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LHC 8: No evidence (yet) for BSM 
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LHC 8 

No evidence (yet) for BSM 
 
Higgs discovery }	
   “Just” the SM (JSM)? 

V (H ) = −m2 |φ |2 +λ |φ |4

DeGrassi et al,…  

λ βλ

 
m2 ! 89GeV 2( ), λ ! 0.13



 Why go beyond the Standard Model? 



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  19 (28)     

Aµ
γ =sinθWWµ

3 +cosθW Bµ

• Strong CP problem 



II. Grand Unification 

•
SU(3)× SU(2)×U(1)

Unification incomplete:  
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Gravity? 



(5) (3) (2) (1)SU SU SU U⊃ ⊗ ⊗
Georgi Glashow 

II. Grand Unification 



5 × 5Group of  complex unitary matrices with determinant 1 
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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 

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

(5) (3) (2) (1)SU SU SU U⊃ ⊗ ⊗  SO(10) ⊃
Anomaly free 

II. Grand Unification 



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 
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SM evolution of gauge couplings 
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Fermion masses 



After diagonalising down quark mass matrix: 

md = me
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IV. Just the Standard Model 
(+3 RH neutrinos) 



III. The Hierarchy Problem 



The Standard model as an effective field theory… 

A renormalisable, spontaneously broken, local gauge quantum field theory 

   
Leff φlight ,ψ heavy , M , E( ) EM⎯ →⎯⎯ Leff φlight , E( ) + O

1
M

⎛
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⎞
⎠⎟

• Renormalisable ✔	
    D ≤ 4 + O(1 / M )

 
LSM

effective ⊃ M A Aµ Aµ + mf fL fR  MA , mf  MX , MPlanck• × ×
Fermions chiral ✔	
  

• Light Higgs ? 
  
LSM

effective ⊃ M 2

H
H
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Vector gauge bosons ✔	
  
(Massless - vectorlike couplings; massive – chiral couplings) 
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Vector gauge bosons ✔	
  
(Massless - vectorlike couplings; massive – chiral couplings) 
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… but is the SM all there is? 
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GUTS:  
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• Just the (scale invariant) Standard Model….no heavy states 

Solutions to the hierarchy problem 

• Scanning….Higgs mass minimised when minimising scalar potential	
  

−M 2 + gφ( ) h 2 + (gM 2φ + g2φ 2 + ...)+ Λ3h cos φ / f( )
QCD axion hierarchy problem term 

 mh
2 ∼ g f  small controlled by shift symmetry: g φ →φ + c

Slow roll - inflation 



  Λ ≤ 1TeV ??

 Composite models: e.g. technicolour (no light Higgs) •
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  Λ ≤ 1TeV ??

 Composite models: e.g. technicolour (no light Higgs) •

• Xtra dimensions R 
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• Just the (scale invariant) Standard Model….no heavy states 

Λfundamental ~ 1TeV! 

Solutions to the hierarchy problem 

• Scanning….Higgs mass minimised when minimising scalar potential	
  

… covered in following lectures by Professor Antoniadis 
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GUTs⇒ SUSY −GUTs h Q( ) h Q( ) X,X
!



Slide courtesy of Isabel Garcia Garcia 
c.f.talk by S. Pokorsky here 



No correction to the (Pseudo-Goldstone) Higgs! 

uncoloured top  partner 

Slide courtesy of Isabel Garcia Garcia 



IV. Just the Standard Model 
(+3 RH neutrinos) 



Implications of a 125 GeV Higgs  

RG equations: 

 IV. “Just” the Standard Model 



Implications of a 125 GeV Higgs  

RGE - just the Standard Model 

Landau pole <MPlanck 

Vacuum instability 

Higgs coupling small 

Hambye,	
  Riesselmann	
  



LHC 8 

No evidence (yet) for BSM 
 
Higgs discovery }	
   “Just” the SM (JSM)? 

V (H ) = −m2 |φ |2 +λ |φ |4

DeGrassi et al,…  

λ βλ

 
m2 ! 89GeV 2( ), λ ! 0.13
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IR structure??? 



