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I. Motivation 

The Standard Model: 

LSM = LYM + LWD + LYu + LH
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Local Gauge Symmetry:	   SU(3)× SU(2)×U(1)

Adjoint representation:  Dimension  SU(n) : n2 −1†
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Higgs	  scalar	  

  

SU (2) :  adjoint rep 3 dimensional 
⇒ 3 Goldstone modes, θi  (in absence of gauge interactions)





The Standard Model – unanswered questions  

• Complicated choice of multiplets  

• Fractional and integral charges? 

• Neutrino masses? 

• Only partial unification 

• The hierarchy problem 

• Dark matter, baryogenesis, inflation….. 

• Many parameters  16 (25)     

Aµ
γ =sinθWWµ

3 +cosθW Bµ

• Strong CP problem 



   SU (3)⊗ SU (2)⊗U (1)⊂ G

(3,2)+ 2.(3,1)+ (1,2)+ (1,1)⊂ R

?

?

G ≥ Rank 4 (# diagonal generators)

II. Grand Unification 



   SU (3)⊗ SU (2)⊗U (1)⊂ G

(3,2)+ 2.(3,1)+ (1,2)+ (1,1)⊂ R

?

?

G ≥ Rank 4 (# diagonal generators)

SU(5)... unique viable rank 4  possibility  

II. Grand Unification 

Georgi Glashow 
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50 − 25 −1= 24 independent matrices – adjoint representation 

U = exp −i β iLi
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SU(5) : 5 × 5Group of  complex unitary matrices with determinant 1 

50 − 25 −1= 24 independent matrices – adjoint representation 

U = exp −i β iLi
i=1

24

∑⎛
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⎞
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, U †U = 1 ⇒ Li Hermitian generators 

[ 0 0
0 0
0 0
0 0
0 0

0 0 0
0 0 0

]λ a

La=1..8 = SU(3)

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0
0 0 0

σ 1,2
[ ]La=9,10 =

SU(2)

L11 = Diagonal 0,0,0,1,−1( )

L12 = Diagonal −2,−2,−2,3,3( )

}
U(1)

SU(3)× SU(2)×U(1)⊂ SU(5)



Fermions 

Convenient to use Weyl notation for fermions 

Weyl spinors 1 1
2 2
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 SO(3,1) ∼ SU(2)× SU(2)

Rotations and Boosts 



Fermions 

Convenient to use Weyl notation for fermions 
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Can construct LH spinors out of RH antispinors and vice-versa 

Weyl spinors 

Rotations and Boosts 



SU(5) : 5 × 5Group of  complex unitary matrices with determinant 1 

50 − 25 −1= 24 independent matrices – adjoint representation 
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Fermions: 

Fundamental representation 	  

Lfermion
K = ψ R

†σ µD
µψ R



SU(5) : 5 × 5Group of  complex unitary matrices with determinant 1 

50 − 25 −1= 24 independent matrices – adjoint representation 

U = exp −i β iLi
i=1
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, U †U = 1 ⇒ Li Hermitian generators 

× = +5 × 5 = 1+ 24

Tα
β = εαabcdn

anbncnd × nβ

In terms of fundamental representation,  ψ 5( )a = na

Young Tableau 

24 = 5 × 4 × 3× 2 × 6
1× 2 × 3× 5

Lfermion
K = ψ R

†σ µD
µψ R



SU(5) : 5 × 5Group of  complex unitary matrices with determinant 1 

50 − 25 −1= 24 independent matrices – adjoint representation 
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SO(10) :Group of matrices R that leave invariant length of 10-dim vector  

RT R = RRT = 1 SO(n) : n2 − (n2 + n) / 2 = n(n −1) / 2Adjoint representation 
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SO(10) 45 gauge bosons 



SO(10) :Group of matrices R that leave invariant length of 10-dim vector  

RT R = RRT = 1 SO(n) : n2 − (n2 + n) / 2 = n(n −1) / 2Adjoint representation 

†

†
SO(10) 45 gauge bosons 

Rank 5 

SO(10)  ↗
SU(5)×U(1)

 ↘
SU(4)× SU(2)L × SU(2)R

45 = 24 +1+10 +10



SO(10) :Group of matrices R that leave invariant length of 10-dim vector  

RT R = RRT = 1 O(n) : n2 − (n2 + n) / 2 = n(n −1) / 2Adjoint representation 

†

†

 c. f . SO(3) ∼ SU(2)

Spinorial (16 dim) representation:  

