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After Run 1: Why SUSY?

Stabilise electroweak hierarchy (naturalness...)

Unification of gauge couplings.

Radiative electroweak symmetry breaking.

(Cold) Dark Matter
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Minimal SUSY: The MSSM

SM fields→ superfields. Adds superpartners differing
by s = 1/2.
SUSY partners “should have” masses ∼ 0.1–1 TeV.

The Higgs Sector

Superpartner of Higgs boson is a fermion→ anomalies.
Solution: Add extra Higgs doublet.
Physical states: h0,H0,A,H± and Goldstone bosons:
G0, G±

tanβ = v2/v1
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The Minimal Supersymmetric Standard Model
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Constraint: Higgs mass
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The MSSM Higgs

Tree-level

Higgs mass in MSSM is not a free parameter
Tree level bound: M2

h < M2
Z cos2 2β

Need large radiative corrections

1-loop corrections: 3rd family dominance, decoupling limit
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Implications of 125 GeV

1-loop corrections: 3rd family dominance, decoupling limit
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(Minimal) SUSY predicts a light Higgs.
125 GeV: Light enough for SUSY to remain interesting.
Heavy enough to put some specific models in trouble
(mGMSB,mAMSB).
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Implications

1-loop corrections: 3rd family dominance, decoupling limit
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Need heavy scalars: MS =
√

mt̃1
mt̃2

Or large LR stop mixing: Xt = At − µ cotβ
Maximised for Xt =

√
6MS
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Stop mass versus Higgs1
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MasterCode NUHM1 fit: pre-Higgs2
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MasterCode NUHM1 fit: post-Higgs: Dec 2011
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MasterCode NUHM1 fit3:

31207.7315
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MasterCode NUHM1 fit4:

Gluino and squark mass likelihoods
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Constraint 2: Higgs Couplings

)µSignal strength (
  -1  0 +1

Combined

 4l→ (*)
 ZZ→H 

γγ →H 

νlν l→ (*)
 WW→H 

ττ →H 

 bb→W,Z H 

-1Ldt = 4.6 - 4.8 fb∫ = 7 TeV:  s
-1Ldt = 13 - 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 13 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s
-1Ldt = 13 fb∫ = 8 TeV:  s

 = 125.5 GeVHm

 0.20± = 1.30 µ

ATLAS Preliminary

SMσ/σBest fit 
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 ZZ (2 jets)→H 
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 (VH tag)ττ →H 
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 (VBF tag)γγ →H 
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 bb (ttH tag)→H 

 bb (VH tag)→H 
 0.14± = 0.80 µ       

Combined

-1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s
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 = 0.94
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How SM-like is the MSSM Higgs?

In decoupling limit mA,H,H± > mh get SM like behaviour.
Can still have mH ≈ 125, mh ≈ 100 GeV5

X125 = h: χ2/ d.o.f 33.4/48.
X125 = H: χ2 d.o.f 47.4/48.

Enhancing rates

hγγ/hgg loop suppressed→ sensitive to NP
Coloured states (stops) enhance hγγ, suppress hgg6.
Light staus can enhance hγγ up to 2 ×BRSM

7

51305.1933
60701235
71205.5842,1303.4414
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Light staus8
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Other Higgs Constraints

Searches for pseudoscalar A and charged H+ pose
constraints at low masses.
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Other Higgs Constraints

Searches for pseudoscalar A and charged H+ pose
constraints at low masses.

Exotic Higgs Decays

Can still have invisible branching ratio ∼ O(50%)

Still possible to have BR(h→ τµ) ∼ 10%9.
More exotic possibilities, 3-4 body decays?

91209.1397
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Natural SUSY

“SUSY partners should have masses ∼ 0.1–1 TeV”.
MSSM EWSB:

−
m2

Z
2

= |µ|2 + m2
Hu

In absence of large cancellations should have
µ2 ∼ m2

Hu
∼ O(v2)

Higgsino masses directly controlled by µ
MSSM Naturalness→ light higgsinos.
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Radiative Corrections to m2
Hu

One-loop

δm2
Hu
|stop = − 3

8π2 y2
t

(
m2

Q3
+ m2

u3
+ |At |2

)
log
(

Λ

TeV

)

Want light stops.
Hierarchical stops with large At not good for
naturalness.
Tension with mh?
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Radiative Corrections to m2
Hu

Two-loops

δm2
Hu
|stop = − 3

8π2 y2
t

(
m2

Q3
+ m2

u3
+ |At |2

)
log
(

Λ
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)

δm2
Hu
|gluino = − 2

π2 y2
t (
αs

π
)|M3|2 log2(
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TeV
)

Want light stops and gluino
Tension with mh and searches?
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Natural SUSY Spectrum10

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi
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ATLAS stop searches
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The Relic Density in Natural SUSY

Assumption (RPC): LSP is a higgsino-like neutralino
Pure higgsino thermal relic density

Ωh2 ∼ 0.1
( µ

1TeV

)2

Relic density might be non-thermally produced
LSP could have a substantial bino-component
Relic density could be ’topped-up’ with something else
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Natural SUSY Spectrum11
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What happens for more complicated spectra?12

Fix mχ0
1

= 100, mg̃ = 1000, mt̃ = 400 GeV.