LHC 8 

No evidence (yet) for BSM 
 
Higgs discovery }	
   “Just” the SM (JSM)? 

V (H ) = −m2 |φ |2 +λ |φ |4

DeGrassi et al,…  

 
m2 ! 89GeV 2( ), λ ! 0.13



mh = 0Classical scale invariance, … origin of EW breaking? 

 “Just” the Standard Model 
δm2 not measureable …only m2 = m0

2 +δm2 “physical” 

δmh
2 = 3GF

4 2π 2 4mt
2 − 2mW

2 −mZ
2 −mh

2( )Λ2 = Λ
500GeV

⎛
⎝⎜

⎞
⎠⎟
2



mh = 0Classical scale invariance, … origin of EW breaking? 

Coleman-Weinberg – dynamical symmetry breaking : 

e.g. scalar elactrodynamics 

V = λ
4!
φ 4 + 3e4

64π 2 φ
4 ln φ 2

M 2

⎧
⎨
⎩

⎫
⎬
⎭

= 3e4

64π 2 φ
4 ln φ 2

φ 2 −
1
2

⎛

⎝⎜
⎞

⎠⎟

 
mφ
2 =

3eφ
2

8π 2 mX
2 ≪ mX

2

…..  many models with new Higgs interactions + no heavy states 

“real” hierarchy problem 

 “Just” the Standard Model 
δm2 not measureable …only m2 = m0

2 +δm2 “physical” 

scale invariance broken by Trace anomaly 



No heavy states? 

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



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 



Baryogenesis 

Lmass = ha laνRaH + Mab

2
νRa
T CνRb

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

Shaposhnikov et al 

✔	
  

Only 

^	
  

Strongly constrained if demand νR c is dark matter  



Strong CP problem: 
 

θ
32π 2 Gµν

a G!
aµν
, θ ≤10−10 ??



Strong CP problem: 
 

θ
32π 2 Gµν

a G!
aµν
, θ ≤10−10 ??

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 

1010GeV ≤ fa ≤10
12GeV

Vafa, Witten 



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

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 of 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 of spontaneously broken PQ 

S→ S +δ
shift symmetry 



 
VDFSZ (H1,H2,S) !

λ1
2
|H1 |

2 +ζ1
λ1
| S |2

⎛
⎝⎜

⎞
⎠⎟

2

+ 1
64π 2 ζ 2 | S |

2( )2 − 1
2
+ ln | S |

2

fa
2

⎛
⎝⎜

⎞
⎠⎟

+ λ2
2
|H2 |

4 +ζ 3S
2H1H2 + h.c.

Coleman Weinberg in DFSZ model 

V(S) 

|S|	
  

H1
2 = −ζ1

λ1
S2 triggers EW breaking 

ζ 2 S
2 H 2



 
VDFSZ (H1,H2,S) !

λ1
2
|H1 |

2 +ζ1
λ1
| S |2

⎛
⎝⎜

⎞
⎠⎟

2

+ 1
64π 2 ζ 2 | S |

2( )2 − 1
2
+ ln | S |

2

fa
2

⎛
⎝⎜

⎞
⎠⎟

+ λ2
2
|H2 |

4 +ζ 3S
2H1H2 + h.c. (ζ 2 >ζ1 >ζ 3 assumed) 

m
H2
0

2 = m
H ±
2 = mX

2 = − ζ 2
2ζ1

mh
2

 
m|S|
2 = − ζ 2

2

32π 2ζ1

⎛
⎝⎜

⎞
⎠⎟

2

mh
2 ! 13 10

12GeV
vS

⎛
⎝⎜

⎞
⎠⎟

2 mH2

mh

⎛
⎝⎜

⎞
⎠⎟

4

eV 2

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



Summary - IV 
“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 Direct (axion-like) searches? 	
  