ψα=1,2 , R = eiω
abσ ab , σ ab = 1

2 εabcσ c ≡ i
2 σ a ,σ b[ ]

SO(10) χ16
± =ψ 1 ×ψ 2 ×ψ 3 ×ψ 4 ×ψ 5 with σ 3

i

i=1

5

∑ = ±1

SO(10) 45 gauge bosons 

24
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 SO(10)⊃ SO(6)× SO(4) ∼ SU(4)× SU(2)× SU(2)

Standard Model embedding: 

SO(10) 45 gauge bosons 

⊃ SU(3)×U(1)B−L × SU(2)L × SU(2)R

Det R=1 
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Standard Model embedding: 

SO(10) 45 gauge bosons 
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SO(10) MX
'

16⎯ →⎯ SU(5) MX
45⎯ →⎯ SU(3)× SU(2)×U(1) MW

10⎯ →⎯ SU(3)× SU(2)×U(1)

SU(5)

Alternative structures  

10SO(10) ≡ 5 + 5( )
SU (5)



Alternative structures  

SO(10) MX
'

16⎯ →⎯ SU(5)×U(1)χ
MX⎯ →⎯ SU(3)× SU(2)×U(1)Z ×U(1)χ

Flipped SU(5) 
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Alternative structures  

SO(10) MX
'

16⎯ →⎯ SU(5)×U(1)χ
MX⎯ →⎯ SU(3)× SU(2)×U(1)Z ×U(1)χ

Flipped SU(5) 
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'
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10H.10H.5h → νH
c dH

c D - simple doublet –triplet splitting 

10 f .10H .φ → νH
c ν cφ - right handed neutrino masses 



 leptons - 4th colour 

SO(10) MU
54⎯ →⎯ SU(4)× SU(2)L × SU(2)R

MC
45⎯ →⎯ SU(3)×U(1)B−L × SU(2)L × SU(2)R
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16⎯ →⎯ SU(3)× SU(2)×U(1) MW

10⎯ →⎯ SU(3)×U(1)

Parity restored 

SO(10) MX
'

16⎯ →⎯ SU(5) MX
45⎯ →⎯ SU(3)× SU(2)×U(1) MW

10⎯ →⎯ SU(3)×U(1)

SU(5)

Pati-Salam 

Alternative structures  



The Standard Model – unanswered questions  

• Complicated choice of multiplets  

• Fractional and integral charges? 

• Neutrino masses? 

• Only partial unification 

• The hierarchy problem 

• Dark matter, baryogenesis, inflation….. 

• Many parameters  16 (25)     

Aµ
γ =sinθWWµ

3 +cosθW Bµ

• Strong CP problem 

•
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Field theory:  δm2 not measureable 

…only m2 = m0
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Field theory:  δm2 not measureable 

…only m2 = m0
2 +δm2 “physical” 

GUTS:  

GUTS  ⇒ SUSYGUTS 
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SUSYGUTS 

“Just” the Standard Model 



 Hierarchy problem 

SUSYGUTS 

“Just” the Standard Model 

- no heavy GUT-like  states 

m2 = m0
2 +δm2- any possible 

-               … classical scale invariance  m2 = 0
- Emergent symmetry? 

m2 = m0
2 Λ2

Λ0
2

⎛
⎝⎜

⎞
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γ m D>4 
Non-renormalisable ints {	  



Neutrino masses? 	  •
Baryogenesis? 	  •
Strong CP problem? 	  •
Gravity? 	  •

No heavy thresholds? 

III .JSM 



Neutrino masses: 

Neutrino masses? 	  •
Baryogenesis? 	  •
Strong CP problem? 	  •
Gravity? 	  •

Lmass = ha laνRaH + Mab

2
νRa
T CνRb

Add singlet neutrinos νRa

e.g. hA
2 = 5.10−14 , hB

2 = 5.10−15,Ma = 20GeV

 mA ! 0.1eV , mB ! 0.01 eV

No heavy thresholds? 