Add in b̃1,2, χ0
2, χ±1 , sleptons.

What happens to exclusion confidence limit?
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“Universal limits”13

mg m3̃G mg(m3̃G) m3̃G(mg)

for (mLSP ) for (mLSP ) for (mLSP ) for (mLSP )

2011 final

strongest limit
≈ 900 GeV ≈ 475 GeV ≈ 1250 GeV ≈675 GeV

(≤ 100 GeV) (≤ 100 GeV) (≤ 100 GeV) (≤100 GeV )

weakest limit
≈ 550 GeV ≈ 400 GeV ≈ 600 GeV ≈550 GeV

(≈ 450 GeV) ≈ (300 GeV) (≈ 500 GeV) (≈450 GeV)

2012 prediction

strongest limit
≈ 1150 GeV ≈ 675 GeV ≈ 1450 GeV ≈800 GeV

(≤ 100 GeV) (≤ 100 GeV) (≤ 100 GeV) (≤100 GeV )

weakest limit
≈ 650 GeV ≈ 500 GeV ≈ 750 GeV ≈650 GeV

(≈ 550 GeV) ≈ (400 GeV) (≈ 650 GeV) (≈550 GeV)

131304.2185
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Room for light stops

Still room for mt̃ ∼ mt , and for compressed natural
spectra
Searches like cc̄ + MET , tb + MET , tW + MET
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Crouching Theorist, Hidden SUSY

Theorists are good at hiding things.
SUSY can hide by having soft pT spectrum→
compressed mass spectrum.
SUSY can hide by having little MET→ R-parity violation

How to increase Higgs mass without naturalness
penalty?
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Constraints: Compressed spectra14

141207.1613,1211.4981
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Constraints: Compressed spectra15

What kind of models out there which give this?
What does such a spectrum look like at the high scale?

151207.1613,1211.4981
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Hiding SUSY: RPV

The usual suspects

WMSSM = ūyuQHu + d̄ydQHd + ēyeLHd + µHuHd

Not-so-usual-suspects

W∆L=1 =
1
2
λijkLiLj ēk + λ′ijkLiQj d̄k + µ′iLiHu

W∆B=1 =
1
2
λ′′ijk ūi ūj d̄k
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Why not RPV?

Γp→e+π0 ∼ m5
p

∑
i=2,3

|λ′11iλ′′11i |2/m4
d̃i

Dark Matter? Gravitino lifetime:

τ3/2 = 1026 s
(

λ

10−7

)−2( m3/2

10 GeV

)−3

Collider implications

Sparticles not always pair produced
Absence of missing energy signatures
Presence of ’unusual signals’: displaced vertices...
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Constraints: RPV Searches

LLE

LFV: the lowest-hanging RPV fruit. Example: e-µ
resonance

QLD

Similar to leptoquarks. Harder with 3rd family.

UDD

Fully hadronic, no MET. Ex: three-jet resonance
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ATLAS SUSY Searches