•

ln E /GeV( )

gt

λ1
… and no unification	
  





Hu  H
! u

Hd  H
! d

V. SUSY 



GGUT ×GFlavour × N = 1SUSY( )

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

Supermultiplets 

V(i). SUSY GUTs 

Hu  H
! u

Hd  H
! d



SUSY gauge coupling unification 
	
  

α i
−1 µ( ) =α −1 MX( ) + 1

2π
bi ln

MX

µ
⎛
⎝⎜

⎞
⎠⎟
+ ..

bi
SM =

0
− 22

3

−11

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟
+ Ng

4
3

4
3

4
3

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
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1
10

1
6

0

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

bi
MSSM =

0
−6
−9

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟
+ Ng

2
2
2

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟
+ H

3
10

1
2

0

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
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Log 10 [Energy Scale (GeV)] 
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  Ibanez	
  Ross	
  

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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α α
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2' 1/  only scalestringMα =1
10α−

}	
  

4d xV∫

}	
  

4 3
10 10 '' ',
64 16 4

String
N String NG G

V V
α αα α α αα

π π
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2 2

1 ln
( )

string
i i

i Z s

i

tring Z

M
b
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k

M
⎛ ⎞

= + +Δ⎜ ⎟
⎝ ⎠

17. 3.6 10string string PlanckM g M GeV= = ×

Gauge	
  unificaAon	
  -­‐	
  HeteroAc	
  String	
  

  c. f .MU
"expt" = (2.6 ± 2).1016GeV

1



Spontaneous symmetry breaking 

SU(5) MX
Σ24

⎯ →⎯ SU(3)× SU(2)×U(1) MW
H5

⎯ →⎯ SU(3)×U(1)



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 



SU(5) MX
Σ24

⎯ →⎯ SU(3)× SU(2)×U(1) MW
H5

⎯ →⎯ SU(3)×U(1)

Spontaneous symmetry breaking 

PHiggs = µHuHd + λHuΣHd

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 

 
Ap decay ∝

1
MH!

c. f . 1
MX ,Y

2



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 ) 

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 



SUSY GUTS – Nucleon decay 



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



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

× H
! u  H

! d

q l c

 q
!

 q
!

D=5 proton decay amplitude 

 

1
MH!

QQQL F MH! >10
27GeV , 109MPlanck ???



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
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R-parity: SUSY states odd Z2



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 )( )
R-parity: SUSY states odd Z2

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

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

N q10 q5 qHu
qHd

qN
4 1 1 0 0 2

Z4
R special: 

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

QW
R = 2



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	
  



IV. Just the Standard Model 
(+3 RH neutrinos) 

SUSY 



 V(ii):The Little hierarchy problem in SUSY 

 

t,t!
h h

Low scale SUSY	
  

 
δmHu

2 ! − 3yt
2

4π 2 mstop
2 + gs

2

3π 2 mgluino
2 log Λ

mgluino( )( )log Λ
mstop( )

 
mh
2 = MZ

2 + 3mt
2ht

2

4π 2 ln mstop
2 /mt

2( ) +δ t( ) + ...! 126GeV

 Λ ∼ MGUT

 
mt!,g! <1TeV ??

Gauge coupling  
   unification 



Little hierarchy problem  

 
MZ

2 = aim i
2

q ,l
∑ + biM i

2

g ,W ,B
∑ + ...

e.g. 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 )



Little hierarchy problem  

 
MZ

2 = aim i
2

q ,l
∑ + biM i

2

g ,W ,B
∑ + ...

e.g. 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 γ i( ) = γ i

MZ

∂MZ

∂γ i

,

Δm = Maxγ iΔ γ i( ), Δq = Δγ i
2∑( )1/2

Ellis, Enquist, Nanopoulos, Zwirner 

Barbieri, Giudice 

 γ i = m! i ,M" i , ...



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

Ghilencea,	
  GGR	
  
Casas	
  et	
  al	
  

“Nuisance”	
  variable	
  



  γ i = µ0 ,m0 , m1/2 , A0 , B0CMSSM: 