Ultra-weak: 
Natural due to  
chiral symmetry 

III .JSM 



Baryogenesis 

Lmass = ha laνRaH + Mab

2
νRa
T CνRb

• produced via Yukawa interactions νRa LA = LB = LC = 0



Baryogenesis 

Lmass = ha laνRaH + Mab

2
νRa
T CνRb

•  oscillate 

• produced via Yukawa interactions νRa

νRa

LA = LB = LC = 0

CP , LA,B,C ≠ 0, LA + LB + LC = 0



Baryogenesis 

Lmass = ha laνRaH + Mab

2
νRa
T CνRb

•  oscillate 

• produced via Yukawa interactions 

•

νRa

νRa

LA = LB = LC = 0

CP , LA,B,C ≠ 0, LA + LB + LC = 0

νR A,B in thermal equilibrium by tEW when sphalerons inoperative  

ΔL AB = LA + LB Sphalerons⎯ →⎯⎯⎯ ΔB = ΔL AB / 2
Akhmedov, Rubakov, Smirnov 

see also Shaposhnikov et al 

✔	  

Only 

^	  
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Make θ a dynamical variable the axion, a….θ=0 at minimum of its potential 

S = | S | + fa( )e
i a
fa ,

… complex scalar field, S 
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12GeV
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Axion, a :                 Pseudo Goldstone boson od spontaneously broken PQ 



DFSZ axion: 2 Higgs doublets H1,2, complex singlet, S  

ζ1,2,3 ≤10
−20 1012GeV

fa

⎛
⎝⎜

⎞
⎠⎟

2

Ultra weak sector: 

1010GeV ≤ fa ≤10
12GeV

Strong CP problem: 
 

θ
32π 2 Gµν

a G!
aµν
, θ ≤10−10 ??

S = | S | + fa( )e
i a
fa ,

PQ symmetry: H1 → H1e
iα , H2 → H2e

iβ , S→ Se− i(α+β )/2

Axion, a :                 Pseudo Goldstone boson od spontaneously broken PQ 



Ultra weak sector: 

ζ i multiplicatively renormalised 

(Underlying shift symmetry S→ S +δ )	  

Origin of large vev? 

Dimensional transmutation (Coleman Weinberg) 

Start with  m = m0 +δm = 0 (Classical scale invariance) 
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Coleman Weinberg in DFSZ model 
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m|S|
2 = − ζ 2

2

32π 2ζ1

⎛
⎝⎜

⎞
⎠⎟

2

mh
2 ! 13 10

12GeV
vS

⎛
⎝⎜

⎞
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2 mH2

mh

⎛
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⎞
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4
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Coleman Weinberg in DFSZ model 

 
 
Pseudo-dilaton K.	  Allison,	  C.Hill,	  GGR	  	  | S |

vS = fa , vH1 =
ζ1
λ1
fa , vH2 =

ζ 3
2ζ 2

vH1



Phenomenology 

Collider signals  

Direct (axion-like) searches for pseudo-dilaton? 

Ultra weak couplings … just 2HD model with nearly degenerate heavy Higgs 
	  

Cosmology 

If inflation scale below PQ phase transition   
 
…. no cosmological constraints 

Δ I <10
5 1012GeV

fa

⎛
⎝⎜

⎞
⎠⎟

1/2 mH2

mh

⎛
⎝⎜

⎞
⎠⎟
GeV

If inflation scale above PQ phase transition   

…. potential Polonyi problem: 

 
V SI( ) ∼ + 1

64π 2 ζ 2 | SI |
2( )2 − 1

2
+ ln | SI |

2

fa
2

⎛
⎝⎜

⎞
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(stored energy after inflation) 

Coughlan	  et	  al	  
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Resonant enhancement of annihilation:  



S rolls when 9Hr
2 = mS

2

 
V SI( ) ∼ + 1

64π 2 ζ 2 | SI |
2( )2 − 1

2
+ ln | SI |

2

fa
2

⎛
⎝⎜

⎞
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(stored energy after inflation) 

…..  coherent state (zero momentum)	  

c

c

d, s

S
W

e

νe

Resonant enhancement of annihilation:  

Inverse processes non resonant c
c c

Sg

ΩS → 0 Ωa ?



Summary - III 

“JSM” requires ultra-weak sectors – chiral and shift symmetries •
• ⇒ faDFSZ axion + dimensional trasmutation 

…consistent with classical scale invariance (not KSVZ model) 

• Requires two Higgs doublets (type II couplings), light pseudo-dilaton  

m
H2
0

2 = m
H ±
2 = mX

2 = R2mh
2

 
m|S| ! 0.9

1012GeV
fa

⎛
⎝⎜

⎞
⎠⎟
R2eV

…stable vacuum but loses simplicity of SM 

h ≈ SM Higgs 



λ1

gt

gb

λ2

λ3

λ4

Energy dependence of couplings  

ln E /GeV( ) ln E /GeV( )

SM: 

DFSZ: 



Summary - III 

• But…	    no unification of forces and matter	  

“JSM” requires ultra-weak sectors – chiral and shift symmetries •
• ⇒ faDFSZ axion + dimensional trasmutation 

…consistent with classical scale invariance (not KSVZ model) 

Requires two Higgs doublets (type II couplings), light pseudo-dilaton  •

speculative cutoff of quadratic divergence	  





GGUT ×GFlavour × N = 1SUSY( )

Hu  H
! u

Hd  H
! d

}

SUSY GUTS IV.	  



