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Testing SUSY 



The Hierarchy problem: ✔	  

    MSUSY ??

Fine tuning           SUSY accessible to the LHC 
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• CMSSM   µ0 ,m0 , m1/ 2 , A0 , B0
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Testing SUSY 
Low energy 

^	  

• CMSSM   µ0 ,m0 , m1/ 2 , A0 , B0

• LHC – discovery potential in 1st run	  

MSSM: 105 +(19) Parameters ! 
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Quantitative measure of fine tuning: 

Δ ai( ) = ai orδai( )
MZ

∂MZ

∂ai

Δmax = MaxaiΔ ai( )
Ellis, Enquist, Nanopoulos, Zwirner 
Barbieri, Giudice 

Fine tuning in the CMSSM •

Ciafaloni, Strumia, Romanino 



Sample technique: Mathematica code search, then SoftSUSY 

Constraints 

Relic density unrestricted 
Radiative EW breaking 

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

†

5.5 

Δ ≡ max Δ p p={µ0
2 ,m0

2 ,m1/2
2 ,A0

2 ,B0
2 ,ht ..}

,      Δ p ≡
∂ lnv2

∂ ln p

(improved minimisation of potential) 

Cassel, Ghilencea, GGR 

…enhanced sensitivity due to small tree-level quartic coupling λ =
1
8
g1
2 + g2

2( )cos2 2β
Couplings and masses evaluated to two loop (leading log) order 

c.f. earlier work : Dimopoulos, Giudice 
Chankowski, Ellis, Olechowski, Pokorski 

Horton 

Fine tuning in the CMSSM •



Constraints 

Relic density unrestricted 

Limit of focus point 
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Fine tuning in the CMSSM •



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,	  Cha9opadhay,	  Nath	  
Barbieri,	  Giudice	  



Constraints 

Relic density unrestricted 

ΔMin = 9(5.5), mh = 114 ± 2GeV

Fine tuning in the CMSSM •



Constraints 

Relic density unrestricted 

Relic density restricted 

within 3σ WMAP 

< 3σ WMAP 

ΔMin = 15, mh = 114.7 ± 2GeV

ΔMin = 18, mh = 115.9 ± 2GeV

ΔMin = 9(5.5), mh = 114 ± 2GeV

Fine tuning in the CMSSM •



Constraints 

Relic density unrestricted 

ΔΩ = max ∂ lnΩh2

∂ lnq q=m0 ,m1/2 ,A0 ,B0

ΔMin = 29, mh = 117 ± 2GeV

Ellis, Olive 

Fine tuning in the CMSSM •



Direct dark matter searches: CDMS (spin independent) 
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CDMS sensitivity to CMSSM 

Unconstrained … with CDMS constraint 

Cassel	  
microOMEGA	  
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LSP composition 

Higgs exchange 



SUSY  parameters 
Δ < 100

Sparticle  upper bounds 



(General) Gauge mediation in the MSSM  
ki = (

5
3
,1,1)

kiα i MGUT( ) = 1, i = 1,2,3

(Ordinary gauge mediation              ) ΛG = ΛS

•

Meade, Seiberg, Shih 
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(General) Gauge mediation in the MSSM  
ki = (

5
3
,1,1)

kiα i MGUT( ) = 1, i = 1,2,3

(Ordinary gauge mediation              ) ΛG = ΛS

•

Meade, Seiberg, Shih 

χ 2 / d.o. f .

B→ Xsγ , B→τµ, B→ µ+µ− , B→ Dτµ,
Ds → µν, Ds →τν, K → µν /π → µν, Δ0−

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

106GeV 1010GeV 1014GeVMMessenger

Δ > 100 (no focus point) 

†

†

Δ = 100 Δ = 1000



Nonuniversal gaugino masses 
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 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
  M 3

2  at MSUSY

SU(5) : ΦN ⊂ 24 × 24( )symm = 1+ 24 + 75 + 200; SO(10) : 45 × 45( )symm = 1+ 54 + 210 + 770GUT: 

String: 3+ δGS( ) : −1+ δGS( ) : −
33
5

+ δGS
⎛
⎝⎜

⎞
⎠⎟

Natural ratios?  e.g.: 

(OII, also mixed moduli anomaly) 