Model γ, τ, µe, Jets
miss
TE ]-1 [fbLdt∫ Mass limit Reference

MSUGRA/CMSSM 0 2-6 jets Yes 20.3 )g
~

)=m(q
~

m( ATLAS-CONF-2013-047
MSUGRA/CMSSM µ1 e, 4 jets Yes 5.8 )g

~
)=m(q

~
m( ATLAS-CONF-2012-104

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 )q
~

any m( ATLAS-CONF-2013-054
0  
1

χ∼q→q
~

, q
~

q
~

0 2-6 jets Yes 20.3 ) = 0 GeV0   1χ∼m( ATLAS-CONF-2013-047
0  
1

χ∼qq→g
~

, g
~

g
~

0 2-6 jets Yes 20.3 ) = 0 GeV0   1χ∼m( ATLAS-CONF-2013-047
)±  χ∼qq→g

~
 (±  χ∼Gluino med. µ1 e, 2-4 jets Yes 4.7 ))g

~
)+m(0  1χ∼) = 0.5(m(

±
χ∼) < 200 GeV, m(0  1χ∼m( 1208.4688

0  
1

χ∼0  
1

χ∼qqqqll(ll)→g
~

g
~

 (SS)µ2 e, 3 jets Yes 20.7 ) < 650 GeV0  1χ∼m( ATLAS-CONF-2013-007
 NLSP)l

~
GMSB ( µ2 e, 2-4 jets Yes 4.7  < 15βtan 1208.4688

 NLSP)l
~

GMSB ( τ1-2 0-2 jets Yes 20.7  >18βtan ATLAS-CONF-2013-026
GGM (bino NLSP) γ2 0 Yes 4.8 ) > 50 GeV0  1χ∼m( 1209.0753
GGM (wino NLSP) γ + µ1 e, 0 Yes 4.8 ) > 50 GeV0  1χ∼m( ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 ) > 220 GeV0  1χ∼m( 1211.1167
GGM (higgsino NLSP)  (Z)µ2 e, 0-3 jets Yes 5.8 ) > 200 GeVH

~
m( ATLAS-CONF-2012-152

Gravitino LSP 0 mono-jet Yes 10.5  eV-4) > 10G
~

m( ATLAS-CONF-2012-147

0  
1

χ∼bb→g
~

0 3 b Yes 12.8 ) < 200 GeV0  1χ∼m( ATLAS-CONF-2012-145
0  
1

χ∼tt→g
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 (SS)µ2 e, 0-3 b No 20.7 ) < 500 GeV0  1χ∼m( ATLAS-CONF-2013-007
0  
1

χ∼tt→g
~

0 7-10 jets Yes 20.3 ) <200 GeV0  1χ∼m( ATLAS-CONF-2013-054
0  
1

χ∼tt→g
~

0 3 b Yes 12.8 ) < 200 GeV0  1χ∼m( ATLAS-CONF-2012-145

0  
1

χ∼b→1b
~

, 1b
~

1b
~

0 2 b Yes 20.1 ) < 100 GeV0  1χ∼m( ATLAS-CONF-2013-053
±  
1

χ∼t→1b
~

, 1b
~

1b
~

 (SS)µ2 e, 0-3 b Yes 20.7 )0  1χ∼) = 2 m(±  1χ∼m( ATLAS-CONF-2013-007
±  
1

χ∼b→1t
~

 (light), 1t
~
1t

~
µ1-2 e, 1-2 b Yes 4.7 ) = 55 GeV0  1χ∼m( 1208.4305, 1209.2102
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1

χ∼Wb→1t
~

 (light), 1t
~
1t
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µ2 e, 0-2 jets Yes 20.3 )±  1χ∼) << m(1t
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) - m(W) - 50 GeV, m(1t
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)νν∼l(Ll

~
ν∼), lνν∼l(Ll

~
νLl

~
 → 0  

2
χ∼±  

1
χ∼ µ3 e, 0 Yes 20.7 ))0  1χ∼) + m(±  1χ∼) = 0.5(m(ν∼,l

~
) = 0, m(0  1χ∼), m(0   2χ∼) = m(±  1χ∼m( ATLAS-CONF-2013-035

0  
1

χ∼ (*)Z  0  
1

χ∼(*) W  → 0  
2

χ∼±  
1

χ∼ µ3 e, 0 Yes 20.7 ) = 0, sleptons decoupled0  1χ∼), m(0   2χ∼) = m(±  1χ∼m( ATLAS-CONF-2013-035