GGUT ×GFlavour × N = 1SUSY( )

SUSY GUTS 

Hu  H
! u

Hd  H
! d

}
SO(10):  V45 Vector +3 φ16 chiral  + H10 chiral +... 

Supermultiplets 

IV.	  



SUSY gauge coupling unification 
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Log 10 [Energy Scale (GeV)] 
3 5 7 9 11 13 15 17 

TeV	  scale	  supersymmetry	  

2sin 0.2337 0.0015Wθ = ±
. 0.2312 0.0002c f Expt±

α1
−1

α 2
−1

α 3
−1



I

 
 
 

2sin 0.2334 0.0025 0.25( 0.119)W sθ α= ± − − 0.2311 0.0007 ( )Expt= ±

2sin 0.2311 0.0007Wθ = ±

20.134 0.01 4(sin 0.2334)s Wα θ= ± − − 0.119 0.01 ( )Expt= ±

SUSY gauge coupling unification 
	  



I

 
 
 

  MU = (2.6 ± 2).1016GeV

	  
	  

Unification with gravity? 

  sin2θW = 0.23116(12) (Expt)

  α s = 0.134 ± 0.01− 4(sin2θW − 0.23116)   c. f . 0.1184(7) (Expt)

E 10 -60 

MP 

α 3,2,1

GN(Q) Q2 

SUSY gauge coupling unification 
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17. 3.6 10string string PlanckM g M GeV= = ×

Gauge	  unifica+on	  -‐	  Hetero+c	  String	  

....close...but not close enough!

   Δ i ?..string threshold corrections,  
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Spontaneous symmetry breaking 

P = β2
2
M Tr Σ2( ) + β3

3
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SU(5) MX
Σ24
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⎯ →⎯ SU(3)×U(1)

superpotential 



Spontaneous symmetry breaking 

P = β2
2
M Tr Σ2( ) + β3

3
Tr Σ3( )

V Σ( ) = ∂P
∂Σa

a
∑

2

= Tr β3Σ
2 + β2MΣ − I β3

5
Tr Σ2( )

2

∂P
∂Σa →

∂P
∂Σ j

i −
1
N
δ j
iTr ∂P

∂Σ
⎛
⎝⎜

⎞
⎠⎟ , i, j = 1..5, a = 1..24

⎛

⎝⎜
⎞

⎠⎟

Σ = 0
Σ = v4Diagonal 1,1,1,1,−4( )
Σ = v3Diagonal 2,2,2,−3,−3( )

}	  Degenerate	  	  

SUGRA 

Radiative 
corrections 

SU(5) MX
Σ24

⎯ →⎯ SU(3)× SU(2)×U(1) MW
H5

⎯ →⎯ SU(3)×U(1)

superpotential 
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SU(5) MX
Σ24

⎯ →⎯ SU(3)× SU(2)×U(1) MW
H5

⎯ →⎯ SU(3)×U(1)

Spontaneous symmetry breaking 

P5M = − 1
2
Mij

dψ iα χ j
αβHdβ −

1
4
Mij

uεαβγδρ χ i
αβ χ j

γδHu
ρ

After diagonalising down quark mass matrix: 

md = me

ms = mµ

mb = mτ
✔? 

✗	  

✗	  (	   )	  



SU(5) MX
Σ24

⎯ →⎯ SU(3)× SU(2)×U(1) MW
H5

⎯ →⎯ SU(3)×U(1)

Spontaneous symmetry breaking 

PHiggs = µHuHd + λHuΣHd

P5M = − 1
2
Mij
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αβHdβ −

1
4
Mij

uεαβγδρ χ i
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γδHu
ρ

V = µHu + λHuΣ
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Spontaneous symmetry breaking 
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P5M = − 1
2
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dψ iα χ j
αβHdβ −

1
4
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uεαβγδρ χ i
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γδHu
ρ

