~VCKMCKM
++UUbimaxbimax

(Petcov,Smirnov,1993; Smirnov,2004; Raidal,2004; Minakata,Smirnov,2004)

gg PMNSPMNS CKMCKM bimaxbimax

(U(Ubimaxbimax: : θθ1212==θθ2323==ππ/4)/4)

L tQ k

ε

εε parameterizes everything?!parameterizes everything?! LeptonsQuarks

Extended QLC:Extended QLC: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}
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All mixing angles from{All mixing angles from{ππ/4,/4,εε,,εε22,..,0},..,0}



Extended QLC ResultsExtended QLC ResultsExtended QLC ResultsExtended QLC Results
All l ibiliti ith i i l {All l ibiliti ith i i l { /4/4 22 0}0}All real possibilities with mixing angles{All real possibilities with mixing angles{ππ/4,/4,εε,,εε22,0},0}

262.144 possibilities262.144 possibilities
2.468 2.468 realizationsrealizations in agreement with experimentsin agreement with experiments
In 10 year limit: 20In 10 year limit: 20 texturestextures ξξ={0,={0,ππ}}In 10 year limit: 20 In 10 year limit: 20 texturestextures ξξ {0,{0,ππ}}
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ResultsResults TexturesTexturesResults Results -- TexturesTextures

New textures:New textures:
Example: “Diamond” texturesExample: “Diamond” textures

“Diamond”:
θ =π/4pp θ13=π/4
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(FP, Seidl, Winter, hep-ph/0612169)ξξ={0,={0,ππ}}



ResultsResults Sum RulesSum RulesResults Results -- Sum RulesSum Rules

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

θ12+ε=π/4θ12+ε π/4
θ13=O(ε)
θ23=π/4+O(ε2)
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(FP, Seidl, Winter, hep-ph/0612169)



ResultsResults Mixing AnglesMixing AnglesResults Results –– Mixing AnglesMixing Angles

Generic distributions:Generic distributions:
E.g.E.g. large large θθ1313 preferredpreferredgg gg 1313 pp
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(FP, Seidl, Winter, hep-ph/0612169)



Extension to Seesaw MechanismExtension to Seesaw MechanismExtension to Seesaw MechanismExtension to Seesaw Mechanism
(FP, Seidl, W

Meff
th=-MDMR

-1MD
T

W
inter, arX

iiv:0707.23779)
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Seesaw ResultsSeesaw Results TexturesTexturesSeesaw Results Seesaw Results -- TexturesTextures
Over 20 trillion possibilitiesOver 20 trillion possibilitiesOver 20 trillion possibilitiesOver 20 trillion possibilities
1.981 textures found1.981 textures found

θ t50ºθ23t50

ξξ={0,={0,εε22}}
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Seesaw ResultsSeesaw Results DistributionsDistributionsSeesaw Results Seesaw Results -- DistributionsDistributions
Normal hierarchy:

Mostly mild hierarchiesMostly mild hierarchies
in Min MRR

Charged lepton mixingCharged lepton mixing
is, in general, not smallis, in general, not small

Diagonal MDiagonal MRR is not rareis not rare
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(FP, Seidl, Winter, arXiv:0707.2379)



ExampleExample ZZ Flavor SymmetriesFlavor SymmetriesExample Example –– ZZnn Flavor SymmetriesFlavor Symmetries
Field Model 1 Model 2

ν1
c (0,0,0,1,0,1,1) (2,0,0,2,0,0,1)

GGFF=Z=Z44
(1)(1)××ZZ44

(2)(2)××……××ZZ44
(7)(7)

2 Flavon fields f2 Flavon fields fii, f, fii` per Z` per Z44
(i)(i)

1 ( , , , , , , ) ( , , , , , , )

ν2
c (2,0,0,1,0,1,1) (2,0,0,2,0,0,1)

ν3
c (0,0,0,1,0,1,1) (0,2,0,0,2,1,0)

ii ii pp 44
with charges:with charges:
ffii~1, f~1, fii`̀~2 under Z~2 under Z44

(i)(i)

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

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

l3 (0,0,2,1,0,0,1) (0,2,2,2,2,0,1)ffii 1, f1, fii 2 under Z2 under Z44

<f<fii>>≈ ≈ <f<fii`̀>>≈v=≈v=εε MMff

3

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

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

( ) ( )e3
c (0,2,2,0,0,0,0) (2,2,2,2,2,3,3)(FP, Seidl, Winter, arXiv:0707.2379)
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OutlookOutlookOutlookOutlook
Automated model building:Automated model building:gg
How much complexityHow much complexity is needed to reproduce textures?is needed to reproduce textures?

