
Is     SUSY alive ? 
^	
  

low energy 

G. Ross, Madrid, September 2016 



Little hierarchy problem:  Definite SUSY structure  
breaking 

^	
  

Low scale SUSY: Hierarchy problem  

Context: SUSY GUTS 

OUTLINE 

 †

 † LHC 13Tev estimates: 
+ Florian Staub, Kai Schmidt-Hoberg   
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MSSM: 105 +(19) Parameters 

⇒ Correlations between SUSY breaking parameters 
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Fine tuning from a likelihood fit: 

Fine tuning  

Probabilistic interpretation: 
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Soft parameters? 

Fine tuning sensitive to correlations between them 

  γ i = µ0 ,m0 , m1/2 , A0 , B0 CMSSM	
    e.g.



Soft parameters? 

Fine tuning sensitive to correlations between them 

Focus point  
   
Zhu

m0 ( MZ ) ! 0

  γ i = µ0 ,m0 , m1/2 , A0 , B0 CMSSM	
    e.g.



Focus Point 
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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

Feng,	
  Matchev,	
  Moroi	
  
Chan,	
  ChaBopadhay,	
  Nath	
  
Barbieri,	
  Giudice	
  
	
  	
  Feng,	
  Sanford	
  

(sensitivity to ht small) 



1 h0  resonant annihilation	
  

 2 h  t-channel exchange	
  

 3 τ co-annihilation	
  

 4 t co-annihilation	
  

• 5 A0 /H 0 resonant annihilation	
  

ΔMin
EW = 15, mh = 114.7 ± 2GeV

Within 3σ  WMAP:

ΔMin
EW = 18, mh = 115.9 ± 2GeV

< 3σ  WMAP:

Relic density restricted 

Cassel, Ghilencea, GGR 

  γ i = µ0 ,m0 , m1/2 , A0 , B0

v2 = −
meff

2

λeff

ΔΩ = max ∂lnΩh2

∂lnq q=m0 ,m1/2 ,A0 ,B0

ΔMin
EW +Ω = 29, mh = 117 ± 2GeV

ΔMin > 350, mh = 125.6 ± 3GeV

The CMSSM – after Higgs discovery •

(requiring gauge coupling unification                	
  	
    Δ ∝ log( MGUT
2 / Q2 ))
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Soft parameters? 

Fine tuning sensitive to correlations between them 

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

Focus point  
   
Zhu

m1/2 ( MZ ) ! 0 ?
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 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
  M 3

2  at MSUSY
Horton,	
  GGR	
  

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

GGR, Kaminska, Schmidt-Hoberg   



GGR, Kaminska, Schmidt-Hoberg   

ΔMin
EW +Ω = 60 (500), mh = 125.6 ± 3GeV

LHC8 SUSY bounds 
DM relic abundance 

DM searches  

✔	
  

✔	
  

✔	
  
	
  

Fine tuning in the (C)MSSM   
Non-universal gaugino masses 

LHC 8TeV 



LHC 13 TeV 

(C)MSSM 	
  



  
Ωh2( )SUSY

≤ Ωh2( )Observed

  
Ωh2( )SUSY

= Ωh2( )Observed

(C)MSSM 	
  

ΔMin
EW = 40, mh = 125.6 ± 3GeV



Soft parameters? 

Fine tuning sensitive to correlations between them 

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

 S

  W =WYukawa + λSHu Hd +κ S 3 NMSSM 

  W =WYukawa + (µ + λS)Hu Hd + µS S 2 +κ S 3 GNMSSM 



GNMSSM 

NMSSM 

Singlet extensions 

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
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c0m0
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Dimension 5 

 Reduced fine tuning : 

✔  	
  

ς 2 ∝
m0
2
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2

but see Lu et al 

        (Z8
R ⇒ µ, µs naturally small)



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 
Commutes with SU(5) 
Anomaly cancellation 

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

QW
R = 2

  

N q10 q
5

qHu
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4 1 1 0 0 2
8 1 5 0 4 6

Casas,	
  Munoz	
  

No perturbative μ term 

   
µ,µS ∼

W
M P

2 = m3/2

N=8 No quadratic divergence 

  µHu Hd , 1
M QQQL ✗	
  



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 



Fine tuning in the (C)GNMSSM   

GGR, Kaminska, Schmidt-Hoberg   

(λ ≤ 0.7†)

ΔMin
EW = 20, mh = 125.6 ± 3GeV

LHC8 SUSY bounds 
DM relic abundance 

DM searches  

✔	
  

✔	
  

✔	
  

Non-universal gaugino masses 

Δ

(uniform scan) 

16? 



Soft parameters? 

Fine tuning sensitive to correlations between them 

   γ i = µ! 0 ,m0 , m1/2 , A0 , B0

   
mH = 0, m

H!
= µ0

Soft Higgsino mass 

  
c. f . µ0Hu Hd |θθ −µ0

2 Hu

2
+ Hd

2( )⎛
⎝

⎞
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Hard parameter – tadpole divergences 
 
( Absent in MSSM) 



Higgsino mass origin 

φ link field coupled to hidden sector and visible sector via Higgs portal 

	
  Gaugino mediation •

• Sequestering 

Hidden sector running drives Higgs mass to zero leaving Higgsino  
mass unchanged 

Perez, Roy, Schmaltz 

φ



New SUSY breaking soft terms •

  m0 , m1/2 , A0 , tanβ , µ, Bµ, µ '

 µ ' = 0

  ΔCMSSM ≥ 350

  
ΔCMSSM+µ ' ≥ 20

LHC 13 TeV 



(C)MSSM 	
   +µ '



(C)MSSM 	
   +µ '

  
Ωh2( )SUSY

≤ Ωh2( )Observed

  
Ωh2( )SUSY

= Ωh2( )Observed

ΔMin
EW (+Ω) = 20 (40), mh = 125.6 ± 3GeV



Direct detection DM cross section compared to LUX bound 



GUTs           SUSY-GUTS ⇒
Fine tuning sensitive to SUSY spectrum 

…scalar and gaugino focus points, Higgsino mass 

ΔCMSSM > 350

ΔCGMSSM > 60 Δ(C )GNMMS > 20

(hierarchy problem)	
  

✗	
  

✗	
   ✔8TEV 13TEV?	
  
Δ(C )MSSM > 40(200)SUSY DM

Δ(C )MSSM+µ ' > 20 (40)SUSYDM

SUMMARY 

•
•

•



GUTs           SUSY-GUTS ⇒
Fine tuning sensitive to SUSY spectrum 

…scalar and gaugino focus points, Higgsino mass 

ΔCMSSM > 350

ΔCGMSSM > 60 Δ(C )GNMMS > 20

(hierarchy problem)	
  

✗	
  

✗	
   ✔8TEV?13TEV	
  

• Yes (just) - Well motivated SUSY models remain to be tested  

Is     SUSY alive ? 
^	
  

low energy 

Δ(C )MSSM > 40(200)SUSY DM

Δ(C )MSSM+µ ' > 20 (50)SUSYDM

•
•

•