1 h0  resonant annihilation	
  

 2 h  t-channel exchange	
  

 3 τ co-annihilation	
  

 4 t co-annihilation	
  

• 5 A0 /H 0 resonant annihilation	
  

Relic density restricted 

Gauge unification required 

  

mHu

2 Q2( ) = mHu

2 M P
2( ) + 1

2
mHu

2 M P
2( ) + mQ3

2 M P
2( ) + m

3u

2 M P
2( )( ) Q2

M P
2

⎛

⎝
⎜

⎞

⎠
⎟

3yt
2

4π 2

−1

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

Focus point 

  γ i = µ0 ,m0 , m1/2 , A0 , B0

 
 −

2
3
, Q2  MZ

2

CMSSM: pre Higgs 

m0
2 3

2
m0
2



1 h0  resonant annihilation	
  

 2 h  t-channel exchange	
  

 3 τ co-annihilation	
  

 4 t co-annihilation	
  

• 5 A0 /H 0 resonant annihilation	
  

Relic density restricted 

Gauge unification required 

  

mHu

2 Q2( ) = mHu

2 M P
2( ) + 1

2
mHu

2 M P
2( ) + mQ3

2 M P
2( ) + m

3u

2 M P
2( )( ) Q2

M P
2

⎛

⎝
⎜

⎞
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⎟

3yt
2

4π 2

−1

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

Focus point 

 
mHu

= mQ 3
= mu3

  γ i = µ0 ,m0 , m1/2 , A0 , B0

 
 −

2
3
, Q2  MZ

2

ΔMin > 350, mh = 125.6 ± 3GeV

CMSSM: post Higgs 



Beyond the CMSSM 

• New states and interactions 

(additional contributions to Higgs mass) 

• Correlations between SUSY breaking parameters 
Further 

^	
  



GNMSSM 

NMSSM 

δV = µ
µS

Hu
2 + Hd

2( )HuHd

               

µ, µs =O(m3/2 ), Z4,8R

New (heavy) states- Singlet extensions 
 

•

δV = λ 2 HuHd
2



Fine tuning in the CGNMSSM   

GGR, Schmidt-Hoberg , Staub  

(λ ≤ 0.7)

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

DM searches  

✔	
  

✔	
  

✗	
  

Stau co-annihilation 

DM searches insensitive 
LSP~Bino 



  
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

…non-universal gaugino masses  

Correlation between SUSY breaking parameters  

Horton,	
  GGR	
  

(Also improves precision of gauge coupling unification) Shifman,	
  Roszkowski	
  
Krippendorf,	
  Nilles,	
  Ratz,	
  Winkler	
  

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

•



Fine tuning in the (C)GNMSSM   

GGR, Kaminska, Schmidt-Hoberg   

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

DM searches  

✔	
  

✔	
  

✔	
  

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

DM searches  

✔	
  

✔	
  

✔	
  
	
  

Fine tuning in the (C)MSSM   
Non-universal gaugino masses 
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Heavy LSP reach 
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ATLAS Simulation Preliminary

Heavy LSP reach 



Dark matter 

LSP composition 

Direct DM searches 

LUX 
XENON 100 



• GUTs           SUSY-GUTS ⇒

• 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

Summary - V 

Gauge coupling unification ✔	
  



• GUTs           SUSY-GUTS ⇒

• 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

• Whither SUSY? 

LHC14? Compressed spectra, TeV squarks and gluinos 

….well motivated SUSY models remain to be tested  

Summary - V 

Natural SUSY 

Gauge coupling unification ✔	
  





IV. Just the Standard Model 
(+3 RH neutrinos) 

Composite 



VI. Composite models 

t,W ,

h hZ,h

e−q
2 /Λcomposite

2

Form factor 



Technicolour – modeled on QCD 

QCD : SU(2)L × SU(2)R ×U(1)B
qq
QCD⎯ →⎯⎯ SU(2)V ×U(1)B

π a=1,2,3
Goldstone modes, fπ = 92 MeV

QCD breaks the  SU(2)×U(1) symmetry giving W, Z mass 
	
  	
  

with EM  (Q=T3L+T3R+B/2) unbroken 

 
mw =

gfπ
2
! 29 MeV SU(2)V acts as custodial symmetry 

NO LIGHT SCALAR RESONANCE (unitarity enforced by tower of heavier 
 resonances, ρ…) 

For a general review see: Contino 1005.4269  



Technicolour models 

• Light Higgs? 

• Precision tests? 

