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Low-energy Supersymmetry – MSSM
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LHC constraints
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 3 GeV)± 140 ≈ sgm < 100 GeV,  sgmsgluon mass (excl: 185 GeV  (2010) [1110.2693]-1=34 pbL
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=0.05)312λ=0.10, ,
311λ mass (τν

∼
1.32 TeV  (2011) [1109.3089]-1=1.1 fbL

 massτ∼136 GeV  (2010) [1106.4495]-1=37 pbL

 massg~810 GeV  (2011) [ATLAS-CONF-2012-022]-1=2.1 fbL

 masst~309 GeV  (2010) [1103.1984]-1=34 pbL

 massb~294 GeV  (2010) [1103.1984]-1=34 pbL

 massg~562 GeV  (2010) [1103.1984]-1=34 pbL

) < 2 ns, 90 GeV limit in [0.2,90] ns)±
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1χ
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) < 230 GeV)0
1χ
∼(m mass (115 < t~310 GeV  (2011) [ATLAS-CONF-2012-036]-1=2.1 fbL

) < 60 GeV)0
1χ
∼(m mass (b~390 GeV  (2011) [1112.3832]-1=2.1 fbL

) < 200 GeV)0
1χ
∼(m mass (g~830 GeV  (2011) [ATLAS-CONF-2012-037]-1=4.7 fbL

) < 210 GeV)0
1χ
∼(m mass (g~650 GeV  (2011) [ATLAS-CONF-2012-004]-1=2.1 fbL

) < 150 GeV)0
1χ
∼(m mass (g~710 GeV  (2011) [ATLAS-CONF-2012-003]-1=2.1 fbL

) < 300 GeV)0
1χ
∼(m mass (g~900 GeV  (2011) [ATLAS-CONF-2012-003]-1=2.1 fbL

) > 50 GeV)0
1χ
∼(m mass (g~805 GeV  (2011) [1111.4116]-1=1.1 fbL

 > 20)β mass (tang~990 GeV  (2011) [ATLAS-CONF-2012-002]-1=2.1 fbL

 > 20)β mass (tang~920 GeV  (2011) [ATLAS-CONF-2012-005]-1=2.1 fbL
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)0
1χ
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)0m mass  (large g~850 GeV  (2011) [ATLAS-CONF-2012-037]-1=4.7 fbL

 massg~ = q~1.20 TeV  (2011) [ATLAS-CONF-2012-041]-1=4.7 fbL

 massg~ = q~1.40 TeV  (2011) [ATLAS-CONF-2012-033]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (0.03 - 4.7) fbLdt∫
 = 7 TeVs

ATLAS
Preliminary

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 2012)
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Status of low-energy supersymmetry

strong limits on squark and gluino masses

(mostly in CMSSM/simplified models)

relatively large Higgs mass

large loop correction to Higgs mass needed

fine tuning

Simplest SUSY models in bad shape

Barbieri-Giudice fine-tuning measure
[Barbieri/Giudice (1988)]
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Saving SUSY

Drop one of the assumptions in the (C)MSSM

give up on small fine-tuning

landscape, anthropic principle, . . .

Don’t constrain the parameter space, allow flavour dependent soft

masses

constraints relaxed, but generation of large Higgs mass still requires

large stop contribution, although fine-tuning relaxed for light stops

introduce R parity violation to weaken collider constraints

proton decay, LSP no longer stable no dark matter candidate

Extend MSSM to modify Higgs mass prediction, more specifically raise

Higgs mass

e.g. at tree level in NMSSM: introduce gauge singlet S
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NMSSM
Superpotential

WNMSSM = SHdHu +
3
S

3

Soft breaking terms

Vsoft = m
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No gain for large tan compared to MSSM

small tan large � 0 7 or additional stop loop contribution

Landau pole below GUT scale low cutoff required
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NMSSM with low cutoff Λ = 10 TeV

First studied by [Barbieri, Hall, Nomura, Rychkov (2006)] and denoted " SUSY"

Does not solve hierarchy problem, but only little hierarchy problem

New physics at Λ = 10 TeV to solve the hierarchy problem

e.g. within extra dimensional models

[Gherghetta, v.Harling, Setzer (2011)] [Larsen, Nomura, Roberts (2012)]

or Fat Higgs

[Harnik, Kribs, Larson, Murayama; Chang, Kilic, Mahbubani; Delgado, Tait; Birkedal, Chacko, Nomura]

Our Study
Aim: Find the "Golden Region" of small fine-tuning (better 10%), i.e.

the natural region of parameter space in the NMSSM

assuming "SM-like" Higgs with mh 125 GeV [(124 126)GeV]
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Our Study
Assumptions

Cutoff Λ = 10 TeV

no CP violation

First two generations of squarks and all sleptons decoupled

impose LEP bounds on particle masses

Neutralino LSP (EW gauginos not decoupled)

no invisible Higgs decays

Analysis
Markov-Chain Monte-Carlo (MCMC)

with modified version of NMHDECAY[Ellwanger, Gunion, Hugonie]