✗	  
V = µHu + λHuΣ

2 + µHd + λΣHd
2( ) + HuHd −

1
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HuHd( )
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Must forbid these terms by symmetry 



SU(5) MX
Σ24

⎯ →⎯ SU(3)× SU(2)×U(1) MW
H5

⎯ →⎯ SU(3)×U(1)

Spontaneous symmetry breaking 

PHiggs = µHuHd + λHuΣHd

P5M = − 1
2
Mij

dψ iα χ j
αβHdβ −

1
4
Mij

uεαβγδρ χ i
αβ χ j

γδHu
ρ

✗	  
V = µHu + λHuΣ

2 + µHd + λΣHd
2( ) + HuHd −

1
5
HuHd( )

2

Must forbid these terms by symmetry 
+ doublet- triplet splitting 

× H
! u  H

! d

q l c

 q
!

 q
!

D=5 proton decay amplitude 
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Missing doublet mechanism 

Θ50 = 8,2( ) + 6,3( ) + 6,1( ) + 3,2( ) + 3,1( ) + 1,1( )

No (1,2) component 

 PMD = bΘΣ75Hu + b 'ΘΣ75Hd +M!ΘΘ

Σ75 ∝M breaks SU(5) to SM 

 PMD ⊃ bMΘ3HuT + b 'MΘ3HdT +M!Θ3Θ3

Triplets get mass 
 

M 2

M!
(Still need to drive SSB – later) 

Doublet –triplet splitting 



W = P exp −i T aAm
a dxm

γ
∫

⎛

⎝
⎜
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Compactification: K = K0 /H

freely acting discrete group 

Wilson line breaking:  

 embedding of H into gauge group G 

W : H ⊂ G

Massless states: H ⊗H singlets

Higher dimensions (String unification) 

Doublet –triplet splitting 



W = P exp −i T aAm
a dxm

γ
∫

⎛

⎝
⎜

⎞

⎠
⎟

Compactification: K = K0 /H

freely acting discrete group 

Wilson line breaking:  

 embedding of H into gauge group G 

W : H ⊂ G

Massless states: H ⊗H singlets

e.g. SU(5) : H = Z3, H = Diag(α ,α ,α ,1,1), α = e2iπ /3

R⊗ R( ) : (1⊗ 5)→ H −

H
0

⎛

⎝
⎜

⎞

⎠
⎟
1

, 3,5( )→ e
νe

⎛

⎝
⎜

⎞

⎠
⎟
1

⊕
dc

dc

dc

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
α 2

, Matter → 3,5 +10( )

Breit, Ovrut, Segre 

Higher dimensions (String unification) 

Doublet –triplet splitting 
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SUSY GUTS – Nucleon decay 1
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τ

p→e+π 0 >1×1034 yrs, M X >1016GeV τ
p→K +ν

> 3.3×1033yrs

Δ B − L( ) = 0
× H
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D=5 proton decay amplitude 
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SUSY GUTS – Nucleon decay 1
Λ
QQQL F

  
τ

p→e+π 0 >1×1034 yrs, M X >1016GeV τ
p→K +ν

> 3.3×1033yrs

Λ >1027GeV , 109MPlanck ???

× H
! u  H

! d

q l c

 q
!

 q
!

D=5 proton decay amplitude 

Δ B − L( ) = 0



SUSY extensions of the Standard Model 

W = hELHd E + hDQHd D + hUQHuU + µHdHu

+ λLLE + λ 'LQD +κ LHu + λ ''UDD

+ 1
M

QQQL +QQQHd +QUEHd + ...( L )( )



SUSY extensions of the Standard Model 

W = hELHd E + hDQHd D + hUQHuU + µHdHu

+ λLLE + λ 'LQD +κ LHu + λ ''UDD

+ 1
M

QQQL +QQQHd +QUEHd + ...( L )( )
e.g. LHu( )2
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SUSY states odd Z2
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W = hELHd E + hDQHd D + hUQHuU + µHdHu

+ λLLE + λ 'LQD +κ LHu + λ ''UDD

+ 1
M

QQQL +QQQHd +QUEHd + ...( L )( )

Baryon “parity”: Q 1

D,Hu α

L,E,U,Hd α 2

LSP unstable Z3

Discrete gauge symmetry 
       -anomaly free 

Ibanez, GGR 

R-parity: SUSY states odd Z2
Weinberg, Sakai 
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µ term, 
GUTs? 