• Fermion masses? 
(FCNC  ✗) 

• Avoids (large) hierarchy problem 

⇒ Make Higgs a Pseudo Goldstone boson 

s

sd
d

ΔS = 2
ΔQ = 0

ZETC



Higgs (Standard) Model 

χ a ,h linear rep of  SU(2)L × SU(2)R

 SO(4) ∼ SU(2)L × SU(2)R v⎯→⎯ SO 3( ) ∼ SU(2)C

Custodial symmetry 

H †H = hi
2

1
∑

1
2
DµH( )† DµH( ) = v

2

4
Dµ ∑( )† Dµ ∑( ) 1+ hv

⎛
⎝⎜

⎞
⎠⎟
2

= v
2

4
Dµ ∑( )† Dµ ∑( ) 1+ 2 hv +

h2

v2
⎛
⎝⎜

⎞
⎠⎟
...

Goldstone modes: 



The Higgs as a Pseudo Goldstone boson 

SO(5) / SO(3) :W ,Z,h
e.g. 

SO(6) / SO(3) :W ,Z,h,a…	
  



• ETC ✗	
  

•

 ∼OLOR

Fermion masses 

composite techni-fermion resonances, mψ 

hqi ∝εL
qiεR

qi

tL ,R
mass eigenstate ≈ tL ,R + εL ,ROL ,R

εL ,R =
λL ,R f
mψ

≡
λL ,R

gψ

Partial compositeness: 



The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x 
still appears, you may have to delete the image and then insert it again.

The image cannot be displayed. Your 
computer may not have enough memory 
to open the image, or the image may 
have been corrupted. Restart your 
computer, and then open the file again. If 
the red x still appears, you may have to 
delete the image and then insert it again.

5D Analogue of partial compositeness 



5D Analogue of partial compositeness 

Elementary 
 sector 

Strongly 
interacting 
 sector 

Heavier SM states – more composite  

Light quarks and leptons almost elementary – evade composite tests  

H, WL, ZL composite;  WT, ZT partially composite  

	
  	
  	
  	
  	
  	
  KK modes  
            ê 
 Techni-resonances  



Exponential hierarchies of fermion masses 

Charged fermion hierarchies No flavour hierarchies in m, θ  
        - Dirac neutrinos? 

Elementary 
 sector 

Strongly 
interacting 
 sector 



The hierarchy problem and light top quark partners 

New states needed< 1TeV 



The hierarchy problem and light top quark partners 

light vectorlike top quark < 1TeV 

but mρ > 2.5TeV (S-parameter) 

Hence low cut-off for low Δ must be due to top-quark form factor 

⇒ Technifermion top quark resonance < 1TeV 



The hierarchy problem and light top quark partners 

light vectorlike top quark < 1TeV 

but mρ > 2.5TeV (S-parameter) 

Hence low cut-off for low Δ must be due to top-quark form factor 

⇒ Technifermion top quark resonance < 1TeV 

 Δ ∼ ξ
−1 ≥10

Fine tuning 

for	
  	
   SO(4) 9-plet top quark 

Sensitive to top resonance representations…minimum  

ξ = v
2

f 2
⎛
⎝⎜

⎞
⎠⎟



Top techni-resonance phenomenology 

QCD pair production : σ mt=500GeV
= 570 fb, σ mt=1TeV

= 1.3 fb (8TeV CM )

 9 ∼ 35/3⊕ 32/3⊕ 3−1/3 (SU(2)L ×U(1)Y ) ⊃ 2 ×Q5/3 +Q8/3

3W + + b + ...

LHC8:	
   mt > 770GeV (95%)

BR Q5/3(8/3) → l+l+ ..( ) = 5(6)%, BR Q5/3(8/3) → lll..( ) = 3(6.5)%

Panico	
  et	
  al	
  1201.7114	
  
Pappadopulo	
  et	
  al	
  1303.3062	
  



Summary BSM after Higgs  

Need symmetry to keep Higgs light •
 Scale, SUSY, Nambu-Goldstone 

• Require new states  

More Higgs and/or Higgs interactions,  
SUSY partners, 
Top quark partners 

• Fine tuning limits        LHC 13/14 discovery! ⇒

• Grand Unification still viable – but must find SUSY 