•

 2.7η3 :1: 0.5η1 η3 :1:η1

Representation M 3 :M 2 :M1  at MGUT M 3 :M 2 :M1  at MEWSB

1 1 :1 :1 5 : 2 :1
24 2 : (−3) : (−1) 11 : (−6) : (−1)
75 1 : 3 : (−5) 5 : 6 : (−5)

210 5 :15 : (−1) 27 : 30 : (−1)
770 (−10) :15 :101 (−54) : 30 :101

(−11) : (−12) :12

Horton,GGR 
Choi,Jeong, Kobayashi,Okumura 
Lebedev, Nilles, Ratz 
Abe, Kobayashi, Okumura 



Δ

MH MH

   
Characteristic signals: M1 : M2 : M3 = 0.5η1 :1: 2.7η3, light Higgsino µ ≤ 200GeV  M1/ 2

…gauginos can be very heavy 

D.Horton,GGR 

OII 770

Nonuniversal gaugino masses •

(Higgsino	  LSP	  subdominant	  cont	  to	  DM)	  	  



New heavy states – higher dimension operators •

δL = d 2θ 1
M*

1+ c0P( )∫ H1H2( )2 , P = m0θθ

δV = ς12
µ0
M*

h1
2 + h2

2( )h1h2 + 12 ς2 h1h2( )2 ; ς1 = 2
µ0
M*

, ς2 = −2 c0m0

M*

e.g. Massive gauge singlet (or triplet) coupled to Higgs fields: 

Dimension 5 



Δ
Δ

mh mh

New heavy states – higher dimension operators •

1.5 < tanβ < 1, 50GeV < m0,1/2 , 130GeV < µ0 < 1TeV , −10 < At < 10

ζ1 = ζ2 = 0.03MSSM 

Even for M*=65µ0 a significant shift of mh for constant Δ 

but … no lose … SUSY spectrum doesn’t change much!  

v2 = −
m2

λ

Cassel, Ghilencea, GGR 

δV = ς12
µ0
M*

h1
2 + h2

2( )h1h2 + 12 ς2 h1h2( )2

0 in NMSSM (only small change in fine tuning) 

≠0 with M*S2 term   (For an explicit model see Delgado, Kolda, Olson, la Puente) 



Summary 

• Hierarchy problem ⇒ Low-energy SUSY 

Δ = Maxai
ai  or δai
MZ

∂MZ

∂ai
, measure of residual fine-tuning 

• CMSSM ΔEW = 9(18), mh = 114(116) ± 2GeV

Max ΔEW ,ΔΩ[ ] = 15(29), mh = 114(116) ± 2GeV

+ CDMS    →     15(32)

LHC	  
    

s = 10(14)TeV L = 10 fb−1 m
g
≤ 1.9(2.4)TeV ΔEW = 120(180)

  s = 7TeV ?

Baer	  et	  al	  



n( jets)

σ fb( )

m l+l−GeV( )

σ fb( )

Cuts: ET
miss > 100GeV , n( j) ≥ 4, pT ( j) > 50GeV , pT (l) > 10GeV

• LHC – discovery potential in 1st run	  
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Δ = 9 (5.5), mg = 450GeV ,

MH  115GeV ,  no DM constraint

 

Δ = 30, mg = 380GeV ,

MH  115GeV ,   DM within 3σ

 

Δ = 35, mg = 860GeV ,

MH  118GeV ,  DM within σ

DM search complementarity: 

SM background 
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Summary 

• Hierarchy problem ⇒ Low-energy SUSY 

Δ = Maxai
ai  or δai
MZ

∂MZ

∂ai
, measure of residual fine-tuning 

• CMSSM ΔEW = 9(18), mh = 114(116) ± 2GeV

Max ΔEW ,ΔΩ[ ] = 15(29), mh = 114(116) ± 2GeV

+ CDMS    →     15(32)

LHC	  
    

s = 10(14)TeV L = 10 fb−1 m
g
≤ 1.9(2.4)TeV ΔEW = 120(180)

   
s = 7TeV L = 1 fb−1 m

g
≤ 0.45− 0.65 TeV ΔEW = 18(23) ΔTOT = 35(40)

…Higgs search ultimately the most sensitive 

• MSSM… -Gauge mediation:  Δ > 100
-Nondegenerate gauginos:  

 
Δ > 3,   mg ≤ 4TeV

+ D=5 operators:  mh → 130GeV