±  
1

χ∼ prod., long-lived 

±

  
1

χ∼±  
1

χ∼Direct 0 1 jet Yes 4.7 ) < 10 ns±  1χ∼(τ1 < 1210.2852
, R-hadronsg

~
Stable µ0-2 e, 0 Yes 4.7 1211.1597

β, low τ∼GMSB, stable µ2 e, 0 Yes 4.7  < 20β5 < tan 1211.1597
0  
1

χ∼,long-lived G
~

γ→0  
1

χ∼GMSB, γ2 0 Yes 4.7 ) < 2 ns0  1χ∼(τ0.4 < 1304.6310
 (RPV)µ qq→ 0  

1
χ∼ µ1 e, 0 Yes 4.4  decoupledg

~
 < 1 m, τ1 mm < c 1210.7451

µe+→τν∼+X, τν∼→LFV pp µ2 e, 0 - 4.6 =0.05132λ=0.10, 
,

311λ 1212.1272
τ)+µe(→τν∼+X, τν∼→LFV pp τ + µ1 e, 0 - 4.6 =0.051(2)33λ=0.10, 

,

311λ 1212.1272
Bilinear RPV CMSSM µ1 e, 7 jets Yes 4.7  < 1 mmLSPτ), cg

~
) = m(q

~
m( ATLAS-CONF-2012-140

eνµ,eµνee→0  
1

χ∼, 0  
1

χ∼W→+  
1

χ∼, -   
1

χ∼+  
1

χ∼ µ4 e, 0 Yes 20.7  > 0121λ) > 300 GeV, 0  1χ∼m( ATLAS-CONF-2013-036

τντ,eeνττ→0  
1

χ∼, 0  
1

χ∼W→+  
1

χ∼, -   
1

χ∼+  
1

χ∼ τ + µ3 e, 0 Yes 20.7  > 0133λ) > 80 GeV, 0  1χ∼m( ATLAS-CONF-2013-036
 qqq→ g

~
0 6 jets - 4.6 1210.4813

bs→1t
~

t, 1t
~

→g
~

 (SS)µ2 e, 0-3 b Yes 20.7 ATLAS-CONF-2013-007

Scalar gluon 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
)χWIMP interaction (D5, Dirac 0 mono-jet Yes 10.5 ) < 80 GeV, limit of < 687 GeV for D8χm( ATLAS-CONF-2012-147

se
ar

ch
es

In
cl

us
iv

e
 m

ed
.

g~
 g

en
.

rd 3 
 

di
re

ct
 p

ro
du

ct
io

n
 g

en
. s

qu
ar

ks
rd 3 
 

di
re

ct
  E

W
  p

ar
tic

le
s

Lo
ng

-li
ve

d
R

P
V

O
th

er

1.8 TeVg
~

, q
~

1.24 TeVg
~

, q
~

1.1 TeVg
~

740 GeVq
~

1.3 TeVg
~

900 GeVg
~

1.1 TeVg
~

1.24 TeVg
~

1.4 TeVg
~

1.07 TeVg
~

619 GeVg
~

900 GeVg
~

690 GeVg
~

645 GeV scale1/2F  

1.24 TeVg
~

900 GeVg
~

1.14 TeVg
~

1.15 TeVg
~

100-630 GeV1b
~

430 GeV1b
~

167 GeV1t
~

220 GeV1t
~

150-440 GeV1t
~

150-580 GeV1t
~

200-610 GeV1t
~

320-660 GeV1t
~

500 GeV1t
~

520 GeV2t
~

85-315 GeVl
~

125-450 GeV±  
1

χ∼

180-330 GeV±  
1

χ∼

600 GeV0  
2

χ∼, ±  
1

χ∼

315 GeV0  
2

χ∼, ±  
1

χ∼

220 GeV±  
1

χ∼

985 GeVg
~

300 GeVτ∼

230 GeV0  
1

χ∼

700 GeVq
~

1.61 TeVτν∼

1.1 TeVτν∼

1.2 TeVg
~

, q
~

760 GeV±  
1

χ∼

350 GeV±  
1

χ∼

666 GeVg
~

880 GeVg
~

100-287 GeVsgluon
704 GeVM* scale

Mass scale [TeV]
-110 1 = 7 TeVs

full data
 = 8 TeVs

 partial data
 = 8 TeVs

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: LHCP 2013
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 theoretical signal cross section uncertainty.σ*Only a selection of the available mass limits on new states or phenomena is shown.   All limits quoted are observed minus 1
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CMS RPV Searches
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Abandoning Naturalness

Minisplit

Scalars at few TeV.
SUSY solves ’most of’ the hierarchy problem
Only gauginos within reach.

Tuning

Fine-tuning O(103−4).
How much fine-tuning are we willing to take?
Why not go less minimal?
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Constraints: Unnatural SUSY

Gaugino searches: Gluinos

Decay via off-shell squark: g̃ → qq̄χ (t t̄χ)
Prompt: Jets+MET.
Non-prompt: R-Hadron
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Beyond the MSSM : the NMSSM

Next-to-Minimal

Add an extra SM singlet S, and λSHuHd ⊂ W

Changes tree-level mass

m2
h < M2

Z cos2 2β + λ2v2 sin2 2β

3 CP-even, 2CP-odd and charged Higgs states

Lower fine-tuning possible for a given Higgs mass.

New features

Doublet-singlet mixing

Lighter Higgs state could have escaped LEP.

Longer decay chains, softer decay products.
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Higgs mass in the NMSSM

Maximised for small tanβ
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Fine-tuning

Low stop masses, fine-tuning

0.40 0.45 0.50 0.55 0.60 0.65 0.70
200

400

600

800

1000

1200

1400

1600

Λ

m
t 1�

@G
e
V

D

Stop Mass

Xt = 6 mt
�

Xt = 0

Suspect
FeynHiggs Tan Β = 2

0.40 0.45 0.50 0.55 0.60 0.65 0.70
0

50

100

150

200

250

Λ

D
m

h

Fine Tuning

Xt = 6 mt
� Xt= 0

Suspect
FeynHiggs

Tan Β = 2



SUSY Theory

Matt Dolan

Conclusions

“Vanilla” SUSY constrained
MSSM Naturalness: being probed
RPV: Interesting territory.
More complicated theories alleviate naturalness
Lots to do for 13 TeV!