Dreiner, Luhn, Thormeier 
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R-parity: SUSY states odd Z2

LSP stable 



SUSY extensions of the Standard Model 

W = hELHd E + hDQHd D + hUQHuU + µHdHu

+ λLLE + λ 'LQD +κ LHu + λ ''UDD

+ 1
M

QQQL +QQQHd +QUEHd + ...( L )( )

Proton hexality: Z6 = Z
R
2 × Z

B
3

Baryon “parity”: LSP unstable Z3

R-parity: SUSY states odd Z2

Z R
N R-symmetry N=4,6,8,12,24 

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange 
Babu, Gogoladze,Wang 

LSP stable 

LSP stable 



A unique solution :         discrete R symmetry Z4
R

MSSM spectrum 
No perturbative μ term 
Commutes with SO(10) 
Anomaly cancellation 
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A unique solution :         discrete R symmetry 

⇒ N = 3,4,6,8,12,24

(R = 1)

Green Schwarz term 

Z4
R

MSSM spectrum 
No perturbative μ term 
Commutes with SO(10) 
Anomaly cancellation 

N q10 q5 qHu
qHd

qN
4 1 1 0 0 2

{	  N	  N/2	  



MSSM spectrum 
No perturbative μ term 
Commutes with SO(10) 
Anomaly cancellation 

SUSY breaking 

W , λλ R=2 non=perturbative breaking 

 µ ∼ m3/2 ,

Z4R → Z2
R R − parity

O(m3/2

M 2 QQQL)Domain walls safe 

µ, B , L

Mhiggs ≈ MSUSY 

1
M
LLHuHu

Weinberg operator 

A unique solution :         discrete R symmetry Z4
R

N q10 q5 qHu
qHd

qN
4 1 1 0 0 2

1
M
QQQL×D=5 operators 



Nucleon decay outlook  

• Nucleon decay D=6 operators   

  
τ

p→e+π 0
SuperK >1×1034 yrs

Hadronic matrix element 

  c. f . MU = (2.5± 2).1016GeV

Operator renormalisation 

Giudice,	  Romanino	  



Phenomenology of SUGRA V. 



Higgs discovery!	    … completes the “Standard Model” 



Higgs discovery!	    … completes the “Standard Model” 

• “Light”, weakly interacting SUSY ✔   



Higgs discovery!	    … completes the “Standard Model” 

• “Light”, weakly interacting SUSY ✔   

• “Heavy”, no evidence for sparticles SUSY ✗   

? 
 
δmHu

2  − 3yt
2

4π 2 mstop
2 + gs

2

3π 2 mgluino
2 log Λ

mgluino( )( )log Λ
mstop( )

“Little hierarchy problem” SUSY under pressure  

 
mh
2 = MZ

2 + 3mt
2ht

2

4π 2 ln Ms
2

mt
2

⎛
⎝⎜

⎞
⎠⎟
+δ t

⎛

⎝⎜
⎞

⎠⎟
+ ... 126GeV



Little hierarchy problem  definite SUSY structure  ⇒

MSSM: 105	  +(19)	  Parameters	  

 
mq > 0.6 −1TeV ⇒ Δ > a m

 2

MZ
2 100

⇒ Correlations between SUSY breaking parameters 
and/or additional low-scale states 	  

(Unless	  light	  stop	  	  
 
mt,LHC > 250GeV )

breaking 

^	  

 
MZ

2 = aim i
2

q ,l
∑ + biM i

2

g ,W ,B
∑ + ...



 
MZ

2 = aim i
2

q ,l
∑ + biM i

2

g ,W ,B
∑ + ...

MSSM: 105	  +(19)	  Parameters	  

 
mq > 0.6 −1TeV ⇒ Δ > a m

 2

MZ
2 100

⇒ Correlations between SUSY breaking parameters 
and/or additional low-scale states 	  

(Unless	  light	  stop	  	  
 
mt,LHC > 250GeV )

Fine Tuning measure: 

Δ ai( ) = ai
MZ

∂MZ

∂ai
,

Δm = MaxaiΔ ai( ), Δq = Δγ i
2∑( )1/2

Ellis, Enquist, Nanopoulos, Zwirner 
Barbieri, Giudice 

Little hierarchy problem  definite SUSY structure  ⇒
breaking 

^	  



L data | γ i( )∝ dvδ mZ −mZ
0( )∫ δ v- − m

2

λ
⎛
⎝⎜

⎞
⎠⎟

1/2⎛

⎝
⎜

⎞

⎠
⎟ L data | γ i;v( )

= 1
Δq

δ nq (lnγ i − lnγ i
S )( )L data | γ i;v0( )

χnew
2 = χold

2 + 2 lnΔq

Fine tuning from a likelihood fit: 

Fine tuning not optional! 

