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Outline: 

I Introduction 
   Building SUSY extensions of the Standard Model 

II SUSY searches at the LHC.   
CMSSM, Gauge mediated models, GNMSSM, Non-universal gaugino mass 	  

III LHC & BSM  
Xtra-dimensions (c.f. Dudas), Composite Higgs, Little Higgs,  SUSY Higgs  

IV Implications of 125 GeV Higgs  
Vacuum stability, Higgs inflation, SUSY, Just the Standard Model   

(c.f. Hebecker)	  



The Standard Model!

…a renormalisable, spontaneously broken, local gauge quantum field theory!
of the strong, electromagnetic and weak interactions!
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Higgs	  scalar	  

Multiplet structure –’chiral’!



	  	  

Precision tests of the Standard Model!

Gauge interactions detemined by !
multiplet structures!

Sensitive to quantum corrections!



Higgs discovery and exclusion – LHC July 2012 

Atlas CMS 







Beyond the Standard Model 
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The Standard model as an effective field theory…!

A renormalisable, spontaneously broken, local gauge quantum field theory!
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• Renormalisable! ✔	    D ! 4 + O(1 / M )
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LSM

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

Vector gauge bosons! ✔	  
(Massless - vectorlike couplings; massive – chiral couplings) 
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The Standard model as an effective field theory…!

A renormalisable, spontaneously broken, local gauge quantum field theory!
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LSM

effective ! M A Aµ Aµ + mf fL fR  MA , mf ! MX , MPlanck• ! !

• Light Higgs X!

H H 
   
! t M H

2 ! " ht
2

8# 2 dk 2

0

$2

% = ht
2

8# 2 $2 +O(mt
2 ln(

mt

$
))

  ! " 1TeV ??

t

t
The Hierarchy problem!

Fermions chiral ! ✔	  

Vector gauge bosons! ✔	  



Solutions to the hierarchy problem!   ! " 1TeV ??

Composite: e.g. technicolour, !•

 ! fundamental ! 1TeV !• Xtra dimensions! R 

x

   
V (r) =

1
M

*

2+d Rd

m1m2

r
, D = 4 + d , r ! R

   
M

Planck

2 = M*
2 M*R( )d

(or warped extra dimensions)!

Symmetry protection!• Nambu	  -‐	  Goldstone	  	   H H T ..
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Symmetry broken by gauge interactions –  
pseudo Goldstone bosons 

…addresses	  li7le	  hierarchy	  problem	  only	  
….li7le	  Higgs	  
	  



Supersymmetry!
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  MSUSY ! TeV

Unification!



Supersymmetric extensions of the SM  (N=1) 
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Matter – chiral supermultiplets 

J=1/2 quarks and leptons 

J=0 squarks and sleptons 

Higgs – chiral supermultiplets  Hu =
H +

H 0
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Gauge bosons – vector supermultiplets  
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J=1 gauge bosons 

J=1/2 gauginos 

ga=1..8 Gluons, gluinos 

W a=1..3 W-bosons, Winos 

B B-boson, Bino 

Anomaly free 



Yukawa interactions - superpotential 

W = hELHd E + hDQHd D + hUQHuU + µHdHu

+ !LLE + ! 'LQD +" LHu + ! ''UDD

Renormalisable terms allowed 
 by gauge symmetries 

!L = 1 !B = 1

Proton decay 
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R-parity: Hu ,Hd +1

L,E,Q,D,U, ! "1
SUSY states odd Z2

Weinberg, Sakai 

Discrete symmetries 
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SUSY states odd Z2
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Discrete symmetries 

but	  	   M >1025GeV = 107MPlanck !
†
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Baryon “parity”: Q 1

D,Hu !

L,E,U,Hd ! 2

LSP unstable Z3

Discrete gauge symmetry 
       -anomaly free 

Ibanez, GGR 

R-parity: SUSY states odd Z2
Weinberg, Sakai 

Discrete symmetries 
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GUTs? 

Dreiner, Luhn, Thormeier 

Baryon “parity”: LSP unstable Z3

R-parity: SUSY states odd Z2

LSP stable 

Discrete symmetries 
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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 
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LSP stable 

LSP stable 

Discrete symmetries 



R-symmetry  

! " e# i$! , W " e2i$W

! " ei#!, $" ei(%+# )$, F" ei(2%+# )F



A unique solution :         discrete R symmetry 

! N = 3,4,6,8,12,24 Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange 

(R = 1)

Green Schwarz term 

Z4
R

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

SUSY breaking 

W , !! R=2 non=perturbative breaking 

 µ ! m3/2 ,

Z4R ! Z2
R R " parity

O(m3/2

M 2 QQQL)

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
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up and down Yukawas allowed 

3q10 + q5 + qHu
+ qHd

= 4 Mod N ! 3q10 + q5 = 0 Mod N ! !
D=5 operators 

Abel	  Domain walls and tadpoles safe  



SUSY breaking 

Local supersymmetry 

V = [M 2 e!G/2G j + f j ""
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2 e$ReS/b0

Gaugino condensation: 

c.f. Martin, Shirman reviews  

Nilles 



“Gravity” mediation (Planck scale messengers) (mSUGRA)	  



RG running 
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Radiative Breaking 

…	  

Ibanez,	  GGR	  
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“Gauge” mediation 

q,l	  messengers	  	  

+…	  



Typical hierarchy bertween  
strongly/weakly interacting  
particles: 

! 3 :! 2 :!1



Anomaly mediated supersymmetry breaking  

….anomalous violation of classical conformal (scale) invariance 





Mixed gravity (modulus) – anomaly mediation  (Mirage mediation) 

Nilles	  et	  al	  	  




