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The Higgs at 125 GeV

h → γγ in CMS

h → γγ in ATLAS
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The Hard Facts

Pre LEP Post LHC7

The connection with the hierarchy problem is diminished 



Why Supersymmetry?

SM MSSM

Gauge Coupling running at two loops
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LHC implications for:

• The Standard Model

• The Supersymmetric Standard Model

• Split Supersymmetry



The Higgs in the Standard Model



The Higgs in the Standard Model
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The Higgs in the Standard Model

Hint for high scale SUSY?
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“Why it's very natural, very natural. 
I myself in your situation, ...

 I'd wait till it was black night before 
I gave up.”

Samuel Beckett, “Waiting for Godot”



SSM and the Higgs mass

• If minimal particle content

• Needs heavy stop, tuned

• Need to increase the tree level Higgs mass

• New singlet - NMSSM

• New U(1)′ at the TeV scale
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Squark-Gluino Bounds in the MSSM



• For less than 10% tuning:

• At tree-level: Higgsinos < 250 GeV

• At one loop: Stops < 600 GeV

• At two loops: Gluinos < 1.4 TeV

Natural SUSY

2 S. Heinemeyer, W. Hollik, H. Rzehak and G. Weiglein

tributions have been incorporated with the
renormalization-group improved one-loop EP
(RG/EP) method [16,17]. These results have
been restricted to the corrections coming from
the (s)fermion sector and some leading logarith-
mic corrections from the gaugino sector. Within
the FD approach the leading one-loop correc-
tions have been calculated in Ref. [18], and the
complete one-loop result has been obtained in
Refs. [19–21]. Within the FD approach the two-
loop corrections in the t/t̃ sector had so far been
restricted to the rMSSM [22–24]. The FD result
in the rMSSM contains subleading two-loop cor-
rections that go beyond the result obtained in the
RG/EP approach, leading to a shift in the light-
est Higgs boson mass of about 4 GeV [25]. It is
thus clearly desirable to extend the FD two-loop
result to the cMSSM.

Here we present the O(αtαs) corrections to
Higgs boson masses and mixings including the
full phase dependence at the two-loop level. In
order to fix our notations, the mass matrix of the
scalar top quarks is given by (up to numerically
small D-terms)

M2
t̃ =

(
M2

t̃L
+ m2

t mtX∗
t

mtXt M2
t̃R

+ m2
t

)
(3)

with

Xt = At − µ∗/ tanβ . (4)

Mt̃L
and Mt̃R

are the soft SUSY-breaking param-
eters of the scalar tops and At is the tri-linear
Higgs-t̃ coupling.

3. CALCULATION OF TWO-LOOP
CORRECTIONS

In order to compute the Higgs boson masses
and mixings up to O(αtαs) the determinant of the
inverse propagator matrix Γ has to be evaluated,

Γ(k2) = k21 − Σ̂(k2) (5)

where the symmetric 3 × 3 matrix Σ̂(k2) is given
by

(Σ̂(k2))11 = (M (0)
H )2 − Σ̂HH(k2) (6)

(Σ̂(k2))12 = −Σ̂hH(k2) (7)
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Figure 1. Sample of two-loop diagrams for the
Higgs-boson self-energies (φ = h, H, A; i, j, k, l =
1, 2).

(Σ̂(k2))13 = −Σ̂AH(k2) (8)

(Σ̂(k2))22 = (M (0)
h )2 − Σ̂hh(k2) (9)

(Σ̂(k2))23 = −Σ̂Ah(k2) (10)

(Σ̂(k2))33 = (M (0)
A )2 − Σ̂AA(k2) (11)

The Higgs masses are given by the roots of
det(Γ). The tree-level masses are denoted by
M (0). The renormalized self-energies, Σ̂φφ(k2)
with φ = H, h, A, contain a one-loop and a two-
loop part,

Σ̂φφ = Σ̂(1)
φφ + Σ̂(2)

φφ . (12)

In our calculation we have evaluated the dom-
inant part of the two-loop self-energies, i.e. the
contributions of O(αtαs), taking into account the
full complex phase dependence. To extract this
dominant part the generic self-energy diagrams
(see Fig. 1) and the corresponding diagrams with
counterterm insertions (see Fig. 2) have been

h0 h0

Hu Hd

×

Bare minimum light spectrum:

S.D. , Giudice (95)



Bounds on Natural Supersymmetry
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All exclusion limits on one plot
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Figure 3: Exclusion limits in the (mg̃,mb̃1
) plane for the gluino-sbottom model (top left), in the

(mg̃,mt̃1) plane for the gluino-stop model (top right) and in the (mg̃,mχ̃01
) plane for the Gbb (bot-

tom left) and Gtt (bottom right) models. The dashed black and solid red lines show the 95%
CL expected and observed limits respectively, including all uncertainties except the theoreti-
cal signal cross section uncertainty (PDF and scales). The yellow band around the expected
limit shows the ±1σ result. The ±1σSUSYTheory lines around the observed limit represent the result
producedwhenmoving the signal cross section by±1σ (as defined by the PDF and scale uncer-
tainties). Also shown for reference the previous CDF [47,48], D0 [49] and ATLAS [19,45,50,51]
analyses. These limits include the theoretical uncertainties on the signal.
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• Gluino up to ~ 1 TeV

