
Whither  SUSY? 

G. Ross, IPPP, Durham, January 2012 

whither  Archaic or poetic 
adv 
1. to what place? 
2. to what end or purpose? 
conj 
to whatever place, purpose, etc. 
[Old English hwider, hwæder; related to Gothic hvadrē; modern English 
form influenced by HITHER] 
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†



Little hierarchy problem  definite SUSY structure  !
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MSSM: 105	  +(19)	  Parameters	  

Fine Tuning measure: 
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Ellis, Enquist, Nanopoulos, Zwirner 

Barbieri, Giudice 
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! Correlations between SUSY breaking parameters 
and/or additional low-scale states 	  



The CMSSM •

Constraints 

Relic density unrestricted 
Radiative EW breaking 
	  

!Min = 9, mh = 114 ± 2GeV (No Higgs bound applied) 

  µ0 ,m0 , m1/ 2 , A0 , B0
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SPS1a	  



S.Cassel,	  D.Ghilencea,	  GGR	  

Constraints 

Relic density unrestricted 

Limit of focus point 

	  λ	  increases with MH 
v2 = !

m2

"

The CMSSM •
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mHu

2 0( ) = mQ3

2 0( ) = m
3u

2 0( ) ! m2CMSSM:	  	  	  	  

Natural choice 
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“Focus point”:	  	  	  	  
  
mHu

2 0( ) = mQ3

2 0( ) = m
3u

2 0( ) ! m2

 
i.e.mQ3

3 ,m
3u
2 ! MZ

2 possible

  
mHu

2 Q2( ) = a0 m2 + .., a0 ! 0.1

Feng,	  Matchev,	  Moroi	  
Chan,	  ChaEopadhay,	  Nath	  
Barbieri,	  Giudice	  
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3u

2 0( ) no focus point-fine tuned) (Gauge mediation: 



1 h0  resonant annihilation	  

 2 h!  t-channel exchange	  

 3 !! co-annihilation	  

 4 t! co-annihilation	  

• 5 A0 /H 0 resonant annihilation	  

!Min = 15, mh = 114.7 ± 2GeV
Within 3!  WMAP:

!Min = 18, mh = 115.9 ± 2GeV
< 3!  WMAP:

Relic density restricted 

Cassel, Ghilencea, GGR 

CMSSM: Dark Matter structure 



LHC Jan 2011 

LHC Aug 2011 

1 h0  resonant annihilation	  

 2 h!  t-channel exchange	  

 3 !! co-annihilation	  

 4 t! co-annihilation	  

• 5 A0 /H 0 resonant annihilation	  

!Min = 15, mh = 114.7 ± 2GeV
Within 3!  WMAP:

!Min = 18, mh = 115.9 ± 2GeV
< 3!  WMAP:

Relic density restricted 

Cassel, Ghilencea, GGR 

(! <100, mh >114.5GeV )



Direct dark matter searches:  (spin independent) 



! <100, mh >114.5GeV ! <100, mh >114.5GeV

DM - Scaled spin independent cross section for LSP-proton scattering:	  



New focus points? 

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

Scalars: M 0, A0 correlations? 

Further reduction in fine tuning? 

New degrees of freedom  e.g. singlet extensions •

•

Kane,King 
Lebedev, Nilles, Ratz… 
Horton, GGR 
…  

Feldman,	  Kane,	  Kuflik,	  Lu	  

 M 0,A0,B0 ! µ,ma
m

hu
2
2 t( ) = fM0

M 0
2 ! fA0A0

2

 M 0 ! A0 !
 fM0
! fA0 ! 0.1 +  mhu

2 !10!2m3/2
2

 !ht
!104, M 0 !10TeV



!!

mh mh

GNMSSM 

c.f. NMSSM 

µS >> m3/2

Weff
GNMSSM = HuHd( )2 / µs + µHuHd

v2 = !
m2

"

Cassel, Ghilencea, GGR 
Casas, Espinosa, Hidalgo 
Dine, Seiberg, Thomas 
Batra, Delgardo, Tait, Kaplan 
Delgardo, Kolda, Puente 
GGR,Schmidt Hoberg, Staub 
Bastero-Gil, Hugonie,King…  

Reduced fine tuning in GNMSSM (but not so much in NMSSM) 

µ
µS

Hu
2 + Hd

2( )HuHd

Reduced fine tuning : singlet extensions 

Model independent analysis:	  



Reduced fine tuning 

!!

mh mh

GNMSSM 

c.f. NMSSM 

µS >> m3/2

µ
µS

Hu
2 + Hd

2( )HuHd

Weff
GNMSSM = HuHd( )2 / µs + µHuHd

: singlet extensions 

v2 = !
m2

"

GNMSSM (NMSSM) unnatural? .....discrete R-symmetry….. 
 Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange 

Model independent analysis:	  

Cassel, Ghilencea, GGR 
Casas, Espinosa, Hidalgo 
Dine, Seiberg, Thomas 
Batra, Delgardo, Tait, Kaplan 
Delgardo, Kolda, Puente 
GGR,Schmidt Hoberg, Staub 
Bastero-Gil, Hugonie,King…  