(FP, SSeidl, W
intter, in preparation)Preliminary
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SummarySummarySummarySummary

Generalization of QLC to Generalization of QLC to Extended QLCExtended QLC::
εε~~θθCC parameterizes everythingparameterizes everything (masses, mixings)(masses, mixings)CC p y gp y g ( , g )( , g )
EfficientEfficient way to reconstruct Yukawa matricesway to reconstruct Yukawa matrices
S iS i i f ibili ii f ibili iSystematicSystematic generation of possibilities: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)
AutomatedAutomated model generation possiblemodel generation possibleAutomatedAutomated model generation possiblemodel generation possible
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Example Example -- VVCKMCKM
++ UUbimaxbimaxpp CKMCKM bimaxbimax

3x3

MMl  l  = U= Ul  l  MMll
diag  diag  UUl’l’

++
3x3 MMνν

MajMaj = U= Uνν MMνν
diagdiag UUνν

TT

MMνν
DiracDirac = U= Uνν MMνν

diagdiag UUνν’’
++

UUPMNSPMNS=U=Ull
++UUνν 3x3

Mixing angles:Mixing angles:
((θθll θθll θθll ) () ( 00 22)) ((θθνν θθνν θθνν ) () ( /4/4 /4)/4)((θθll

1212,,θθll
1313,,θθll

2323)=()=(εε,0,,0,εε22),), ((θθνν
1212,,θθνν

1313,,θθνν
2323)=()=(ππ/4,/4,εε,,ππ/4)/4)

PMNS mixing angles:PMNS mixing angles:PMNS mixing angles:PMNS mixing angles:
UUll

++UUνν ((θθ1212,,θθ1313,,θθ2323)=( 36.5)=( 36.5ºº,3.6,3.6ºº,43.8,43.8ºº))
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Example Example -- VVCKMCKM
++ UUbimaxbimaxpp CKMCKM bimaxbimax

MMll = U= Ull MMll
diagdiag

jj didi

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

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

MajMaj = U= Uνν MMνν
diagdiag UUνν

TT

MMνν
DiracDirac = U= Uνν MMνν

diagdiag

νν 33 g(g( ,, , ), )
((θθll

1212,,θθll
1313,,θθll

2323) = () = (εε,0,,0,εε22))
((θθνν

1212,,θθνν
1313,,θθνν

2323) = () = (ππ/4,/4,εε,,ππ/4)/4)
((θθ1212,,θθ1313,,θθ2323)=( 36.5º,3.6º,43.8º))=( 36.5º,3.6º,43.8º)
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ResultsResults 00νββνββ DecayDecayResults Results –– 00νββνββ DecayDecay
Rate of 0Rate of 0νββνββ decay is proportional todecay is proportional to
mmeeee=|m=|m11cc1212

22cc1313
22|+ |m|+ |m22ss1212

22cc1313
22|e|e2i(2i(ΦΦ --ΦΦ ))+m+m33ss1313

22ee--2i2iΦΦ
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Extension to Seesaw MechanismExtension to Seesaw MechanismExtension to Seesaw MechanismExtension to Seesaw Mechanism
didi didiSeesaw (Type I):Seesaw (Type I): MMDD=U=UDD MMDD
diag diag UUD’D’

++ MMRR=U=UR R MMRR
diag diag UURR

++

00 MM ννLLmassmass~  ~  νν,, ννcc 00 MMDD νν
MMDD

TT MMRR ννcc
M

MMll=U=Ull MMll
diag diag UUl’l’

++ MM ffff
MajMaj==--MMDD MMRR

--11 MMDD
TT

MD

3x3

MMll UUl l MMll UUl’l’ MMeffeff MMDD MMRR MMDD

kUUPMNSPMNS=U=Ull
++UUνν Viable realization

Drop it

ok
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Drop it



Seesaw PerformanceSeesaw PerformanceSeesaw PerformanceSeesaw Performance

(FP,Seidl,Winter,2007)( , , , )
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FroggattFroggatt Nielsen MechanismNielsen MechanismFroggattFroggatt--Nielsen MechanismNielsen Mechanism

SM Higgs VEV

Heavy fermion with
Mass MfΨL ΨRSM Higgs VEV

SM singlet scalars,
with universalx             x            x             x             x

L R

ΨΨL/RL/R are SM fermionsare SM fermions

with universal
VEVs v

//

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

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