Probabilistic interpretation: 

 Δq 100

“Nuisance”	  variable	  



The CMSSM •   γ i = µ0 ,m0 , m1/2 , A0 , B0

assume correlation between SUSY breaking parameters 



SUSY spectrum : CMSSM 

Fowlie et al 

 g


 χ


 t


 u
 L

m0

m1/2



Constraints 

Relic density unrestricted 

Limit of focus point 

	  λ	  increase with mH 
v2 = −

m2

λ

The CMSSM – before LHC •

80 90 100 110 120
1

5

10

50

100

500

1000

Higgs Mass !GeV

!p

!"m1!22 #

!"Μ02#

!"m02# !"A02#

Radiative EW breaking 
	  

  Δ i , i = µ0 ,m0 , m1/2 , A0 , B0

Guuge coupling unification 



Focus Point 

  

16π 2 d
dt

mHu
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mHu
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3
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“Focus point”:	  	  	  	  
  
mHu

2 0( ) = mQ3

2 0( ) = m
3u

2 0( ) ≡ m2

Natural choice 
 
i.e.mQ3

3 ,m
3u
2  MZ

2 possible

  
mHu

2 t0( ) = a0 m2 + .., a0 ≤ 0.1



The CMSSM – after Higgs discovery •

ΔMin > 350, mh = 125.6 ± 3GeV

126GeV 

    126GeV

MS
2 = mq3

mU3



New focus points? 

Gauginos:  
Mg ,W ,B Non-universal gaugino correlations  

Reduced fine tuning (c.f. CMSSM) 

•

New degrees of freedom   •



  
16π 2 d

dt
mHu

2 =3 2 | yt |
2 (mHu

2 + mQ3

2 + m
3u

2 ) + 2 | at |
2( ) − 6g2

2 | M2 |
2 −

6
5

g1
2 | M1 |

2

 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
!  M 3

2  at MSUSY

(Also improves precision of gauge coupling unification) 
Horton, GGR 
Abe, Kobayashi, Omura 

 Reduced fine tuning : nonuniversal gaugino masses 



Natural ratios?   

d 2θ∫ fab TrW
aαWα

b + h.c. fab = δ ab
1
ga
2 +

fXX
MP

+ ...
⎡

⎣
⎢

⎤

⎦
⎥

m1/2 =
3
2
Re fX( )m3/2

Nonuniversal masses if X non-singlet – classify by representation of X 
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 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
!  M 3

2  at MSUSY

 Reduced fine tuning : nonuniversal gaugino masses 



SU(5) : ΦN ⊂ 24 × 24( )symm = 1+ 24 + 75 + 200; SO(10) : 45 × 45( )symm = 1+ 54 + 210 + 770GUT: 

Natural ratios?  e.g.: 

 2.7η3 :1: 0.5η1 η3 :1:η1
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 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
!  M 3

2  at MSUSY

 Reduced fine tuning : nonuniversal gaugino masses 



SU(5) : ΦN ⊂ 24 × 24( )symm = 1+ 24 + 75 + 200; SO(10) : 45 × 45( )symm = 1+ 54 + 210 + 770GUT: 

String: 3+ δGS( ) : −1+ δGS( ) : −
33
5

+ δGS
⎛
⎝⎜

⎞
⎠⎟

Natural ratios?  e.g.: 

(OII, also mixed moduli anomaly) 

 2.7η3 :1: 0.5η1 η3 :1:η1
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 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
!  M 3

2  at MSUSY

 Reduced fine tuning : nonuniversal gaugino masses 



M 3 :M 2 :M1 = 1:b :a

b b

a a

GGR, Kaminska, Schmidt-Hoberg   
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mHu
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2 −
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 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
!  M 3

2  at MSUSY

 Reduced fine tuning : nonuniversal gaugino masses 

Focus point scale Fine tuning measure 



ΔMin
CMSSM = 60 (500), mh = 125.6 ± 3GeV

LHC8 SUSY bounds 
DM relic abundance 

DM searches  

✔	  

✔	  

✗	  
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 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
!  M 3