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

N q10 q5 qHu
qHd

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

Discrete R-symmetry and MSSM singlet extension 

R-symmetry ensures singlets light  
W =WNMSSM =WMSSM + !SHuHd +"S

3



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

N q10 q5 qHu
qHd

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

Discrete R-symmetry and MSSM singlet extension 

1
M
LLHuHu

Weinberg operator 

1
M
QQQL

up and down Yukawas allowed 

R-symmetry ensures singlets light  

3q10 + q5 + qHu
+ qHd

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

W =WNMSSM =WMSSM + !SHuHd +"S
3



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

SUSY breaking 

W , !! R=2 non=perturbative breaking 

 µ ! m3/2 ,

Z4,8
R ! Z2

R R " parity

O(m3/2

M 2 QQQL)Domain walls and tadpoles safe  

N q10 q5 qHu
qHd

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

Abel 

W =WMSSM + !SHuHd +"S
3 + #W

 
!W

Z4
R ! m3/2HuHd + m3/2

2 S + m3/2S
2

 
!W

Z8
R ! m3/2

2 S

Discrete R-symmetry and MSSM singlet extension 

 μ term and mass term 

1
M
LLHuHu

Weinberg operator 

1
M
QQQL

up and down Yukawas allowed 

R-symmetry ensures singlets light  

3q10 + q5 + qHu
+ qHd

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

W =WNMSSM =WMSSM + !SHuHd +"S
3

i.e.	  GNMSSM	  natural	  



Higgs structure 

 h1 ! Hu + !S, h2 = S " !Hu

 
BR h1! S!S!

h1!"" ,bb
#
$%

&
'(
"1)(Invisible Higgs decay 

 µs , ms , bs ! µ

hu , hd , s( )

 45GeV < mS! < 70GeV ,

•

• SUSY structure 

 µs ! µ MSSM SUSY structure with reduced fine tuning 

 µs ! µ (v2 = m2 / !, !  increase)SUSY states can be heavier 

(for µs < 5TeV )

 µs ! µ MSSM Higgs structure 

 (Mh1
!Mh2

, ! !1)
Mixing between states 



Reduced fine tuning : nonuniversal gaugino masses 
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Reduced fine tuning : nonuniversal gaugino masses 

M 3 :M 2 :M1 =!3 :1 :!1
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SU(5) : !N " 24 # 24( )symm = 1+ 24 + 75 + 200; SO(10) : 45 # 45( )symm = 1+ 54 + 210 + 770GUT: 

String: 3+ !GS( ) : "1+ !GS( ) : "
33
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Natural ratios?  e.g.: 

(OII, also mixed moduli anomaly) 

 2.7!3 :1: 0.5!1 !3 :1:!1

Reduced fine tuning : nonuniversal gaugino masses 





Phenomenology 
Gaugino mass ratios 

Light neutralino and 2 charginos nearly degenerate,  

….	  gauginos	  can	  be	  very	  heavy	  

•

•

+ for M1 < µ, Bino or Higgsino LSP candidate 

 M1 , M 2 ! µ



Dark Matter 

! < 5, 5 " !# "15



g ! 2



g ! 2

GNMSSM+large tan β ? !



Summary 
• Hierarchy problem ! SUSY breaking structure and/or further states 

• CMSSM 
Complementary DM & LHC searches	  

DM	  

LHC	  

! "100 Sensitivity # (10 $100)

Full region LHC  14TeV  10 fb!1( )

• NMSSM Z4R , Z8RReduced ! GNMSSM !!

SUSY states can be (slightly)heavier 

mi = M 0

• Gaugino focus point 

Max !EW ,!"[ ] = 15(29), mh = 114(116) ± 2GeV

mh  !  130GeV
Mi =!iM1/2 Characteristic	  	   !i

Light	  	  ! 0,±

! b" s#( )
! g " 2( )

significant 
Small(?) 

(Gauge mediation  ! >100 )	  



Summary 
• Hierarchy problem ! SUSY breaking structure and/or further states 

• CMSSM 
Complementary DM & LHC searches	  

DM	  

LHC	  

! "100 Sensitivity # (10 $100)

Full region LHC  14TeV  10 fb!1( )

• NMSSM Z4R , Z8RReduced ! GNMSSM !!

mi = M 0

• Gaugino focus point 

Max !EW ,!"[ ] = 15(29), mh = 114(116) ± 2GeV

invisible Higgs a  possibility †

…Light Higgs search may provide the first crucial test! 
†





LHC – Regions of low fine tuning 	  ! <100 :

CMS 

Atlas 

DM 



Ciafolini,	  Strumia	  
Romanino,	  Strumia	  

 
! '(ht ) !

!ht
MZ

"MZ

"ht
  

Effect of focus point limited by ht : 

!(p)"1 is probability p lies in range  p, p +! p

For measured parameter, probability p lies in range,  

 
P ! ! p

" p

= #(p)$1 p
" p

compatible with measured value is: 

Fine tuning for measured parameter :	  	  



(General) Gauge mediation in the MSSM  

ki = (
5
3
,1,1)

ki! i MGUT( ) = 1, i = 1,2,3

(Ordinary gauge mediation              ) !G = !S

No focus point 

•

Meade, Seiberg, Shih 



Fine tuning in General Gauge Mediation    

! = 1000

! = 100

!

! 2 / d.o. f .

Abel, Dolan, Jaeckel, Khoze 
(Giusti, Romanino, Strumia) 

106GeV 1010GeV 1014GeV

! > 100

MMessenger

B! Xs" , B!#µ, B! µ+µ$ , B! D#µ,
Ds ! µ%, Ds !#%, K ! µ% /& ! µ%, '0$

no focus point 



b! s"