• Stop up to ~500 GeV (except region around top)



The Gluino Sucks

Gluino Bounds constrain all Low Energy Supersymmetry scenarios



A Natural SUSY Spectrum

• Involves one additional 
singlet for the Higgs mass

• Requires low scale gauge 
mediation to minimize 
gluino running

Mass

µ

500 GeV

1200 GeV

Higgsinos 
Electroweakinos

Heavy Stop,
Sbottoms

Gluino

1st and 2nd family Sparticles 1400 GeV

~0 GeV Gravitino

200 GeV Light stop



Prospects for Natural SUSY by December

• Gluino probed up to 1.5-1.8 TeV

• Stop probed to more than 500 GeV

• Natural SUSY tested by the end of 2012
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All exclusion limits on one plot
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You and your landscapes! 
Tell me about the worms!

Samuel Beckett, “Waiting for Godot”



Split Supersymmetry

Mass

µ

<3000 GeV

Higgsinos 
Electroweakinos

Gluino

Scalar Superparticles>10 TeV

125 GeV One tuned 
Higgs

• Solves flavor and CP 
problems

• Preserves successes of 
Dark Matter and gauge 
coupling unification



Unification in Split Supersymmetry

Prediction for αs at MZ at two loops

Works as well as ordinary Supersymmetry



125 GeV Higgs in Split Supersymmetry

Giudice and Strumia (2011)

• Scalars separated from fermions by loop factor(s)

• Possible mechanism: Anomaly mediation



• U(1)′ gauge mediation

• Scalar masses (squared) at two loops

• SM Gaugino masses at three loops

• Two loop hierarchy between scalars and fermions

Mini-Split Spectrum
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• Gauginos pushed heavier by experimental bounds

• Scalar mass upper bound from the Higgs Mass

• Fixed hierarchy between gauginos and scalars makes gauginos LHC 
accessible

Spectrum in U(1)′ mediated Split SUSY

↵0

4⇡

↵SM

4⇡

gauginos scalars

Mass



• Gauginos pushed heavier by experimental bounds

• Scalar mass upper bound from the Higgs Mass

• Fixed hierarchy between gauginos and scalars makes gauginos LHC 
accessible

Spectrum in U(1)′ mediated Split SUSY

gauginos scalars

Mass



• Gauginos pushed heavier by experimental bounds

• Scalar mass upper bound from the Higgs Mass

• Fixed hierarchy between gauginos and scalars makes gauginos LHC 
accessible

Spectrum in U(1)′ mediated Split SUSY

gauginos scalars

Mass



• Gauginos pushed heavier by experimental bounds

• Scalar mass upper bound from the Higgs Mass

• Fixed hierarchy between gauginos and scalars makes gauginos LHC 
accessible

Spectrum in U(1)′ mediated Split SUSY

gauginos scalars

Mass



Mini-Split Spectrum

• For U(1)′= cosθ U(1)B-L + sinθ U(1)Y

• µ determined by Bµ requirement

• Lightest Supersymmetric Particle 
Bino 

Mass

µ

~2000 GeV

Electroweakinos

Gluino

Scalar Superparticles104 TeV

125 GeV One tuned 
Higgs

Higgsinos 

500 GeV

with Arvanitaki, Craig, Villadoro



Scalar Spectrum as a Function of  θ



Scalar Spectrum as a Function of  θ

Excluded by color or (wrong) electroweak breaking



Fermion Spectrum as a function of  θ



Fermion Spectrum as a function of  θ

Excluded by negative scalar mass2



Long-lived Gluinos at the LHC

Prompt
Gluinos

Displaced
Gluinos

Collider “Stable”
Gluinos



Gluino Bounds from the LHC

Mgluino > 1 TeV for split gluino

2.5 TeV to 3 TeV ultimate reach for split gluino

For prompt or 
slightly displaced gluinos For collider “stable” gluinos

Electroweakinos also LHC accessible
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Gluons Photons
Higgs

Top
Higgs Higgs

New
PhysicsHiggs Higgs

+

A Natural Higgs is not the SM Higgs

Naturalness and Higgs Properties



The hints for a 125 GeV Higgs

2 × σSM 
in h → γγ from ATLAS

1.5 × σSM 
in h → γγ from CMS



Conclusions

• Natural Supersymmetry

• Requires new ingredient in the MSSM for the Higgs

• Gluino mass constraints push natural SUSY to the corner

• LHC may “exclude” Natural SUSY by the end of 2012

• Split Supersymmetry

• Higgs Mass points to Mini Split

• Higgs  Mass and Properties

• Traditional SUSY scenaria account for up to 30% of change in  σ×Br

• A non SM higgs favors naturalness



• Next year

• Fill the stop gap

• Probe Gluino up to 1.8 TeV

• Study h → γγ

• Next 5 years

• Study Higgs couplings

• Continue looking for sparticles

Martin White                                                             11                                    University of Melbourne

All exclusion limits on one plot

What is Next Experimentally?



Multiverse

Naturalness

The Large Hadron Collider will tell us!