2  at MSUSY

 Reduced fine tuning : nonuniversal gaugino masses 



 Reduced fine tuning : Beyond the MSSM 



New heavy states – higher dimension operators 

δ L = d 2θ 1
M*

µ0 + c0S( )∫ HuHd( )2 , S = m0θθ

δV = ς1 hu
2 + hd

2( )huhd +ς 2 huhd( )2 ; ς1 =
µ0
M*

, ς 2 =
c0m0

M*

Dimension 5 

ΔΔ

mh mh

Even for M*=65 µ0 a significant shift of mh for constant Δ 

MSSM	   +	  dim	  5	  operators	  

…effect mainly comes from       term …  origin? ς1

 Reduced fine tuning : Beyond the MSSM 



GNMSSM 

NMSSM 

Singlet extensions 

µS >> m3/2 : Weff
GNMSSM = HuHd( )2 / µs + µHuHd

δV = µ
µS

Hu
2 + Hd

2( )HuHd
✔  	  

New heavy states – higher dimension operators 

δ L = d 2θ 1
M*

µ0 + c0S( )∫ HuHd( )2 , S = m0θθ

δV = ς1 hu
2 + hd

2( )huhd +ς 2 huhd( )2 ; ς1 =
µ0
M*

, ς 2 =
c0m0

M*

Dimension 5 

 Reduced fine tuning : Beyond the MSSM 



Singlet extensions 
Z R
N R-symmetry 

N q10 q5 qHu
qHd

qS
4 1 1 0 0 2
8 1 5 0 4 6

R-symmetry ensures singlets light  

New heavy states – higher dimension operators 

δ L = d 2θ 1
M*

µ0 + c0S( )∫ HuHd( )2 , S = m0θθ

δV = ς1 hu
2 + hd

2( )huhd +ς 2 huhd( )2 ; ς1 =
µ0
M*

, ς 2 =
c0m0

M*

Dimension 5 

 Reduced fine tuning : Beyond the MSSM 



Fine tuning in the CGNMSSM   (λ ≤ 0.7†)

ΔMin = 60 (500), mh = 125.6 ± 3GeV
LHC8 SUSY bounds 
DM relic abundance 

DM searches  

✔	  

✔	  

✗	  

Stau co-annihilation DM searches insensitive 



Fine tuning in the ©GNMSSM   (λ ≤ 0.7†)

ΔMin = 20, mh = 125.6 ± 3GeV
LHC8 SUSY bounds 
DM relic abundance 

DM searches  

✔	  

✔	  

✔	  

Non-unversal gaugino masses 

ΔΔ



…fine tuning v/s gaugino mass ratios 

M 3 = m1/2 ,M 2 = b.m1/2 ,M1 = a.m1/2

>100

0

F.T.	  

Fine tuning in the CGNMSSM   



Compressed spectrum 

 

Mg −MLSP
neutralino( )

GeV

> 500

0



Masses v/s fine tuning 

> 500

0

Mgluino

msquark mLSP



Dark matter 

LSP composition 

Direct DM searches 

LUX 
XENON 100 



Summary 

• GUTs           SUSY-GUTS ⇒
• Low fine tuning not optional  

• Fine tuning sensitive to SUSY spectrum 

…scalar and gaugino focus points 

• ΔCMSSM > 350

ΔCGMSSM > 60

Δ(C )MSSM > 60

Δ(C )GNMMS > 20

(hierarchy problem)	  

✗	   ✗	  

✗	   ✔	  

 c. f . ΔLow scale
CMSSM = (10 − 30), mt = (1− 5)TeV Barger et al 



Summary 

• GUTs           SUSY-GUTS ⇒
• Low fine tuning not optional  

• Fine tuning sensitive to SUSY spectrum 

…scalar and gaugino focus points 

• ΔCMSSM > 350

ΔCGMSSM > 60

Δ(C )MSSM > 60

Δ(C )GNMMS > 20

(hierarchy problem)	  

✗	   ✗	  

✗	   ✔	  

 c. f . ΔLow scale
CMSSM = (10 − 30), mt = (1− 5)TeV Barger et al 

a, b not fixed 



Summary 

• GUTs           SUSY-GUTS ⇒
• Low fine tuning not optional  

• Fine tuning sensitive to SUSY spectrum 

…scalar and gaugino focus points 

• ΔCMSSM > 350

ΔCGMSSM > 60

Δ(C )MSSM > 60

Δ(C )GNMMS > 20

• Well motivated SUSY models remain to be tested  

(hierarchy problem)	  

LHC14? 

Compressed spectra, TeV squarks and gluinos 




