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ØØ Symmetry breakingSymmetry breaking
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Evolution of Gauge Couplings Evolution of Gauge Couplings 

Standard Model Supersymmetry



SUSY SpectrumSUSY Spectrum

SUSY PartnersSUSY PartnersSM ParticlesSM Particles

Spin = 1/2 Spin = 0

Spin = 0 Spin = 1/2

Spin = 1 Spin = 1/2



Gauge Coupling Unification in [SU(3)]Gauge Coupling Unification in [SU(3)]44 QuartificationQuartification

K.S. Babu, Ernest Ma, S. Willenbrock, hep-ph/0307380



SU(3)SU(3)qq x SU(3)x SU(3)LL x SU(3)x SU(3)ll x SU(3)x SU(3)RR QuartificationQuartification

Surviving symmetry: SU(3)C x SU(2)L x U(1) x SU(3)l



Structure of Matter MultipletsStructure of Matter Multiplets



Matter Unification Matter Unification 
in 16 of SO(10)in 16 of SO(10)



Neutrino Masses and the Scale of New PhysicsNeutrino Masses and the Scale of New Physics

Very Close to the GUT scale.

from atmospheric neutrino oscillation data 

Leptogenesis via νR decay explains cosmological baryon asymmetry



Other EvidencesOther Evidences

vv Anomaly freedom automatic in many Anomaly freedom automatic in many GUTsGUTs

vv Electric charge Electric charge quantizationquantization

vv Nonzero neutrino masses required in many Nonzero neutrino masses required in many GUTsGUTs

vv Baryon number violation natural in Baryon number violation natural in GUTs GUTs ––needed             needed             

for generating cosmological baryon asymmetryfor generating cosmological baryon asymmetry

vv works well for 3rd familyworks well for 3rd family



GUT Gauge GroupsGUT Gauge Groups

•SU(5)
•SO(10)
•E6

•E8

•…

••[SU(3)][SU(3)]33

••[SU(5)][SU(5)]22

••[SU(3)][SU(3)]44

••……



SU(5) GUTSU(5) GUT

Matter multiplets:

Higgs: 

Yukawa Couplings

Contain color triplets 



MSSM Higgs doublets have color triplet partners in MSSM Higgs doublets have color triplet partners in GUTsGUTs. . 

must remain lightmust remain light

must have GUT scale mass to prevent rapid must have GUT scale mass to prevent rapid 
proton decayproton decay

Doublet-triplet splitting

Even if color triplets have GUT scale Even if color triplets have GUT scale 
mass, d=5 proton decay is problematic.mass, d=5 proton decay is problematic.



Symmetry BreakingSymmetry Breaking

Doublet-triplet splitting in SU(5)

The GOODThe GOOD

(1)(1) Predicts unification of couplingsPredicts unification of couplings

(2)(2) Uses economic Higgs sectorUses economic Higgs sector

The BADThe BAD

(1)(1) Unnatural fine tuningUnnatural fine tuning

(2)(2) Large proton decay rateLarge proton decay rate

FINE-TUNED TO O(MW)



Nucleon Decay in SUSY Nucleon Decay in SUSY GUTsGUTs

Gauge boson ExchangeGauge boson Exchange



HiggsinoHiggsino ExchangeExchange Sakai, Yanagida (1982) 

Weinberg (1982)



SO(10) GUTSO(10) GUT

Quarks and leptons ~{16i}

Contains νR and Seesaw mechanism

Fits the atmospheric neutrino data well

vSmall Higgs rep         small threshold corrections for gauge couplings

vR-parity not automatic (needs a Z2 symmetry)

Model with Non-renormalizable Yukawa Couplings

Higgs:



Matter Unification Matter Unification 
in 16 of SO(10)in 16 of SO(10)



Renormalizable Yukawa Coupling Model

contains contains

K.S. Babu and R. Mohapatra, Phys. Rev. Lett.70, 2845 (1993)

Model has only 11 real parameters plus 7 phases

Higgs: Automatic R-parity



Quark, Lepton & Neutrino Masses & Mixings in Minimal SO(10)

Fit Input at GUT scale

Output: Type II Seesaw

KSB, C. Macesanu (2003)



H.S. Goh, R.N. Mohapatra, Siew-Phang Ng, hep-ph/0308197 

Minimal SO(10) GUT Prediction for Neutrino Mixings

See also: Fukuyama, Okada, 2002;  Aulakh et. al., 2003; Goh, Mohapatra, Ng, 2003



SUSY SO(10)

B-L VEV gives mass to triplets only (DIMOPOULOS-WILCZEK)

If 10H only couples to fermions, no d=5 proton decay

Doublets from     and          light 

4 doublets, unification upset

Add mass term for 10’H



Realistic SO(10) ModelRealistic SO(10) Model
Pati, Wilczek, KB (1998)



PredictionsPredictions



Large Neutrino Mixing with Lopsided Mass MatricesLarge Neutrino Mixing with Lopsided Mass Matrices

Quark and Lepton Mass hierarchy:

This motivates:

Albright, KSB and Barr, 1998 

Sato and Yanagida, 1998

Irges, Lavignac, Ramond, 1998

Altarelli, Feruglio, 1998

KSB and S. Barr, 1995



Example of Lopsided Mass MatricesExample of Lopsided Mass Matrices
Gogoladze, Wang, KSB, 2003

Structure enforced by Anomalous U(1) Symmetry or Discrete ZN Gauge 
Symmetry via Froggatt-Nielsen Mechansim



S.Barr and KSB,2002

10 Parameters vs. 20 Observables PREDICTIONS

Lopsided Mass Matrix Model in SO(10) Lopsided Mass Matrix Model in SO(10) 



Predictions

Buras, et al

Georgi-Jarlskog



Seesaw mechanism naturally explains small Seesaw mechanism naturally explains small νν−−mass.mass.

Current neutrinoCurrent neutrino--oscillation data suggestsoscillation data suggests

Flavor change in neutrinoFlavor change in neutrino--sectorsector

Flavor change in charged leptonsFlavor change in charged leptons

In standard model with Seesaw, In standard model with Seesaw, leptonicleptonic flavor changing is very tiny.flavor changing is very tiny.

Lepton Flavor Violation and Neutrino MassLepton Flavor Violation and Neutrino Mass



In Supersymmetric Standard modelIn Supersymmetric Standard model

ForFor νR activeactive

SUSY Seesaw MechanismSUSY Seesaw Mechanism

If If BB--L L is gauged, Mis gauged, MRR must arise through must arise through Yukawa Yukawa couplings.couplings.

Flavor violation may reside entirely in f or entirely in Flavor violation may reside entirely in f or entirely in YYνν

flavor violation in neutrino sector Transmitted to flavor violation in neutrino sector Transmitted to SleptonsSleptons
Borzumati, Masiero (1986)

Hall, Kostelecky, Raby (1986)

Hisano et. al.,  (1995)



Dutta, Mohapatra, KB (2002)

Majorana LFV



ConclusionsConclusions

•• Grand Unification motivated on various groundsGrand Unification motivated on various grounds
•• Challenges in GUTChallenges in GUT--model Building:model Building:

DoubletDoublet--triplet Splittingtriplet Splitting
Realistic Quark and Lepton MassesRealistic Quark and Lepton Masses
Proton DecayProton Decay

•• Promises of GUT models:Promises of GUT models:
Predictive QuarkPredictive Quark--Lepton SpectrumLepton Spectrum
Naturally Small Neutrino MassesNaturally Small Neutrino Masses
Baryon Asymmetry GenerationBaryon Asymmetry Generation
Proton Decay in Observable RangeProton Decay in Observable Range