No Landau pole below the cutoff scale Λ = 10 TeV

Electroweak precision test: S and T taking into account

Neutralino-Chargino sector

Higgs sector

T in stop-sbottom sector (S is small [Barbieri, Hall, Nomura, Rychkov])

12
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Analysis

Input values are specified at

M
2
SUSY =

m
2
t̃1
+ m

2
t̃2
+ m

2
b̃1

+ m
2
b̃2

4

range of input values:

0 TeV M1 M2 3 TeV

700 GeV M3 3 TeV

0 TeV mQ3
mu3

md3
3 TeV

3 TeV A A At Ab 3 TeV

0

a = A 0

tan 0 5
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Fine-Tuning
Loop corrected Minimisation Conditions

vu (Q) m
2
Hu

+ 2
eff

+ 2
v
d
(Q)2 +

g
2
1 + g

2
2

4
vu (Q)2 v

d
(Q)2 = v

d
(Q)

eff
B

eff

1

2

∆V
eff

vu (Q)

v
d
(Q) m

2
H

d

+ 2
eff

+ 2
vu (Q)2 +

g
2
1 + g

2
2

4
v
d
(Q)2 vu (Q)2 = vu (Q)

eff
B

eff

1

2

∆V
eff

v
d
(Q)

s(Q) m
2
S

+ A s(Q) + 2
2
s
2(Q) + 2(v2

u
(Q) + v

2
d
(Q) 2 vu (Q)v

d
(Q) = A vu (Q)v

d
(Q)

1

2

∆V
eff

s(Q)

with
eff

= s(Q), B
eff

= A + s(Q) and

vu (Q) = vu ZHu
v
d
(Q) = v

d
ZH

d
s(Q) = s Zs

Three minimisation conditions result in linear system of equations for

dv
2

d
,

d tan

d
and

ds

d
.

which determines the usual fine-tuning: Σv
2

v2
dv

2

d 2 Σ
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Fine-Tuning 2

Quantum Corrections between SUSY scale and cutoff Λ

For example stop contribution to mHu
:

m
2
Hu

3

16 2 m
2
Q3

+ m
2
u3

+ A
2
t log

Λ2

M
2
SUSY

Are the parameters at the SUSY scale fine-tuned?

Consider fine-tuning measure for each dimensionful coupling

e g Σ
m

2

Hu

m
2

Q3

m
2
Q3

m
2
Hu

d m
2
Hu

dm
2
Q3

Fine-tuning of EW scale with respect to m
2
Q3

:

Σv
m2

Q3
Σv MC

m2
Q3

+
i

m2
Q3

v2
dv2

d i

d i

dm2
Q3

= Σv MC
m2

Q3
+

i

Σ i

m2
Q3
Σv MC

i
Σ

Hence, the overall fine-tuning of the EW scale is given by

Σv
maxi Σv

i
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Higgs mass

pre
lim

ina
ry

pre
lim

ina
ry

large Higgs mass mh requires large and small tan

Higgs defined as CP even scalar with largest Hu component

(not necessarily lightest CP even scalar)

In the following
124 GeV mh 126 GeV

"SM-like" Higgs: RZZh 1 0 05 and Ruūh 1 0 05
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Higgs couplings

pre
lim

ina
ry
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–

pre
lim

ina
ry

pre
lim

ina
ry

0 6 � � 2 3

running of stronger than max max

tan bounded due to contribution to T parameter
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Neutralinos and T parameter

Neutralinos

M1 0 cos sin W mZ sin sin W mZ 0

M2 cos cos W mZ sin cos W mZ 0

0 v sin

0 v cos

2

in gauge-eigenbasis
0 = (B̃ W̃

3
H̃

0
d H̃

0
u S̃)

tan � 5 limited by stop contribution to T [Barbieri, Hall, Nomura, Rychkov]

Higgsino-Singlino mixing restricted
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A A

pre
lim

ina
ry

small A terms: A � A 1 TeV
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stop masses

pre
lim

ina
ry

pre
lim

ina
ry

mt̃2
� 2 4 TeV

natural region with no light stops

consistent with results obtained for

WNMSSM = SHuHd + ˆHuHd +
M

2
S

2
[Hall, Pinner, Ruderman (2011)]
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What is light? – Higgs sector

pre
lim

ina
ry

pre
lim

ina
ry

one CP odd Higgs 500 GeV

at least one CP even Higgs � 1 TeV

b s will constrain light charged Higgs mass, but it is already

mostly above 400 GeV
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What is light? – Neutralino-Chargino sector

pre
lim

ina
ry

pre
lim

ina
ry

several light neutralinos ( 1 TeV)

lightest chargino m
1

700 GeV
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Conclusions

There is a finite region of parameter space with small

fine-tuning, i.e. better than 10%

small tan : 1 � tan � 5

relatively large and preferred: 0 7 � � 2 3

small A terms: A � A 1 TeV

low cutoff required

stop masses can be large 2 TeV, while maintaining

small fine-tuning

Possibly no coloured particles below 1 TeV

Testing the whole parameter space of natural SUSY at

the LHC not easy
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Thank you very much for your attention.
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