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The discovery of the Higgs scalar has completed the Standard Model and 

challenged our speculations  about physics beyond the Standard Model: 

• Full unification of fundamental forces now under pressure 

• Could  the Standard Model be all there is ? 
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…no hierarchy problem for SM? (Landau pole?) 
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Classical scale invariance  (dimensional regularisation) 
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Case studies : 

II. SUSY unification 

I. “Just” the Standard Model 
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Neutrino masses? 	  •

Baryogenesis? 	  •
Strong CP problem? 	  •

Gravity/Inflation? 	  

No heavy thresholds?     (real hierarchy problem) 
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Neutrino masses: 

Neutrino masses? 	  •

Baryogenesis? 	  •
Strong CP problem? 	  •

Gravity/Inflation? 	  •

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?     (real hierarchy problem) 

Ultra-weak: 
Natural due to  
chiral symmetry 



Strong CP problem: 
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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 

1010GeV ≤ fa ≤10
12GeV ??

Strong CP problem: •



DFSZ axion: 2 Higgs doublets H1,2, complex singlet, S  
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Ultra weak sector: 

ζ i multiplicatively renormalised 

(Underlying shift symmetry S→ S +δ )	  



Ultra weak sector: 
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(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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Pseudo-dilaton K.	  Allison,	  C.Hill,	  GGR	  	  | S |
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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 
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If inflation scale above PQ phase transition   

…. potential Polonyi problem: 
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 T ∼ ΛQCD , ms,thermal = 0

ρs ∝T
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ρs → 0, Ωa ?

•

• resonant 



Baryogenesis - via neutrino oscillation 

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 

✔	  

ARS demonstrate mechanism viable over range of parameters - 
	  	  
but     not dark matter – need axion  as dark matter	  	  νR

•

−
−
−
−



Gravity/Inflation •

Hierarchy problem? 
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A simple model 

Kannike	  et	  al	  1502.01334	  	  



Summary - I 
“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  
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h ≈ SM Higgs 

•

•

SSB generates MP and Coleman Weinberg generates hierarchy 
 
 and inflation 



Summary - I 
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h ≈ SM Higgs 

•

• But…	  

 (i) No unification of forces and matter.	  

(II) In Wilsonian sense quadratically divergent terms seem physical 



II. SUSY Unification	  

 

t,t!
h h

Low scale SUSY	  

MSSM:	  

 
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





II. SUSY Unification	  

 

t,t!
h h

Low scale SUSY	  

MSSM:	  

 
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

? 
Little  
hierarchy  
problem 

 Λ ∼ MGUT ?

LHC8 - SUSY unification under pressure 



Little hierarchy problem  
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Fine Tuning measure: 

Δ γ i( ) = γ i
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,

Δm = Maxγ iΔ γ i( ), Δq = Δγ i
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Ellis, Enquist, Nanopoulos, Zwirner 

Barbieri, Giudice 

 γ i = m! i ,M" i , ...
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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 
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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 
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2 | M2 |
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6
5
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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 



Masses v/s fine tuning 
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Masses v/s fine tuning 

> 200

0

Mgluino

msquark mLSP

Δ



Heavy LSP reach 
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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 - II 

Natural SUSY 

Gauge coupling unification ✔	  



Summary BSM after LHC8  

• Both require new (light) states  

More Higgs and/or Higgs interactions, pseudo-dilaton..  
SUSY partners 

• Fine tuning limits        LHC 13/14 discovery(?) ⇒

• Grand Unification still viable – but must find SUSY 

JSM v/s SUSY-GUTs 

• Gravity/Inflation may be consistent with scale invariance 





“Natural” SUSY 

?



Papucci,	  Ruderman,	  Weiler	  1110.6926	  

“Natural” SUSY 

?



“Natural” SUSY 

?

…but 

Focus points can reduce sensitivity to  •  
mt! , mg!

• Additional fine tuning needed to get large   

 mt! ≥ 800GeV

tanβ ≤15 − 30
⇒

Casas,	  Moreno,	  Robles,	  Rolbiecki,	  Zaldivar	  1407.6966	  	  

tanβ



5th Force limits 


